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  Preface   

 The fi eld of MEMS has made great advances over the last thirty years or so. 

The commercialization of MEMS from international research laboratories 

into everyday products has been impressive, and is an example of successful 

translational research originating from engineering science and technology. 

The incorporation of MEMS in radio-frequency (RF) devices and sub-sys-

tems is covered in a number of existing books and publications, and it is 

clear that there is yet more research to be undertaken and more innovation 

to be achieved in the fi eld of radio-frequency microelectromechanical sys-

tems (RF MEMS). New processes, new materials and new device architec-

tures remain to be discovered and implemented. There is, moreover, a high 

expectation that some of the initial research in this fi eld is at the cusp of 

major commercialization. 

 In compiling this book, we have taken into consideration both the scope 

of those books and publications already available and the present status of 

RF MEMS technology. In order to add new knowledge to the fi eld from 

a different perspective, we have followed the approach of addressing the 

advances that have been made in wireless systems and applications that 

incorporate microelectromechanical systems (MEMS) to achieve particular 

functions. This means that in this book we have looked at the latest trends 

in RF MEMS devices and components, and beyond that we have exam-

ined systems in which those other types of MEMS devices, such as MEMS 

microsensors, have been incorporated, and where portability and mobility 

using wireless technology are the key requirements. It is on this basis that 

the present volume differs from other books. The MEMS components and 

sub-systems that are covered herein do not all operate at RF frequencies; 

rather, we are looking at advanced systems and applications that use wire-

less protocols and technology to achieve mobility, and which incorporate 

various MEMS devices due to their advantages of size, weight, power con-

sumption, cost and performance. For this reason we have included a chapter 

on energy harvesting, for instance, since this is an enabling technology for 

next generation wireless sensor nodes and networks. 

 This book is arranged in two parts. Part I, comprising ten chapters, deals 

with RF MEMS as an enabling technology. This part covers the latest 
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trends in fabrication and technology: in RF MEMS components including 

RF antennas and RF front-ends, and wafer-level packaging and reliability. 

All the chapters are in the fi eld that would traditionally be described as 

‘RF MEMS’. Also in this part of the book we have included an overview 

chapter on wireless techniques and protocols, so that the reader can gain a 

comprehensive systems overview and understanding of the protocols and 

issues associated with the fl ow of data in present day wireless nodes and 

networks. 

 Part II of the book, comprising eight chapters, focuses on applications 

addressing a diverse range of portable, wireless and mobile systems incorpo-

rating all types of MEMS. Chapters in this section cover energy harvesting 

for powering wireless systems, and implantable biomedical microsystems 

(for ocular and drug delivery applications), combining wireless technology 

and MEMS from a historical and present day perspective. MEMS in auto-

motive radar, in telecommunication systems, and in portable display sys-

tems are also covered. 

 We believe that we have produced a unique volume which covers both 

‘basics’ and ‘applied’. I am very grateful to all of our very busy authors, who 

found the time to provide their valued contributions to what we all hope 

will be a signifi cant and important book that will expand the knowledge in 

this fi eld. I would also like to record my thanks to the staff at Woodhead 

Publishing for their professionalism and dedication in bringing this project 

to completion. 

  Deepak Uttamchandani  
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  Abstract : This chapter presents an introduction to radio frequency 
microelectromechanical systems (RF MEMS) technologies for wireless 
applications. It starts with reviewing the operation principle and common 
realizations of electrostatically actuated components. It is shown that 
RF MEMS advantages materialize especially at higher frequencies, and 
for applications requiring high linearity. The chapter then moves on to 
present exemplary RF MEMS applications. It is pointed out that while RF 
MEMS components have few opportunities as a one-on-one replacement 
for existing switch technologies, they are extremely attractive in RF 
MEMS-only subsystems. Besides, emerging monolithic BiCMOS-RF 
MEMS integration opens up new opportunities for millimeter-wave 
integrated circuits (ICs). 

  Key words : RF MEMS, millimetre-wave, switch, low-noise amplifi er 
(LNA), voltage-controlled oscillator (VCO), impedance tuner. 

    1.1     Introduction 

 Switches and variable capacitors are important building blocks of radio 

 frequency integrated circuits (RFICs). Due to the rapid advancement of 

RF complementary metal–oxide–semiconductor (CMOS) technologies, 

MOS switches are gaining in importance, but are still used typically below 

6 GHz, and rarely up to 20 GHz (e.g. Talwalkar  et al ., 2004; Pao  et al ., 2006; 

Jin and Nguyen, 2007). For millimetre-wave applications III-V fi eld effect 

transistors (FETs) or pin-diode switches can be used (e.g. Buber  et al ., 2003; 

Kallfass  et al ., 2008), but they suffer from increasing losses at high frequen-

cies. Similar arguments apply to semiconductor varactors. Besides, the line-

arity of all semiconductor components is rather limited. 

 In contrast, radio frequency microelectromechanical systems (RF MEMS) 

can provide low loss even at elevated frequencies and inherently high line-

arity, since RF MEMS components do not contain non-linear elements, such 

as semiconductor junctions or ferroelectrics. The low loss originates mainly 
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from the fact that RF MEMS can be fabricated at low temperatures and 

thus are often made of low-loss metals, such as gold, aluminium or copper. 

The insertion loss of a single-pole–single-throw switch can be as low as 0.3 

dB up to 100 GHz, with the upper RF power limit of 15 dBm (hot switching) 

(Kaynak  et al ., 2011, 2012). With proper techniques, RF MEMS components 

with several watts power handling have also been developed (e.g. Palego 

 et al ., 2010). 

 The purpose of this chapter is to explain concisely the operational prin-

ciples of the most common RF MEMS components, their electromagnetic 

and electromechanical modelling, and their fabrication procedure. Those 

aspects in which MEMS are better than their semiconductor counterparts 

are discussed, while associated challenges and bottle-necks are identifi ed. 

Finally, several applications for which RF MEMS are signifi cantly more 

advantageous than semiconductor-based components are presented.  

  1.2     Radio frequency microelectromechanical 
systems (RF MEMS) operation principle and 
common realizations 

 The main distinguishing feature of RF MEMS is that their electromagnetic 

properties are mechanically reconfi gurable by moveable parts. It clearly 

differentiates them from just ‘micromachined’, or membrane-supported, 

components, where no moveable parts are present and the goal is to either 

improve quality factors of passive components (e.g. spiral inductors (Lin  et al ., 
2005) or transmission lines (Neculoiu  et al ., 2001)) or to increase antenna 

bandwidth (Neculoiu  et al ., 2004). The movement can be utilized for design 

of microelectromechanical switches with either capacitive or ohmic contacts. 

Besides, tuneable or switchable capacitors and, to a lesser extent, switchable 

inductors can be developed. 

 The moving force can be of electrostatic, thermal, electromagnetic or piezo-

electric origin (a detailed description can be found, for example, in Pelesko and 

Bernstein (2003)). Electrostatic actuation is by far the most commonly used, 

due to its negligible DC power consumption, fast switching (as compared to 

other MEMS actuation mechanisms, for example thermal), the possibility of 

biasing with high-resistivity lines not interfering with the RF signal, as well as 

a fabrication process compatible with standard microelectronics techniques. 

Due to the practical importance of electrostatic actuation, its electromechani-

cal and electromagnetic aspects are briefl y reviewed below. 

  1.2.1     Electromechanical analysis of electrostatic MEMS 

 Despite the large number of possible RF MEMS realizations, all of them 

can be generally described by an equivalent mass-spring model (Pelesko and 
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Bernstein, 2003). Figure 1.1 shows such a model for the electrostatic case 

(Purtova, 2012). It consists of a pair of plates: one suspended in the air by 

a spring, and one fi xed to a surface. Due to an applied potential difference, 

V , charges of opposite polarity arise on the two plates, generating an attrac-

tive electrostatic force, which moves the suspended plate towards the fi xed 

plate. The model has one degree of freedom, allowing movement only along 

the  x -axis. For simplicity, but without loss of physical insight, the following 

analysis neglects fringing electric fi elds and bending of the moveable plate, 

resulting in an ideal parallel-plate movement (Pelesko and Bernstein, 2003).      

  Static pull-in 

 Static analysis assumes that the applied voltage is increasing slowly enough 

that at any moment of time the system is in static equilibrium, that is, the 

total force is zero and the moveable plate is at rest. Thus, inertia and damp-

ing have no effect on the movement of the membrane. This somewhat arti-

fi cial approach facilitates understanding of important physical processes, as 

shown in the following. 

 Initially, the two plates are at the same DC-potential (Fig. 1.1a,  V  = 0) and 

the spring is in equilibrium. As a small potential difference  V  is applied 

(Fig. 1.1b), an attractive electrostatic force  F  el  is created between the plates 

and the suspended plate moves towards the fi xed plate. Simultaneously, the 

spring force  F  spring  increases to oppose this movement. For most RF MEMS, 

the displacement is small (typically below 1% of the spring’s length), so that 

the spring remains linear and the spring force  F  spring  is defi ned by Hooke’s 

law (Equation [1.1]):  

    F kxkkspringFF        [1.1]   

 The conductive plates in Fig. 1.1 have an area  a , are separated from each 

other by a distance  g  0 , the dielectric thickness is  t  d  and the suspending 

Area a

Spring
constant
k

V=0

V=Vpull-in

V>Vpull-in

k

xeq=g0/3

Conductor Dielectric

(b) (c)(a)

k

F

F
el

spring

g0

td

x
εr

1.1      Parallel-plate model of an electrostatically actuated RF MEMS: 

(a) initial position, (b) at static pull-in, (c) after static pull-in. In 

practice, the spring displacement is much smaller than the not-to-

scale fi gure shows.  
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spring has a spring constant  k  and the electrostatic force  F  el  is given by 

Equation [1.2]:  

    F
aV

g
t

xd

r

elFF = −
+ −d⎛

⎝⎜
⎛⎛
⎝⎝

⎞
⎠⎟
⎞⎞
⎠⎠

1

2

0
2

0

2

ε0

ε

       [1.2]   

 For small  V  both forces balance each other at equilibrium position  g  0 - x  eq , 

obtained by equating force magnitudes: F FelFF springFF    . However, above a 

certain voltage called ‘static pull-in voltage’, the electrostatic force exceeds 

the spring force for all displacements. Thus, no equilibrium position exists 

and the suspended plate moves all the way down onto the fi xed plate, as 

illustrated in Fig. 1.1c. The application of this so-called ‘pull-in’ effect in 

microelectronics circuits was fi rst reported by Nathanson  et al . more than 

40 years ago in their research on resonant gate transistors (Nathanson 

 et al ., 1967). 

 The pull-in effect can be easily explained using Fig. 1.2, where magni-

tudes of electrostatic and spring forces are qualitatively plotted against the 

 displacement  x  (Purtova, 2012). Curve A corresponds to a small voltage, at 

which an equilibrium position does exist (despite the two possible equilib-

rium positions, only one of them is physical). Curve C corresponds to a high 

voltage, when FelFF     is always larger than FspringFF     and there is no stable point 

for the moving plate. Curve B illustrates the limiting case, corresponding 

to the ‘pull-in’ condition. The pull-in voltage  V  pull-in , and the corresponding 

equilibrium position  x  pull-in , are derived from the cross-sectional point of the 

curve B and the spring force in Fig. 1.2, where both magnitudes and their 

partial derivatives are equal:       

|F
or

ce
|

Electrostatic force for different voltages

A: V<Vpull-in: equilibrium at x<g0/3

g0/3 g0 X

B: V=Vpull-in: equilibrium at x=g0/3

C: V >Vpull-in: no equilibrium

C B A

Spring force

 1.2      Magnitudes of electrostatic and spring forces acting on a 

suspended plate shown in Fig. 1.1 versus plate displacement  x .  
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 Then the solutions for  x  pull-in  and  V  pull-in  are:  
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    [1.3]   

 Thus, the static pull-in happens when the equilibrium position  x  eq  equals 

exactly one-third of the zero-voltage plates separation g td / ε     (Fig. 1.1b) 

and  x  eq  is independent of any other system parameter.  

  Dynamic pull-in 

 As mentioned earlier, static analysis assumes that the applied voltage is 

increased slowly. However, often electrostatic MEMS are actuated by a 

voltage step-function, causing fast movement of the membrane. Thus, iner-

tia and damping must be taken into account. If damping is small and inertia 

is large, it is expected that the membrane will overshoot the static equilib-

rium position, at least for a short time. Besides, in the case of low damping, 

the pull-in voltage should be smaller as compared to the static case, since 

the inertial force is acting in the same direction as the electrostatic force. 

 These intuitive expectations can be confi rmed analytically. A detailed 

analysis of the dynamic response for the case of a step-function actuation 

can be found in Elata and Bamberger (2004, 2006); Leus and Elata (2008). 

For convenience, fi nal equations for the dynamic pull-in voltage and the 

corresponding defl ection are repeated here:  

    

x
g t

V
k g t

a

d r

d r

dyn.pull-in

dyn.VV pull-in

=
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=
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    [1.4]   

 Comparing Equation [1.4] to Equation [1.3] reveals that the dynamic pull-

in voltage is about 8% smaller than that derived from the static analysis. 

The maximum defl ection corresponds to one-half of the initial plate separa-

tions, whereas for the static case it is only one-third. This confi rms intuitive 
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expectations that due to inertia the membrane can overshoot the static 

equilibrium position and the voltage required for the pull-in is smaller than 

that obtained from the static analysis.  

  Switching time 

 Switching time is determined as the time taken for the membrane to 

move from its initial position (unbiased) to the fi nal state once the actu-

ation voltage is applied. It is an important parameter, critical especially in 

such RF MEMS applications as transmit/receive (T/R) switches or phase 

shifters. 

 The equation for the switching time of the parallel-plate system shown 

in Fig. 1.1 has been derived numerically in (Leus and Elata, 2008), resulting 

in compact and accurate closed-form equations for the switching time. The 

solutions are repeated here for convenience:  

    tst =
− ∂

−

5

2
1

2 068
0

1

0

. )− ∂223 1 , (V VV )

−.068 n )∂2

y pVVV
ω00

ω00

,, ( ) for dyn.pull-inV Vd (dyn pull inVd

⎧

⎨
⎪
⎧⎧
⎪
⎨⎨
⎪⎪

⎩
⎪
⎨⎨

⎪⎩⎩
⎪⎪

    [1.5]   

 Here, ∂1    and ∂2    determine  V  as a function of  V  dyn.pull-in  with 0 11< ∂ , and 

0 12< ∂ , and ω0ω     is the mechanical resonance frequency of the system in 

the undamped case ( m  – spring mass):  

    ω0ω 2ωω =
k
m

       [1.6]   

 As follows from Equation [1.5], switching time is fully determined by the 

mechanical resonance frequency ω0ω     and the applied voltage  V .  

  Release time 

 When the actuation voltage is removed, the restoring spring force moves 

the plate upwards to its initial position. This process can be described by 

free oscillations of the mass-spring system shown in Fig. 1.1. The governing 

equation is given below, where   η   is the damping coeffi cient and ω0ω     is given 

by Equation [1.6]:  

    
d

d

d

d

x
t

x
t

x
2

2 0
2 0+ + =η ω

dt 00
22+         
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 The solution is a harmonic function given below:  
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    [1.7]   

 Its angular frequency is   ω   d  and the amplitude is decaying with time accord-

ing to e t−η 2  term. The parameters   ω   d  and   η   fully determine the release pro-

cess of MEMS devices. The higher the frequency   ω   d , the faster is the release 

of the RF MEMS component. The higher the damping coeffi cient   η  , the 

faster the oscillations following the release settle. The constants  c  1  and  c  2  are 

found by satisfying the initial conditions for position and velocity. Typically, 

at  t  = 0 the moveable plate is at the down position and is not moving, that is, 

| 0    and d d | =0td | = 0 . However, Equation [1.7] assumes that the damp-

ing coeffi cient   η   does not vary with defl ection. Generally, this is not true, 

since the damping force increases non-linearly with increasing defl ection. 

Still, it is common to neglect such damping variations for simplicity (e.g. 

Gupta and Senturia, 1997).   

  1.2.2      Common RF MEMS components and 
their electromagnetic analysis 

 RF MEMS components can be realized in various ways, differing not only 

in actuation mechanism, but also in confi guration (shunt or series), contact 

type (capacitive or ohmic) and mechanical design (bridge, cantilever, cir-

cular diaphragm). Quite frequently used combinations are electrostatically 

actuated shunt capacitive bridges and series ohmic cantilevers. These two 

types of RF MEMS are described later. 

  Shunt capacitive switches and switchable capacitors 

 Capacitive switches and switchable capacitors are often realized as moveable 

air-bridges placed in shunt to a transmission line, as schematically shown in 

Fig. 1.3. A coplanar confi guration is used in most cases, since the air-bridge 

can be easily grounded. When no voltage is applied, the air-bridge is said to 

be in the up-state and it acts as a small shunt capacitor, mainly due to the 

overlap with the underlying signal line. If the applied voltage is above the 

pull-in value (Equation [1.4]), the bridge snaps down onto the underlying 

electrode covered with a dielectric layer, and the shunt capacitance greatly 
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increases. Thus, a voltage-controlled capacitance is obtained, which can be 

utilized to construct shunt capacitive switches or switchable capacitors. The 

SEM image in Fig. 1.4 illustrates a typical example of a shunt capacitive 

switch, developed in Purtova (2012) using RF MEMS technology of the 

Fraunhofer Institute for Silicon Technology (ISiT) (Lisec  et al ., 2004).      

 A simplifi ed equivalent circuit of a shunt capacitive RF MEMS compo-

nent is shown in Fig. 1.5. The impedance of the shunt bridge  Z  shunt  is gener-

ally formed by the MEMS capacitance, inductance and resistance as defi ned 

by Equation [1.8]:            

    Z
j C

j L Rshunt

1
+ +j L=

CC
LLL     [1.8]   

 The variation of the impedance with frequency is qualitatively described by 

Equation [1.9]:  

    Z
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f f

R f f
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 where  f  res  is the MEMS LC resonance frequency:  

    f
LC

reff s =
1

2π
       [1.10]   

 The up-state capacitance  C  up  is typically small, resulting in a very low 

insertion loss (<0.5 dB). For a switchable capacitor operation, down-state 

capacitance  C  down  is only 3–6 times larger than the up-state capacitance. 

For a switch operation, the difference in capacitance should be maximized 

and  C  down  is typically 10–20 times larger than  C  up . At the frequency  f  res , 

Dielectric layer

V > Vpull-inV = 0 V

 1.3      Schematic illustration of a MEMS bridge in shunt to a coplanar 

line in the up- (left) and down-states (right).  
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the down-state capacitance resonates with the MEMS inductance, leading 

almost to a short-circuit limited only by the resistance  R  MEMS . Since this 

resistance is typically below 1  Ω , the isolation at  f  res  is often higher than 

30 dB. Thus, the optimum operation point for such switches is around  f  res , 

which is typically in the millimetre-wave frequency range.  

 1.4      SEM image of a shunt RF MEMS switch.  

CMEMS

LMEMS

RMEMS

 1.5      Equivalent circuit of a shunt capacitive MEMS switch or variable 

capacitor.  
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  Series switches with ohmic contact 

 Series switches with ohmic (metal-to-metal) contact are often constructed 

as a coplanar line with an interrupted centre conductor and a MEMS can-

tilever, as schematically illustrated in Fig. 1.6. The free end of the cantilever 

slightly overlaps the coplanar line centre conductor. The actuation electrode 

is DC-isolated from the coplanar line and is located below the cantilever. 

When a high enough voltage is applied, the cantilever snaps down and closes 

the gap in the coplanar line through a metal-to-metal contact. To prevent 

any short-circuit with the cantilever, the actuation electrode is covered with 

a dielectric. An SEM image shown in Fig. 1.7 illustrates such a component 

(Purtova, 2012) realized in ISiT RF MEMS technology (Lisec  et al ., 2004).      

 A simplifi ed equivalent circuit of a metal-to-metal contact MEMS canti-

lever is shown in Fig. 1.8. The impedance in the up-state state is dominated 

by the small capacitance  C  up , resulting from the overlap of the cantilever’s 

free end and the centre conductor and capacitance through substrate  C  coup . 

Zhighg
CupCC

Dielectric layer

RRddoRRR wn

V>Vpull-inVVV= 0V

 1.6      Schematic illustration a MEMS cantilever in series with a coplanar 

line in the up- (left) and down-states (right).  

 1.7      SEM image of a series RF MEMS cantilever.  
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The down-state impedance is mainly determined by the series resistance 

 R  down , which includes contact resistance and the losses in the membrane. 

Such a switch works best up to microwave frequencies, since isolation 

considerably degrades as frequency increases to millimetre-waves.   

  1.2.3     RF MEMS fabrication 

 Up to now no standard RF MEMS manufacturing procedure has been 

developed. Practically each RF MEMS foundry or research lab has its own 

fabrication process, which may differ in substrate, metal, dielectric and sac-

rifi cial layers, micromachining techniques and release procedure. Still, some 

similarities can be defi ned, as briefl y described in the following. 

 Most RF MEMS fabrication processes utilize surface micromachining, 

that is, deposition and structuring of diverse dielectric and metal layers 

on top of a substrate. Low-loss substrates, such as high-resistivity silicon, 

quartz, glass and GaAs, are usually chosen. Due to low fabrication tempera-

tures, highly conductive metals such as gold, aluminium or copper can be 

used. Non-moveable electrodes (often called bottom electrodes or under-

passes) are typically rather thin, about half a micron, and are often depos-

ited via etching or lift-off. Such deposition techniques result in low surface 

roughness, important for high down-state capacitance in capacitive switches. 

However, over-smooth surfaces are undesirable, since they may lead to stick-

ing of the moveable membrane in the down-state due to humidity or other 

effects. Moveable membranes are typically between half a micron to several 

microns in thickness and are deposited by electroplating or sputtering. The 

membrane thickness is an important parameter, since it infl uences both RF 

losses (thus, the thickness should be greater than several skin depths at the 

operation frequency) as well as the membrane’s spring constant and mass 

(thus, the pull-in voltage and switching time) of the component. 

 As for dielectric layers, the most commonly used ones are plasma-enhanced 

chemical vapour deposition (PECVD) SiN, as well as low-temperature or 

PECVD SiO 2 , since they are commonly available in many microelectron-

ics processes. However, these materials, and especially SiN, are prone to 

accumulation of charges under high voltage conditions (so-called dielectric 

Zhigh

Ccoupling Ccoupling

Rdown Zhigh Cup

 1.8      Equivalent circuit of a series MEMS switch with a metal-to-metal 

contact in the up- (left) and down-states (right).  
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charging’, see, e.g. Rebeiz, 2003) that degrade MEMS reliability. On the 

other hand, the less commonly available AlN has been shown to be much 

less prone to charging (Lisec  et al ., 2004a; Ruan  et al ., 2007) and is used for 

example in the Fraunhofer ISiT fabrication process (Lisec  et al ., 2004). 

 An important step of RF MEMS fabrication is the release process, when 

the sacrifi cial layer is removed to obtain a free-standing structure. Most of 

the time photoresist is used as the sacrifi cial layer, but other materials (e.g. 

copper) can be used as well. Both wet and dry etching are possible. However, 

standard wet etching would lead to permanent adhesion of the membrane 

to the underlying layer during the drying stage. This problem can be avoided 

by subsequent critical point drying (as e.g. in Lisec  et al ., 2004), or by using 

very thick membranes with high spring constant and resulting high restoring 

force (as e.g. in Majumder  et al ., 2003).   

  1.3     RF MEMS design challenges 

 After initial proof-of-concept publications in the late 1990s (e.g. Goldsmith 

 et al ., 1998), extensive work has been conducted worldwide to develop 

mature RF MEMS components with advanced performance. To mention but 

a few are the series ohmic switches of Radant (Majumder  et al ., 2003) and 

Omron (Uno  et al ., 2009), cantilever-type capacitive switches of EADS 

Innovation Works (Siegel  et al ., 2005, 2006, 2007) and shunt capacitive RF 

MEMS switches monolithically integrated with the BiCMOS technology of 

IHP Microelectronics (Kaynak  et al ., 2009). 

 Despite the potentially superior RF performance of RF MEMS com-

ponents, their wide spread commercialization has been limited so far. The 

main reasons for that are reliability and yield, but also packaging, large 

size, high actuation voltage and large switching time. Currently, numerous 

RF MEMS research groups worldwide are working on new solutions to 

overcome these issues. The most promising strategies are briefl y identifi ed 

below. Only electrostatic RF MEMS are considered, since they became the 

de facto standard. 

  1.3.1     High actuation voltage 

 The pull-in voltage is one of the most important parameters of MEMS 

design. It was shown in Equation [1.4] that the pull-in voltage is inversely 

proportional to the actuation area. Thus, the actuation electrodes must be 

large enough, so that the actuation voltage is not unreasonably increased. 

As a result, footprints of many RF MEMS components are mainly deter-

mined by the actuation area and not by the ‘useful’ contact region. A typical 

compromise between small area and reasonable pull-in voltage is to choose 
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actuation voltages in the range of tens of volts resulting in RF MEMS com-

ponents of hundreds of micrometres in length and width. 

 Besides, if the required voltage is not available on-chip, a charge pump 

should be used. However, this requires high-breakdown voltage devices, 

at least as an option, as well as suffi ciently robust on-chip capacitors. 

Additionally, charge pumps will consume power and chip area. Fortunately, 

high voltage is required only for a short time during switching. After that, 

the moveable membrane can be held in the down-state with a much smaller 

voltage, since the metal plates are now very close to each other and the elec-

trostatic force is much larger. Thus, with some simple control circuitry, it is 

possible to switch off the charge pump immediately after switching, signifi -

cantly reducing the overall power consumption. 

 Another issue following from the area/voltage compromise is a relatively 

large switching time. As Equation [1.5] shows, switching time is inversely 

proportional to the mechanical resonance frequency. Thus, it can be reduced 

by a higher spring constant, thus higher pull-in voltage, or smaller mass, 

hence smaller actuation area and again larger pull-in voltage. As a result, 

most present day RF MEMS components have switching times in the range 

of a few to tens of microseconds. 

 In principle, the pull-in voltage could be reduced by low spring constant 

designs. However, this is not used in practice, for the following reasons. Firstly, 

a low spring constant leads to a low restoring force, making the moveable 

membrane much more prone to sticking (e.g. due to moisture), signifi cantly 

degrading its reliability. Besides, a low spring constant may greatly increase 

the switching time of MEMS devices, as follows from Equation [1.5]. In add-

ition, low pull-in voltage makes the membrane susceptible to self-actuation 

at high RF power levels.  

  1.3.2     Reliability 

 Many RF MEMS components contain metal and/or dielectric surfaces, 

which come into direct contact with each other. This can lead to stiction. For 

ohmic contacts the main problem is contact welding when switching high 

RF power (hot switching). Thus, ohmic contact components should be oper-

ated under cold switching condition, that is, with RF power switched off dur-

ing switching time. Alternatively, refractory contact materials can be used at 

the expense of an increased contact resistance. For capacitive contacts, main 

failure mechanisms are the remaining electric fi eld in the dielectric layer 

originating from charging or capillary force, caused by a thin moisture fi lm. 

In most cases stiction occurs between the actuation electrode and the move-

able membrane, owing to the large contact area. These issues can be avoided 

by contact- and dielectric-less actuation, obtained by adding mechanical 

stoppers to the membrane, preventing a DC short with the electrode in the 
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down-state. Alternatively, but less effectively, these problems can be miti-

gated by special dielectric layers less prone to charging (e.g. AlN; Lisec  et al ., 
2004a; Ruan  et al ., 2007), and by reducing the contact surface area (the latter 

negatively affects the down-state capacitance).  

  1.3.3     Yield and temperature stability 

 A highly stable and reproducible fabrication process is required for high 

yield of MEMS structures. This is quite diffi cult to achieve in practice and has 

become one of the bottle-necks in MEMS commercialization. Owing to mis-

match in temperature expansion, coeffi cients of MEMS structural materials 

and substrate, thin-fi lm membrane may have residual stresses or stress gradi-

ents. Depending on the stress, it may lead to lateral bowing and/or buckling 

for bridge-type structures, or up- or downwards bending for cantilever-type 

MEMS. Such membrane deformations may be present already after fabri-

cation, or develop with time as operational temperature conditions vary. For 

example, the SEM image in Fig. 1.4 shows a slight lateral bowing of the MEMS 

bridge, and the SEM image in Fig. 1.7 shows upwards bending of a cantilever. 

This may lead to a reduction or increase of the air-gap, as well as changes in 

the spring constant modifying the actuation voltage. Such problems can be 

prevented with stress-compensated and stress-decoupled mechanical MEMS 

designs, as has been demonstrated by several groups (e.g. Lisec  et al ., 2004; 

Nieminen  et al ., 2004; Schobel  et al ., 2004; Kaynak  et al ., 2011).            

  1.3.4     Packaging 

 To ensure long-term reliability, MEMS components should be packaged. 

This is necessary to prevent any contamination on the contact region, which 

may lead to reduction of the capacitance or increase of the contact resis-

tance for capacitive and ohmic switches, respectively. Also, non-packaged 

MEMS may fail due to moisture fi lms causing stiction of the membrane in 

the down-state. Some MEMS components must be hermetically packaged 

(e.g. if particular pressure is needed to reduce release oscillations), but 

some operate reliably with non-hermetic packages (Kaynak  et al ., 2011).   

  1.4     RF MEMS applications 

 As was shown above, RF MEMS can outperform their semiconductor 

 counterparts, but also have certain limitations. Thus, it should be carefully 

considered whether RF MEMS is indeed the best solution for a particular 

system. In the following, some sample applications where RF MEMS seems 

to be the right or the only choice are briefl y presented. 
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  1.4.1      Millimetre-wave switches and multi-band 
integrated circuits 

 As outlined earlier in this chapter, RF MEMS are particularly important 

for millimetre-wave applications, due to low loss and inherently high lin-

earity even at elevated frequencies. However, RF MEMS components are 

often fabricated in non-standardized dedicated processes, not compatible 

with MMIC. Then, only a hybrid integration with active circuits is possible, 

resulting in high parasitics and increased size. 

 Thus, to extend millimetre-wave MMIC’s portfolio with RF MEMS, a fully 

monolithic fabrication must be developed. It is an approach pursued by a few 

groups and IC foundries worldwide, as illustrated by the following examples. 

The French foundry OMMIC is working towards integration of MEMS into a 

high-frequency compound semiconductor MMIC technology. Here, the focus 

is on developing a series RF MEMS switch with a metal-to-metal contact for 

microwave frequencies. Suggestions for relevant RF MEMS circuits, such as 

tuneable matching networks, phase shifting elements and switching networks, 

have been presented in (Malmqvist  et al ., 2009; Simon  et al ., 2010; Rantakari 

 et al ., 2011). In Italy, Selex Systemi Integrati has developed MEMS compo-

nents using its GaN MMIC technology (Crispoldi  et al ., 2009). The targeted 

frequency range is again below 50 GHz. IHP Microelectronics embedded an 

RF MEMS switch into the backend-of-line (BEOL) of its advanced Si/SiGe 

BiCMOS process (Kaynak  et al ., 2009, 2010). IHP Microelectronics aims at 

mm-wave frequency applications and the switch is optimized for W-band. 

 One of the most promising applications of monolithically integrated mm-

wave RF MEMS technology is T/R switches and switchable multi-band cir-

cuits. This is particularly important for BiCMOS/CMOS technologies, due 

to the lack of high performance mm-wave switches (the performance of 

CMOS switches is typically not acceptable above 20 GHz). 

  Band-switchable 56/72 GHz LNA 

 Recently a 56/72 GHz RF MEMS-switchable LNA was developed (Ulusoy 

 et al ., 2012) using the IHP BiCMOS-RF MEMS technology (Kaynak  et al ., 
2009). A micrograph of the LNA can be seen in Fig. 1.9 and its schematic is 

shown in Fig. 1.10. It is a two-stage cascade amplifi er with inductors  L  1–8  real-

ized as thin-fi lm-microstrip lines. The IC consumes a total of 16 mA from a 

2.5 V DC voltage source. RF MEMS shunt capacitive switches are integrated 

into the loads of the two stages  L  2 / L  3  and  L  5 / L  6 , respectively. These transmis-

sion lines act as tapped inductors, where the tap can be shorted to the ground 

by the RF MEMS capacitance, if the switch is actuated. For the fi rst stage, the 

total load inductance approximately equals  L  4  in parallel with ( L  2  +  L  3 ), if the 

RF MEMS bridge is in the up-state, and  L  4  in parallel with  L  2 , if the bridge is 
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 1.9      Micrograph of the RF MEMS band-switchable LNA. The total IC 

area is 0.75 x 1.05 mm 2  (© 2012 IEEE. Reprinted, with permission, from 

Ulusoy  et al ., 2012).  
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 1.10      Schematic of the RF MEMS band-switchable LNA (© 2012 IEEE. 

Reprinted, with permission, from Ulusoy  et al ., 2012).  
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in the down-state. Consequently, the switchable 56/72 GHz dual-band LNA 

operation was achieved by properly adjusting the line lengths of  L  2–7 .           

 The measured S-parameters (for 46 out of 50 measured samples) and noise 

fi gure (for 27 out of 30 measured samples) are shown in Fig. 1.11. In the up-

state of the MEMS switches, the gain reaches its maximum value of 20 dB at 

56 GHz and the corresponding noise fi gure is around 7 dB. When the switches 

are actuated to the down-state by a 40 V signal, the peak gain shifts to 72 GHz 

and reaches 22 dB, and the resulting noise fi gure is about 8 dB. The designed 

switchable LNA achieves good performance in both bands, comparable to 

the state of the art in other BiCMOS technologies (Do  et al ., 2007; Chen  et al ., 
2010). The switchable LNA outperforms conventional broadband designs, as 

in such designs more stages would be needed to maintain the high gain in 

both bands (Floyd  et al ., 2005). These results verify the successful monolithic 

fabrication of the RF MEMS switches with the BiCMOS active devices, open-

ing up many potential applications in the millimetre-wave frequency range.       

  Band-switchable 50/68 GHz VCO 

 Another interesting example of a band-switchable MMIC using the IHP 

BiCMOS-RF MEMS technology (Kaynak  et al ., 2009) is a 50/68 GHz 

switchable VCO (Liu  et al ., 2012). The circuit micrograph and schematic 

can be seen in Figs 1.12 and 1.13, respectively. This is a negative-resistance 

type VCO, and RF MEMS switches are used to modify the base induc-

tance value to obtain the oscillation condition in two different frequency 

bands, depending on the switch state. The negative resistance is obtained by 

capacitive emitter degeneration indicated as  C  VAR  in the schematic. The RF 

MEMS switch, together with its feed line, forms a reconfi gurable inductor, 

contributing to the resonance circuit. Switching the RF MEMS between up- 

and down-states results in a shift of the oscillation condition between the 

two bands of operation (‘digital’ tuning). In addition, ‘analogue’ frequency 
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 1.11      Measured and simulated performance of the RF MEMS band-

switchable LNA (© 2012 IEEE. Reprinted, with permission, from 

Ulusoy  et al ., 2012). (a) MEMS switch-up and (b) MEMS switch-down.  
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 1.12      Micrograph of the RF MEMS band-switchable VCO (© 2012 IEEE. 

Reprinted, with permission, from Liu  et al ., 2012).  
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 1.13      Schematic of the RF MEMS band-switchable VCO (© 2012 IEEE. 

Reprinted, with permission, from Liu  et al ., 2012).  
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tuning within each band is done by changing the bias voltage of the variable 

capacitor ( C  VAR ). To improve the output power and isolate the VCO core 

from the load, a common base stage is cascaded with the VCO core. All 

inductors (except for the switch) are realized with thin-fi lm-microstrip lines. 

To ease the characterization of the circuit and enable future use of the VCO 

in a phase-locked loop (PLL), a divide-by-64 frequency divider is designed 

and integrated with the VCO. The VCO and the frequency divider consume 

17 mA and 40 mA from a 3.3 V supply, respectively. 28 V is applied to the 

switch for the down-state measurement and 0 V is applied for the up-state 

measurement. The complete circuit (including pads) occupies 0.68 mm 2 .           

 Measured oscillation frequency and phase noise are shown in Figs 1.14 

and 1.15, respectively. The RF MEMS switch frequency can be tuned from 

60(a) (b) 76

74

72

70

68

66

64

58

56

54

Fr
eq

ue
nc

y 
(G

H
z)

Fr
eq

ue
nc

y 
(G

H
z)

52

50

48

46
0 0.5 1 1.5

Vtune (V)
2 2.5 3 0 0.5 1 1.5

Vtune (V)
2 2.5 3

Sim.
Meas.

Sim.
Meas.

 1.14      Measured and simulated oscillation frequency of the RF MEMS 

band-switchable VCO: (a) switch-up and (b) switch-down (© 2012 

IEEE. Reprinted, with permission, from Liu  et al ., 2012).  

–50

–60

–70

–80

–90

–100

–110

–120P
ha

se
 n

oi
se

 (
dB

c/
H

z)

–130

–140
100 k

Frquency offset (Hz)
1 M 10 M

Up-state
Down-state

 1.15      Measured phase noise of the RF MEMS band-switchable VCO 

(© 2012 IEEE. Reprinted, with permission, from Liu  et al ., 2012).  

�� �� �� �� �� ��



22 Handbook of MEMS for wireless and mobile applications

© Woodhead Publishing Limited, 2013

48 to 52 GHz and from 64 to 72 GHz, for the up- and down-states of the RF 

MEMS switches respectively. The corresponding output power is 4 dBm and 

5 dBm respectively, which is close to simulation. The phase noise is measured 

at the divided output. Due to the frequency division, the measured phase 

noise is improved by 36 dB (20log(64)), thus the estimated phase noise of the 

fundamental output is −86 dBc/Hz and −84 dBc/Hz at 1 MHz offset for the 

up- and down-state, which is close to simulation (−87 dBc/Hz).             

  1.4.2     Millimetre-wave impedance tuners 

 Impedance tuners are widely used in characterization of transistor noise 

parameters or load and source pulls. In most cases, the task is to move the 

50  Ω  impedance of measurement equipment to ideally any other point on 

the Smith Chart. To uniformly cover the entire area of the Smith Chart up 

to large voltage standing wave ratios (VSWRs), the tuners should have low 

loss. Besides, for load- and source-pull measurements, high linearity is espe-

cially important. Since low loss and high linearity are the key advantages of 

micromechanical components, RF MEMS impedance tuners are expected 

to outperform their semiconductor counterparts. 

 Despite inherent high linearity, there are limitations in RF MEMS power 

handling. In principle, MEMS membranes cannot follow RF and micro-

wave signals, since their mechanical resonance frequencies are typically 

below 1 MHz. However, they do respond to the root mean square (rms) 

voltage of the RF signal. Thus, devices with an RF signal on the actuation 

electrodes may suffer from so-called hold-down (latching in the down-

state) or unwanted self-actuation in the up-state. Still, capacitive RF MEMS 

components with several watts power handling have been developed (e.g. 

Palego  et al ., 2010). Another issue exclusively associated with ohmic contact 

switches is sticking due to contact welding during hot switching, i.e. with an 

applied RF signal (Majumder  et al ., 2003). However, with proper choice of 

contact geometry, ohmic contact components with up to 1 W power han-

dling have been reported (Chow  et al ., 2007). 

 Impedance tuners can be realized in different ways. The most commonly 

used topologies are stub-based tuners (V ä h ä -Heikkil ä   et al ., 2004) and distrib-

uted MEMS transmission lines (DMTLs) tuner (V ä h ä -Heikkil ä  and Rebeiz, 

2004; Lu  et al ., 2005; Purtova, 2012). It has been shown (V ä h ä -Heikkil ä , 

2008) that DMTL circuits can withstand higher RF power levels and thus 

this topology is often preferred. It consists of a transmission line, periodi-

cally loaded with reconfi gurable elements, typically with shunt switchable 

capacitors. Figure 1.16 shows an SEM image of such a W-band impedance 

tuner fabricated in the Fraunhofer ISiT MEMS technology. It consists of a 

coplanar transmission line loaded with eight tri-state RF MEMS capacitors 
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(Purtova, 2012). Thus, the circuit can generate 3 8  = 6561 different imped-

ance states. A simplifi ed equivalent circuit of the tuner is shown in Fig. 1.17. 

A measured refl ection coeffi cient constellation is shown in Fig. 1.18. Due to a 

large number of possible impedance states, to reduce the measurement setup 

complexity the MEMS capacitors were switched only between the low and 

intermediate capacitance states, and Fig. 1.18 shows only 2 8  = 256 states of 

1.16      SEM image of the W-band DMTL impedance tuner.  
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1.17      Equivalent circuit of the impedance tuner with capacitive tuning.  

70 GHz

90 GHz 100 GHz

80 GHz

 1.18      Measured impedance coverage of DMTL impedance tuner using 

RF MEMS capacitors.  
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the tuner. The optimum frequency band is 80–90 GHz, when the impedance 

tuner generates the largest VSWR and the achieved impedances cover all 

four quadrants of the Smith Chart.                 

  1.4.3     Non-semiconducting ‘all-MEMS’ system 

 All-MEMS systems without any semiconductor devices are very promising 

and potentially disruptive as they do not face competition from semicon-

ductor switches, as they commonly do in component-to-component replace-

ments. The most typical realization of such system is a beam-steerable 

antenna array with either RF MEMS phase shifters or antenna elements, 

adjustable with MEMS components. This allows realization of large area 

components on inexpensive non-semiconducting substrates. Besides, since 

soft substrates can be used as well, this approach is applicable to conformal 

arrays and is especially attractive, for example,  for aircrafts. 

 One example of such an ‘all-MEMS’ system has been presented in Gautier 

 et al . (2009). It is a Ka-band (35 GHz) phased array with RF MEMS phase 

shifters. The 4  ×  4 antenna array has been fabricated on a low-loss LTCC 

substrate at VIA Electronic GmbH. The 3-bit RF MEMS phase shifters are 

fabricated on a high-resistivity silicon substrate at EADS Innovation Works. 

The antenna and RF MEMS phase shifters are integrated with bond-wires. 

Depending on the states of the phase shifters, the beam angle has been 

steered to  − 15, 0 and +15 degrees (Gautier  et al ., 2009).  

  1.4.4     Tuneable fi lters 

 Another application where RF MEMS can provide a signifi cant advantage is 

tuneable fi lters. Often multi-band systems have to employ fi lter banks occupy-

ing large areas. Tuneable or switchable fi lters may provide the same function-

ality in a more compact and fl exible way. RF MEMS switches and switchable 

capacitors are an attractive technology for adjusting the fi lter properties due 

to low loss and high linearity. Both planar as well as substrate-integrated RF 

MEMS tuneable fi lters have been reported. The former benefi t from simple 

fabrication and potentially monolithic integration, but their quality factors 

are limited (see e.g. Pothier  et al ., 2005; Malczewski  et al ., 2011). On the other 

hand, substrate-integrated cavity-based fi lters, though they are more diffi cult 

to produce, offer much higher quality factors, as has been reported, for exam-

ple, in (Schulte  et al ., 2011; Sekar  et al ., 2011). A detailed description of RF 

MEMS tuneable fi lters is given further down in a dedicated chapter.   

  1.5     Conclusion 

 It has been shown in this chapter that RF MEMS are particularly impor-

tant for millimetre-wave applications, due to low loss and inherently high 
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linearity even at elevated frequencies. Electromechanical aspects of the RF 

MEMS design were briefl y reviewed, covering static and dynamic pull-in, as 

well as switching and release processes. Shunt capacitive and series ohmic 

components have been studied in more detail due to their practical impor-

tance. A general overview of the most commonly used fabrication steps of 

electrostatic components was given. The most critical issues hindering RF 

MEMS commercialization, such as high actuation voltage, yield and tem-

perature stability and packaging have been identifi ed and possible solutions 

discussed. Finally, several applications for which RF MEMS are signifi cantly 

more advantageous than semiconductor-based components have been pre-

sented: mm-wave switches and multi-band circuits, mm-wave impedance 

tuners and non-semiconducting ‘all-MEMS’ systems.  

  1.6     Sources of further information and advice 

 For those who wish to read more about RF MEMS technology and appli-

cations, the book by Gabriel Rebeiz, RF MEMS – Theory, Design and 

Technology (Rebeiz, 2003) is recommended for anyone who approaches 

these components for the fi rst time. A more recent compendium of RF MEMS 

knowledge is Advanced RF MEMS, edited by Stepan Lucyszyn (Lucyszyn, 

2010). The work is largely an outcome of the European AMICOM project – 

the network of excellence for RF MEMS and RF Microsystems.  
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  Abstract : This chapter reviews wireless communication concepts, protocols 
and calculations that could be applied to microelectromechanical systems 
(MEMS). The impacts of the unreliable wireless channel on the transport, 
network, data-link and physical layers of the protocol stack are discussed 
and the ways that wireless network protocols can mitigate these impacts 
described. Particular attention is given to fl ow control, congestion 
control, error control, addressing for mobility, radio/logical link control, 
medium access control, digital modulation and link budgets. The chapter 
ends with a template for how a physical layer system design might 
proceed. 

  Key words : wireless network protocols, transport layer, network layer, 
data-link layer, physical layer design. 

    2.1     Introduction 

 Wireless communications systems have, as a virtue of their untethered nature, 

an inherent capability to support remote measurement and control in static, 

portable and mobile applications, including applications incorporating micro-

electromechanical systems (MEMS). Both cellular radio and wireless sensor 

networks have proved, in this context, to be useful and reliable technologies. 

 Wireless systems introduce some unique challenges over and above their 

wired counterparts. These challenges must be overcome if reliable com-

munication is to be established with actuators and/or sensors connected 

over wireless links. One major difference, for example, between wired and 

wireless networks is the highly error-prone nature of radio links. This hos-

tile channel poses signifi cant problems for the transmission control proto-

col (TCP) – the dominant transport layer protocol used on the Internet. 

Another important difference is that wireless networks permit endpoints 

(i.e. nodes) to be mobile, that is, to change their point of attachment to 

the Internet. This creates signifi cant issues with regards to routing data 

between sensors, actuators, controllers, etc. It is not unrealistic, for example, 
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to consider scenarios where the various components of sensor systems each 

have their own IP address; a notion central to an intense area of current 

research – the Internet of Things (IoT). 

 In order to make the complexity of an entire digital communication sys-

tem tractable, its functionality is split between the various layers of a ‘proto-

col stack’. Each layer in the stack takes responsibility for a well-defi ned set of 

functions, a lower layer effectively offering a communications service to the 

layer immediately above it. Each layer offers a more sophisticated commu-

nications service than the one below, effectively adding value to the lower-

layer service. The interfaces between layers are suffi ciently well defi ned to 

allow a particular layer to be designed without regard to the implementation 

details of the adjacent layers. There are exceptions to this, for example, in 

‘cross-layer design’ where advantage is taken of the implementation details 

of one layer to make the operation of another layer more effi cient. The 

structure of this chapter, however, refl ects that of a classical protocol stack, 

starting at the higher layers of the stack and moving downwards towards 

the lower layers. The physical layer, at the bottom of the stack, is that which 

interfaces to the wireless channel.  

  2.2     Transport layer issues 

 The transport layer in communications systems is used to enable addressing 

of end applications through the use of port numbers but also to, optionally, 

enable reliable end-to-end connectivity. The two dominant transport layer 

protocols are the user datagram protocol (UDP) (Postel, 1980) and TCP 

(Anon., 1981). As will be discussed later, TCP, in particular, does not per-

form well over wireless networks. 

 UDP is a lightweight protocol that is used to transport short-lived ses-

sions, such as Domain Name System requests or to support the carriage of 

real-time data over reliable links. UDP provides checksum functionality to 

verify the integrity of received data, plus source and destination port num-

bers. While other protocols (such as Internet protocol version 4 (IPv4) and 

IPv6) have addressing functionality to address a particular device (e.g. a 

wireless sensor node), an internal addressing scheme is required to deliver 

data to particular applications (processes) running within these devices. On 

Internet-enabled computers these applications include browsers and email 

clients, on Internet-enabled sensor platforms these applications include 

monitoring processes for each on-board sensor, or conceivably each agent 

in a multi-agent system. 

 TCP has considerably more functionality than UDP and is the domi-

nant transport protocol on the Internet. It has a range of functionality to 

ensure that data packets are delivered to applications reliably. Specifi cally, 

it will:
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       Re-order packets at the receiver to match the order in which they were • 

sent. (This is particularly important for command and control applica-

tions, where a sequence of commands must be executed in a specifi c 

order.)  

      Detect if packets have been lost/discarded en route.  • 

      Control the transmission rate of data. (Many sensor applications will be • 

implemented on platforms with limited processing capability that may 

be unable to process incoming data at the rate that a high-end server 

can support.)    

 TCP was devised before the mass deployment of wireless networks and 

some assumptions, therefore, concerning the underlying nature of the 

Internet, which were valid at the time of design, are no longer valid today. 

These assumptions have signifi cant repercussions for its behaviour. A brief 

overview of TCP is therefore now provided, followed by a description of the 

challenges facing its operation in wireless environments. 

 Central to the operation of TCP is the use of a positive acknowledge-

ment system which utilises sequence numbers. Successive TCP segments 

are assigned an incremental sequence number upon transmission, so that 

receivers can place those segments in the order in which they were transmit-

ted before delivering them to the end processes running on the hardware. 

A gap in the sequence number chain can be used to detect if a segment has 

been lost (or discarded) in transit. When the loss of a data packet occurs, the 

intended receiver will not transmit the acknowledgement for the missing 

segment of data and hence induce the sender to retransmit that segment. 

These measures alone are not suffi cient to achieve reliability. 

 TCP also controls the transmission rate of data using two intertwined 

mechanisms: fl ow control and congestion control. The former is used to 

ensure that senders do not overwhelm receivers by sending data at a faster 

rate than receivers can process it, since this would lead to packets being 

discarded at the receiver – an important consideration for many sensor 

applications. The latter is used to ensure that senders do not overwhelm 

intermediate nodes (e.g. Internet routers or intermediate nodes that consti-

tute a mesh-like wireless sensor network) between source and destination. 

This is a preventative measure, aimed at reducing the probability of packets 

being discarded en route. 

 Flow control is a fairly simple mechanism. Incoming TCP segments are 

stored in a receiver buffer before being delivered to their associated pro-

cesses. When the receiver issues an acknowledgement for a received seg-

ment, it includes the residual buffer capacity within a special fi eld contained 

within that acknowledgement. In this way the sender can deduce if the 

receiver is able to process further segments, and hence avoid receiver-end 

packet loss. 
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 Congestion control is considerably more complicated and has serious 

ramifi cations for wireless networks. It would be unfeasible for every inter-

mediate network node to advertise its residual buffer capacity to senders. 

TCP therefore uses a timer to estimate the level of congestion on the path 

between the sender and receiver. The operation is as follows. Each TCP 

sender continually monitors the time delay between transmitting a data seg-

ment and receiving its associated acknowledgement, that is, it continually 

monitors the round trip time (RTT). The RTT will depend on a number of 

factors:

       The number of hops between source and destination.  • 

      The bandwidth of each link in the path between source and destination.  • 

      The queuing delay in each of the routers between source and destination.    • 

 Assuming for the time being that the sender and receiver are stationary, the 

RTT will then be dependent on the cumulative queuing delay of intermedi-

ate nodes. The queuing delay in a particular node will be a function of the 

volume of traffi c passing through it (localised congestion). Consequently, 

the RTT will be a function of the aggregated congestion along the path 

between the sender and receiver. The objective of TCP’s congestion control 

functionality is to transmit data at as fast a rate as possible, yet not so fast as 

to cause congestion at intermediate nodes. 

 A simplifi ed description of its operation follows. TCP initially transmits 

a single data packet. If that is positively acknowledged then it will trans-

mit a further two. If they are positively acknowledged then it will transmit 

a further four, and so on. Thus the number of packets permitted to be in 

fl ight per RTT grows exponentially (1, 2, 4, 8, …), as illustrated in Fig. 2.1. 

This behaviour translates into an exponential growth in transmission rate. 
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 2.1      Packet loss detected.  

�� �� �� �� �� ��



34 Handbook of MEMS for wireless and mobile applications

© Woodhead Publishing Limited, 2013

As the transmission rate increases, so will the buffer occupancy levels (con-

gestion) at nodes along the path between sender and receiver until packet 

loss occurs.      

 In actual fact detecting if packet loss has occurred is not quite as easy as 

it may seem. From an idealistic perspective, the absence of an acknowledge-

ment for a data segment is indicative of packet loss. The possibility must 

be considered, however, that a packet may, instead, be indefi nitely delayed. 

After all, how does the sender know that the acknowledgement will not 

arrive at some time in the future? A practical approach is to set an upper 

bound on the time that is permitted to elapse before an acknowledgement 

is received. If a segment of data has not been acknowledged upon expiry of 

this time period, known as the retransmission time-out (RTO), then it can 

be regarded as being lost for all practical purposes. The time-out value is 

based on a smoothed time-average of estimated RTTs, and on an estimate 

of the variation of RTTs (Paxson, 2011). 

 TCP can be regarded as a polite protocol, in that it will reduce its transmis-

sion rate when congestion is detected (as indicated by the time-out expiring 

before a particular acknowledgement is received). In doing so, congestion 

can be alleviated. Suppose one particular node is experiencing a high level 

of congestion. All TCP senders that transmit data on a path through that 

node will detect the congestion, and all will decrease their transmission rate. 

In doing so, they are not operating in a polite fashion for purely altruistic 

purposes. Rather they recognise that failure to reduce their transmission 

rates will perpetuate packet loss, and when loss occurs, retransmissions will 

be triggered with the effect of increasing still further the congestion level. 

 The salient point here is that TCP perceives packet loss to be caused by 

congestion. Within wired networks this inference is generally valid since the 

probability of noise-induced error is so small that data will generally only be 

lost in transit due to a buffer overfl ow at an intermediate node. As already 

stated, this is a historical assumption that did not consider the wide spread 

deployment of wireless networks. 

 Unfortunately, wireless channels are notoriously hostile to data transmis-

sion, giving rise to signifi cant data corruption and loss due to noise, inter-

ference and distortion. When packet loss occurs during transmission over 

a wireless link, TCP will incorrectly interpret this as congestion-induced 

packet loss and reduce its transmission rate. TCP therefore takes a bad situ-

ation (external data loss) and makes it worse by reducing its transmission 

rate, that is, a lossy channel capable of high data rates becomes a lossy chan-

nel that supports only low data rates. 

 A number of variants of TCP have been proposed to cope with its unde-

sirable behaviour over wireless links. These, however, have yet to be adopted 

en masse. Instead, most wireless communications systems attempt to imple-

ment a link-level automatic repeat request (ARQ) scheme to retransmit 
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lost/corrupted segments before they are detected by upper layer protocols 

such as TCP. These solutions are discussed further in Section 2.4.1.  

  2.3     Network layer mobility issues 

 It is anticipated that in future most sensors, actuators and other devices 

will each have their own distinct, globally routable, IPv6 address (Deering, 

1998). This is enabled by the vast address range of IPv6 (6.65  ×  10 23  addresses 

for each square metre on Earth). This capability presents new and exciting 

opportunities for measurement and control of mobile systems, including 

online engine diagnostics, etc. 

 The Internet addressing scheme has a logical structure: nodes are assigned 

an IP address, which is composed of a host identifi er and network identifi er 

(prefi x) (Hinden, 2006). IP addresses are not assigned geographically, but 

rather contiguous blocks of addresses are awarded to organisations such 

as universities and Internet service providers (ISPs). The organisations can 

partition their portion of the address space as they see fi t. A national ISP, for 

example, may assign sub-blocks of addresses on a city-by-city basis. Indeed, 

such a geographical partitioning may assist in routing packets to destina-

tions while minimising the number of hops they take. 

 With the advent, and wide-scale deployment, of wireless technologies 

such as cellular systems and wireless local area networks (WLAN), a new 

problem presents itself: how to route a connection to a node that is mobile, 

and indeed mobile during a call/session? Mobility involves a change in 

geographical location, that is, a change in the point of attachment to the 

Internet, which in turn implies a change of IP address. 

 A na ï ve approach would assign a permanent IP address to a (sensor) node, 

and permit that node to advertise this address at each location it visits (at its 

point of attachment). Unfortunately, this approach would not be scalable: the 

advantage of having topologically similar IP addresses connected to the same 

network is that it permits traffi c to be routed to them effi ciently. In this con-

text effi ciency relates to the size of lookup (routing) tables within Internet 

routers or other intermediate nodes. Large routing tables imply large lookup 

times, that is, large processing delays. In order to avoid the necessity of hold-

ing a routing table entry per address, the grouping of topologically similar 

addresses permits the holding of a single entry per IP address block (i.e. a 

contiguous range of IP addresses). The na ï ve approach would lead to a frag-

mented address space that would substantially increase delays (and process-

ing overhead) in routing packets; consequently, it is unworkable. 

 Another approach would be to allow the mobile node to change its IP 

address upon attachment to a new access point (i.e. a new subnet). However, 

this approach is fl awed too, due to the historical context of the Internet’s 

design. When the Internet architecture was designed, it was not anticipated 
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that a node would change its IP address; consequently, an IP address has a 

secondary function. 

 Within the kernel of computer operating systems, sockets (communica-

tions interfaces) are used to allow applications to communicate with each 

other over the Internet. A socket represents one end of a connection. 

Applications communicate by reading and writing to/from an area of mem-

ory associated with the socket. Within the operating system, the socket is 

addressed using a 5-tuple:

   Destination IP address.  • 

  Source IP address.  • 

  Destination Port Number.  • 

  Source Port Number.  • 

  Protocol Type: generally either UDP or TCP.    • 

 The use of the protocol type and port numbers permit nodes to demultiplex 

streams of incoming data packets and deliver them to the appropriate appli-

cations. Port numbers effectively operate as part of an internal addressing 

system within the platform. A sensor node may have many sockets active 

simultaneously, and each will be addressed by a different combination of 

values of the 5-tuple. 

 It should be clear that if the IP address of an endpoint changes during 

a session then the associated applications using a socket addressed by the 

IP address will not be able to communicate, that is, the application would 

attempt to write to (or read from) a different area of memory based on the 

new IP address. 

 An IP address therefore acts not only as a locator (an address to deliver 

packets to across the Internet), but also as an identifi er within operating 

systems. Any attempt to change the IP address of a host mid-session would 

result in data being written to the wrong place in memory, and consequently 

the connection would be severed. 

 The proposed solution offered by an extension to IPv6 (Mobile IPv6) 

(Johnson, 2004) is to assign two addresses to an Internet-enabled node: a 

permanent address (known as the home address) fulfi ls the function of an 

identifi er, while a temporary address (known as the care-of address) fulfi ls 

the function of a locator. The operation of the protocol requires the assis-

tance of an intelligent device (known as the home agent) that has a stable 

and well-known IP address. The operation is as follows. 

 Consider the scenario wherein a mobile node is attached to a wireless 

network, as shown in Fig. 2.2. The node will have a topologically correct 

temporary, care-of, address from that network. This address can be used 

to route packets to the node’s true location on the Internet. However, this 

address may not be known to other entities (controllers, servers, etc.) which 
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wish to contact that node, and this represents a signifi cant barrier to session 

establishment. Other entities (known as correspondent nodes) instead send 

packets to the (mobile) node’s stable home address, where they are inter-

cepted by the mobile node’s home agent. The home agent will act as the 

mobile node’s proxy by forwarding packets addressed to the home address 

on towards the care-of address. To achieve this, the home agent must fi rst 

know that care-of address. Therefore, whenever a mobile node obtains a new 

temporary care-of address, it informs the home agent of this using a special 

message known as a binding update. The home agent maintains a special 

database (known as a binding cache) and processes the binding update by 

creating an entry in the binding cache associating the mobile node’s home 

address with its care-of address. The forwarding is accomplished by IP-in-IP 

encapsulation (called tunneling), whereby the home agent puts an IP packet 

addressed to the mobile node’s home address into the payload of a new 

packet which has its care-of address as the destination and the home agent’s 

IP address as the source. Packets transmitted by the mobile node towards 

the correspondent node also travel via the home agent. The mobile node 

fi rst constructs a packet with the source set to its home address and the des-

tination set to that of the correspondent. This packet is then encapsulated 

within another packet, with the destination set to the address of the home 

agent and the source set to the care-of address. This packet within a packet 

is then sent to the home agent, which removes the outer packet (decapsula-

tion) and forwards the inner packet towards the correspondent.      

Home agent

Home link

Correspondent node

Mobile node

Foreign link

 2.2      Node mobility.  
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 As the mobile node moves from access point to access point it will send 

a succession of binding updates to its home agent such that incoming data 

packets can be routed to its current location. Where the correspondent 

is also Mobile IPv6-enabled (i.e. not just IPv6-enabled), it can then also 

receive binding updates from the mobile node and hence route packets 

directly without the need to go through the home agent. 

 Another extension to the IPv6 protocol, network mobility (NEMO) 

(Devarpalli, 2005), proposes that the mobile node can be considered to be 

a mobile router. The router will have its own globally routable address block 

(in addition to its own home address) that can be assigned to various attached 

devices (sensors etc.), each device being given one of the addresses. As the 

mobile router changes its point of attachment to the Internet, its care-of 

address will change, and it will exchange binding updates with its home agent. 

All traffi c for the nodes attached to the mobile router will be routed towards 

the router’s care-of address before being forwarded to the end device. In this 

manner, the nodes attached to that router will be unaffected by any change in 

the router’s care-of address; they will be able to keep a single, globally routable, 

IP address because they are effectively being shielded by the router. This tech-

nology may be particularly useful for mobile wireless sensor networks, perhaps 

employing a cluster-head for wide area communications.  

  2.4     Data-link layer 

 Within the open system interconnection (OSI) protocol framework, the 

data-link layer is composed of two sublayers. The higher sublayer is the log-

ical link control (LLC) and is discussed in Section 2.4.1. The lower sublayer 

is the medium access control (MAC) and is discussed in Section 2.4.2. 

  2.4.1     Radio link control/logical link control 

 LLC operates on a link-by-link basis, in contrast to higher layer protocols that 

operate on an end-to-end basis. It can operate in acknowledged or unacknowl-

edged mode. In acknowledged mode, frames of data that are received with 

errors are re-sent by the transmitter, that is, it provides a reliable service at link-

level. In addition, it performs local fl ow control duties as well as segmenting and 

reassembling higher layer packets to suit the air-interface. In unacknowledged 

mode it operates transparently providing fl ow control and segmentation and 

reassembly, that is, erroneous frames are not retransmitted. The segmentation 

and reassembly function divides large data packets into a succession of smaller 

LLC frames for transmission over the local link where required. Wireless sys-

tems will generally support much smaller data packets than wired networks. 

 The reliability of acknowledged mode is achieved through the use of an 

ARQ scheme. ARQ is regarded as a backwards error correction scheme. 
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With this approach the receiver of a data packet determines whether it 

is erroneous and, if so, requests that it be retransmitted. Wireless systems 

employ robust error control coding schemes to make this determination. 

Redundant data in the form of parity bits, calculated from the information 

bits, are added to the original data to detect the erroneous bits/frames. 

 If suffi cient redundancy is added, then the receiver can not only detect 

errors but can also correct them. This is called forward error correction cod-

ing (FECC). A signifi cant advantage of FECC is reduced latency (delay) 

variation. FECC may also be used where the delay incurred by an ARQ 

system is unacceptable in absolute terms, for example, channels with large 

propagation delay. 

 The addition of redundancy for either error detection or error correction 

is referred to as channel coding and can be implemented using a variety of 

algorithms. Block coding (Lee, 2000) generates an output sequence of  n  bits 

from each block of  k  input (information) bits by adding  n-k  parity check 

bits. Convolutional coding (Johnson, 2010) generates a sequence of output 

bits for each individual input bit. Convolutional codes are generally very 

effective at correcting errors that are randomly distributed within the bit 

sequence but poor at correcting bursts of error, that is, contiguous strings 

of erroneous bits. Block codes typically perform better than convolutional 

codes in the presence of burst errors. 

 Concatenated coding refers to the combined use of two different chan-

nel coding techniques to realise a very powerful error correction function. 

Typically outer block coding is followed by inner convolutional coding at 

the transmitter with corresponding inner convolutional decoding followed 

by outer block decoding at the receiver. A popular choice of outer code in 

such systems is Reed-Solomon (Lee, 2000). 

 The error correcting performance of many codes for a given raw (i.e. 

uncoded) error rate is better if the bit errors are randomly distributed than 

if bit errors occur in bursts. The signal fading that is characteristic of wireless 

channels means that these systems are particularly prone to error bursts. 

In order to obtain the best possible performance from the error correcting 

codes, the bits in each frame are reordered after Forward Error Control 

(FEC) coding at the transmitter and ‘re-reordered’ at the receiver prior to 

FEC decoding – a process known as interleaving. Burst errors caused after 

coding at the transmitter by the channel then appear as random errors prior 

to decoding at the receiver. 

 Turbo coding (Johnson, 2010) is a recent innovation in channel coding in 

which a pair of codes is concatenated in parallel rather than in series, that is, 

each code operates directly on the uncoded information stream. This allows 

the information provided by one code about the location of errors to be 

used by the other code in the correction of errors. Turbo codes are very pow-

erful and can result in almost errorless transmission of information at rates 

approaching the theoretical limit (as determined by the Shannon-Hartley 
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capacity theorem). Such high-performance turbo codes can require large 

interleavers, however, resulting in high latency (i.e. long delay). 

 The performance of an error correcting code is summarised by its cod-

ing gain (measured in dB). This is the difference between the bit-energy 

to noise-power-spectral-density ratio,  E  b / N  0  (or equivalently signal-to-noise 

ratio (SNR)), to achieve a specifi ed probability of bit error,  P  b , with and 

without coding. Coding gain is illustrated in Fig. 2.3. It is a function of error 

probability, although only weakly so in the low error probability regime.      

 Perhaps the most widely known LLC protocol is IEEE 802.2 (Anon, 1988), 

which was devised to operate in conjunction with Ethernet and other local 

area network technologies. This protocol provides three modes of operation:

   1.     Unacknowledged connectionless mode: no fl ow or error control.  

  2.     Connection-oriented mode: connection established between peers a 

 priori, fl ow and error control implemented.  

  3.     Acknowledged connectionless mode: fl ow and error control utilised but 

no prior connection established.    

 The hostile nature of wireless links is such that both forward and back-

ward error control are often utilised together. The various radio technolo-

gies implement customised ARQ mechanisms at various layers within their 

respective protocol stacks. 

 The well-known WLAN standard 802.11 implements a positive acknowl-

edgement scheme as part of its MAC sublayer. Frames that are not 

acknowledged are retransmitted. Further robustness against data loss can 

be provided by utilising the functionality of IEEE 802.2. 

 Many cellular radio systems operate bespoke ARQ mechanisms over 

their radio interface. For example, the 2G system GSM/GPRS (i.e. Groupe 

Sp é cial Mobile/General Packet Radio Service) runs an LLC scheme 

between the mobile terminal and the serving GPRS support node (SGSN) – 

the entity within the core network that handles mobility management. An 

Coding gain

Eb/N0

Pe

 2.3      Probability of bit error versus  E  b / N  0  with and without FECC.  
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additional ARQ mechanism is implemented as part of its radio link control 

(RLC) protocol between the mobile terminal and base station controller 

(BSC) – the entity within the radio access network that controls a range of 

dumb base transceiver stations (BTS). Thus, the RLC operates as an inner 

loop to further segment LLC frames into RLC frames and retransmit lost 

data. If, after a number of unsuccessful attempts, it fails then the LLC outer 

loop will attempt retransmission of the entire LLC frame. If the LLC layer 

fails then the end-to-end ARQ scheme operated as part of TCP will invoke 

a retransmission of the entire segment. 

 The 3G Universal Mobile Telecommunication System (UMTS) operates 

on broadly similar principles; however, the entities involved have different 

names. The 3G equivalent of a BTS is a node B, and the equivalent of the 

BSC is the radio network controller (RNC). The operational scope of the 

RLC and LLC protocols for 2G and 3G systems is shown in Fig. 2.4.      

 The 4G long-term evolution (LTE) standard system employs a signifi cantly 

different network architecture, in that the base station (known as the evolved 

node B) is not dumb and provides many of the functions of the node B and 

RNC combined. A single ARQ mechanism, therefore, operates between the 

mobile terminal and the evolved node B as part of its RLC protocol. 

 Radio systems are generally more bandwidth-constrained than wired sys-

tems. Several advanced techniques are therefore utilised to use the radio 

channel as effi ciently as possible while still preserving the integrity of the 

transmitted data. More robust error control coding schemes can be used 

that permit errors to be not only detected but also corrected. Clearly, there 

is an overhead associated with the transmission of the greater number of 

parity bits that this requires but, depending on the characteristics of the 

radio channel, this may signifi cantly reduce the number of retransmissions 

and, in doing so, result in a net decrease in bandwidth used. Modern cellular 

radio systems continuously monitor error rates and vary the ratio of parity 

bits to data bits to achieve optimum performance. Thus, mobile terminals 

in regions of favourable signal conditions will receive data with light error 

control coding, while those in adverse regions will receive data with heavy 

error control coding. The disadvantage of this approach is that terminals 

in areas of poor signal quality may receive poorer levels of throughput by 

Mobile BTS/Node B

RLC

LLC

BSC/RNC SGSN GGSN

Internet

 2.4      2G and 3G systems.  
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virtue of the reduced number of data bits as a proportion of gross transmis-

sion rate. Designers of applications and services (including remote sensing 

and telemetry) must be aware, therefore, that the deliverable throughput 

may not be predictable in advance. 

 A simple way of combining ARQ with variable strength error correc-

tion codes is to transmit a frame with light protection. If that is erroneously 

received it is discarded and the ARQ mechanism requests a retransmission, 

however with stronger coding. This combination of error correction coding 

and ARQ is often referred to as (Type I) hybrid ARQ (HARQ). 

 Other approaches to bandwidth-effi cient schemes are based on utilisa-

tion of as much information as possible to correct erroneous data. The idea 

is to reduce the number of retransmissions that are necessary to decode a 

transmitted frame. For example, whereas simple ARQ schemes will contin-

ually discard erroneous frames irrespective of the number of retransmis-

sion attempts, a more bandwidth-effi cient approach would be to retain the 

erroneous frames. The original and subsequently retransmitted frames may 

be combined, say using a majority vote, to produce a corrected frame. In 

addition to being a more bandwidth-effi cient approach, at the cost of lit-

tle additional complexity, this approach has the potential to reduce aver-

age end-to-end latency since fewer retransmissions are required. The 3G 

high speed packet access (HSPA) service operates by transmitting the orig-

inal block of data (including error correction code bits). If that is received 

in error then only additional error correction code bits are transmitted in 

response to an ARQ request, thus increasing the strength of the code on 

each retransmission using incremental redundancy (Type II HARQ).  

  2.4.2     Medium access control 

 The MAC protocol is the mechanism used by multiple terminals to coordi-

nate communications over a shared medium. Most modern radio systems 

have their own bespoke MAC protocol. The space constraint here means, 

therefore, that it is not possible to describe all, or indeed any, of these in 

detail. Instead this section will focus on the key characteristic of MAC 

 protocols for remote sensing and control applications: synchronous vs 

asynchronous systems. 

 The well-known local area network (LAN) technology Ethernet employs 

a technique known as carrier sense multiple access with collision detec-

tion (CSMA/CD) when deployed on a broadcast medium (bus topology). 

With this approach, terminals listen to the medium in an attempt to deter-

mine if another terminal is transmitting information. If not, they can com-

mence transmission. Due to the fact that there is a fi nite propagation time 

for transmissions, it is possible for a terminal not to hear another terminal 

that has already commenced transmission. If the terminal in question were 
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to attempt transmission then both transmissions would interfere with each 

other and cause corruption of data. When this happens, a collision is said to 

have occurred. Fortunately, both terminals can monitor the medium during 

transmission to detect collisions. When a collision is detected, both termi-

nals wait a random time before sensing the medium again in an attempt to 

retransmit the corrupted data. The Wireless LAN technology 802.11 uses a 

similar approach, known as CSMA with collision avoidance (CSMA/CA). 

The principal difference between CSMA/CD and CSMA/CA is that unlike 

wired systems, wireless transceivers cannot monitor the medium (radio chan-

nel) while they transmit, and are therefore unable to implicitly determine 

if a collision has occurred. CSMA/CA systems rely on positive acknowl-

edgements to indicate that data has been received uncorrupted. Both these 

schemes are examples of asynchronous MAC protocols. 

 Most cellular radio systems employ a synchronous MAC. For example, 

in the GPRS system terminals use a CSMA/CA-like procedure to contend 

for access to traffi c channels (channels used for carrying user data) on a 

special random access channel. They use this channel to communicate their 

transmission requirements to a base station. Thereafter, the base  station will 

reserve fi xed resource blocks (time slots) on a particular radio frequency 

(RF) for the terminal to transmit user data. UMTS and LTE systems also use 

a synchronous MAC, although the defi nition of what constitutes a resource 

block varies from system to system. 

 The essential difference between a synchronous and an asynchronous 

system is that the former provides a dedicated logical channel for termi-

nals, while the latter is based on random access, which can lead to some ter-

minals dominating the transmission channel. The great advantage of being 

provided with dedicated resources is that the bandwidth and delay will be 

within fi xed and predictable bounds. For real-time critical control applica-

tions, this may be an essential property. The disadvantage of this approach 

is that traffi c channels may be under-utilised if the terminal transmits data 

only intermittently. Asynchronous systems have the potential to be more 

bandwidth-effi cient (particularly at light load).   

  2.5     Physical layer 

 The physical layer of a communication system is the lowest layer in the pro-

tocol stack. It is concerned with the physical processes by which patterns of 

binary digits (which should strictly be referred to as ‘binits’ but are almost 

always referred to as bits) are conveyed from a transmitter to a receiver. 

The single most important function of the physical layer is to defi ne the 

precise way that the bits are represented by (or mapped onto) a fi nite set of 

electrical waveforms or symbols. In the simplest case, two symbols are used, 

one symbol to represent binary zeros and one symbol to represent binary 
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ones. (In this case the symbol is almost synonymous with the bit.) Groups of 

information bits ( n -bit words) may be taken together, however, and mapped 

to  M  = 2  n   different symbols. The entire set of waveforms is often referred to 

as an alphabet. 

 In communication systems generally, the waveforms may be baseband 

(i.e. have a spectrum extending down, or almost down, to zero hertz) or they 

may be passband (i.e. be restricted to a band of frequencies starting well 

above zero hertz). In wireless systems, while baseband symbols may be used 

in the transmitter prior to modulation and in the receiver after demodula-

tion, the symbols (i.e. signals or waveforms) transmitted across the channel 

are invariably passband, usually located in the RF part of the electromag-

netic spectrum. 

 The simplest example of a baseband symbol alphabet is a positive rect-

angular voltage pulse to represent a binary one and a negative rectangular 

voltage pulse (of the same amplitude and duration) to represent a binary 

zero. The precise shapes of baseband pulses used to represent bits, or groups 

of bits, is called a line code. The example just given could be referred to as 

a polar binary line code. Another example of a popular binary line code is 

the use of a positive rectangular pulse for a binary one and no transmission 

at all (i.e. a zero amplitude, or null, pulse) for a binary zero. This could be 

referred to as a unipolar line code. It is also referred to as (baseband) on-off 

keying (OOK), since the digital ones in the binary data are used to turn (or 

‘key’) the signal ‘on’. 

 A disadvantage of both these line code examples is that their (sinc 2 ) power 

spectral densities are non-zero (in fact they are a maximum) at zero hertz. 

This means low frequencies have to be transferred faithfully from trans-

mitter to receiver if the pulses are not to be distorted during transmission. 

This obviously precludes them from use in wireless transmission. (Even for 

wired communication systems which can utilise baseband transmission this 

is generally a problem, since it effectively excludes AC coupling of transmis-

sion lines.) A further disadvantage is that a long string of digital ones or 

zeros would result in an unchanging voltage – potentially resulting in loss of 

receiver synchronisation with the transmitted symbols. Many sophisticated 

line codes have been devised to address these problems, e.g. HDB n , mak-

ing special provision to allow any arbitrary bit sequence to be successfully 

received (including long strings of ones and zeros). Such line codes are said 

to be ‘transparent’. 

 Wireless communications systems must transmit symbols as signals or 

waveforms with a passband spectrum. This is required not only to allow 

the transmission to be located within the allocated radio channel but also 

to allow the use antennas with, simultaneously, reasonable radiation effi -

ciency and reasonable size. This process of translating a set of baseband 

symbols to a set of bandpass symbols is called modulation (Glover and 

Grant, 2010). 
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  2.5.1     Modulation 

 One method of translating the spectrum of a signal from baseband to pass-

band is by multiplying the signal by a high frequency sinusoidal ‘carrier’ 

wave. If the carrier is a sinusoid of frequency  f  c  Hz then the (one-sided) 

power spectral density of the baseband signal  S ( f ) is shifted upwards in fre-

quency by  f  c  Hz such that the (one-sided) passband signal has a spectrum 

 S ( f  –  f  c ). Figure 2.5 illustrates this schematically for the case of binary data 

with a unipolar baseband line code, and Fig. 2.6 illustrates the case for a 

binary data with a polar baseband line code. The carrier frequency is 900 

MHz, and the bit rate is 40 Mbit/s in both fi gures.           

 The former modulation technique is usually referred to as OOK (for the same 

reasons as explained in the context of baseband OOK). More generically, how-

ever, it is referred to as binary amplitude shift keying (BASK), since the amplitude 

of the carrier is shifted between two levels by ‘keying’ with the baseband data. 

 The latter modulation technique is often referred to as phase reversal 

keying (PRK), since the effect of multiplying the carrier by a polar ( ± ) bit 

stream is equivalent to shifting the phase of the carrier by   π   radians or 180 ° . 
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 2.5        Schematic illustration of an OOK (BASK) modulation (Baseband 

spectrum two-sided, RF spectrum one-sided).  
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 2.6       Schematic illustration of a PRK (BPSK) modulation (Baseband 

spectrum two-sided, RF spectrum one-sided).  
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The generic designation, however, is binary phase shift keying (BPSK), 

which allows the possibility of shifting between phase states separated by 

less than   π   radians. In this case the signal can be resolved into a PRK com-

ponent and a constant (unmodulated) carrier. Such a BPSK system would 

sacrifi ce performance, in that the probability of bit error ( P  b ), also called the 

bit error ratio (BER), would be higher than for a PRK system. (BER and 

 P  b  are essentially synonymous and refer to the frequency with which digital 

ones are erroneously detected as digital zeros or vice versa.) The BER per-

formance penalty arises because the power in the unmodulated component 

is ‘wasted’, in the sense that it carries no information, that is, it does not aid 

in distinguishing between digital ones and zeros. It does, however, provide 

a convenient signal which can be used to recover a carrier (typically via a 

phase locked loop) in the receiver. Such non-PRK BPSK systems can have 

some advantages, therefore, if the convenience provided by a ‘pilot’ carrier 

outweighs the BER performance penalty implied by the ‘wasted’ power. 

 The third (and fi nal) generic binary modulation technique is binary 

frequency shift keying (BFSK). BFSK changes the frequency of a carrier 

(rather than its amplitude or phase angle) in sympathy with the baseband 

data. The resulting passband signal can be thought of as the sum (superpo-

sition) of two OOK signals: one signal in which the carrier is keyed on by 

the digital ones in the data, and one signal in which the carrier is keyed on 

by the digital zeros in the data. This is illustrated schematically in Fig. 2.7 

for a carrier frequency of 900 MHz, a frequency deviation of 100 MHz, and 

a bit rate of 40 Mbit/s. Note that the tones have frequencies equal to the 

frequency of the suppressed carrier plus and minus the frequency deviation. 
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 2.7       Schematic illustration of a BFSK modulation (Baseband spectrum 

two-sided, RF spectrum one-sided).  
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(The ‘Invert’ block, in Fig. 2.7, replaces 0 V with 1 V and 1 V with 0 V; it is not 

a linear gain of −1 but a gain of −1 plus a DC level of 1 V.)      

 Since the two OOK symbols represent bursts of carrier at different fre-

quencies (tones) it is sometimes referred to as tone signalling. BFSK is a 

non-linear modulation technique, in that if two data streams are added at 

the modulator input the signal at the modulator output is not the sum of the 

two signals that arise if each input is applied separately. 

 There are two principal criteria against which modulation methods are 

benchmarked. These are power effi ciency and bandwidth effi ciency. (The 

word effi ciency in both cases is a misnomer, in that it does not refer to a 

numerical value between 0 and 1 representing a ratio of output to input 

quantities. These terms are, however, widely used and accepted.) 

 Power effi ciency refers to the SNR, or equivalently bit-energy to noise-

power-spectral-density ratio ( E  b / N  0 ), needed to realise a specifi ed BER 

(e.g. 10 –6 ). A modulation scheme requiring lower SNR to realise the speci-

fi ed BER is said to be more power effi cient. Modulation schemes with high 

power effi ciency are preferred in applications where signal power is at a 

 premium (e.g. where transmission loss and/or noise levels are high). 

 Bandwidth effi ciency (measured in bit s −1  Hz −1 ) refers to the bit rate (bit/s) 

offered by a modulation scheme divided by the bandwidth (Hz) of the mod-

ulated signal. The precise numerical value of bandwidth effi ciency depends 

on the defi nition of bandwidth adopted (−3 dB, −10 dB, Gabor bandwidth, 

absolute bandwidth, etc.), but provided the same defi nition is adopted for 

all modulation schemes it does give a useful comparison of the relative ‘effi -

ciency’ with which spectrum is being used. Modulation schemes with higher 

bandwidth effi ciency are preferred in applications where the use of spec-

trum is especially costly. 

 The fundamental trade-off between power and bandwidth effi ciency is 

refl ected in the Shannon-Hartley channel capacity law, which is a statement 

of the maximum errorless information rate (channel capacity,  C ) that can be 

transmitted via a channel of bandwidth  B  that yields a received signal power 

S  and a received noise power  N , that is:  

    
C
B

S
N

= ⎛
⎝
⎛⎛
⎝⎝

⎞
⎠⎠⎠

−log10 1
S

+ ⎞
⎠
⎞⎞⎞
⎠⎠
⎞⎞⎞⎞

bit s Hz1 1−Hz     [2.1]   

 The most power-effi cient modulation scheme is PRK. This is because the two 

symbols are antipodal, that is, one binary symbol is precisely the opposite 

(i.e. the negative of) the other symbol. Their normalised correlation coef-

fi cient (the integral of the product of the symbols divided by the geometric 

mean of their energies) is therefore  − 1.0. There is no power wasted (e.g. in 

a pilot carrier) and the antipodal nature of the symbols means they are as 

different as it is possible for them to be. The two symbols are therefore most 
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easily distinguished from each other in the presence of noise or interference 

and the required SNR for a specifi ed BER is therefore a minimum. 

 OOK is an orthogonal modulation scheme. This means the correlation 

coeffi cient of the two symbols is zero and they are thus less dissimilar than 

the PRK symbols. Being less dissimilar they are less easily distinguished 

from one another in a noisy environment. The power effi ciency of OOK is 

thus poorer than PRK. In the case of receivers using ideal detection (cor-

relation or, equivalently, matched fi lter detection) the power effi ciency 

penalty of OOK compared to PRK is 3 dB, that is twice the signal power 

(averaged over many bits) is required for OOK as is required for PRK to 

realise a specifi ed BER. (An alternative, of course, to a requirement of twice 

the signal power would be half the noise power.) 

 The precise normalised correlation between the symbols of a BFSK sys-

tem depends on the relationship between tone spacing and bit rate. The 

correlation is theoretically bounded by 1.0 (for the case of equal frequency 

symbols – useless, of course, for conveying information) and –2/(3  π  ) (for the 

case when the tone frequency difference is about 0.72 times the bit rate). In 

practical systems the tone frequencies and bit rate are typically chosen such 

that the correlation is close to zero, that is, the symbols are orthogonal, or 

at least nearly so. In this case the BFSK power effi ciency is equal, or close, 

to that of OOK. 

 Equation [2.2] gives the probability of bit error,  P  b , as a function of  E  b / N  0  

and the correlation coeffi cient (  ρ  ) between symbols for an arbitrary binary 

modulation scheme – including the special cases of OOK, BFSK and PRK. 

( E  b / N  0  is the ratio of average bit-energy to one-sided noise-power-spectral-

density.)  
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 Table 2.1 gives the value of   ρ   for the common binary modulation schemes.      

 For binary modulation schemes other than those listed in Table 2.1, the 

value of   ρ   can be calculated using:  

    ρ = ∫
1

1 2

1 2

0

0

E E1

v1 v2 t
T0

( )t ( )t d        [2.3]   

 where the subscripts distinguish the two symbols. The BER given by Equation 

[2.3] is for the case of ideal coherent detection (which means intersymbol-free 

signalling and either a correlation receiver or a matched fi lter receiver). For 

BPSK (including PRK), coherent detection is necessary since the information 
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resides in the phase angle of the symbols. Incoherent detection (e.g. an enve-

lope detector followed by a low-pass fi lter) can always be used for OOK and 

can usually be used for BFSK (provided there is suffi cient spacing between 

tones). Incoherent detection is simpler to implement than coherent detec-

tion but suffers a small penalty in power effi ciency. The increase in BER can 

be compensated, however, by increasing the signal power (or reducing the 

noise power) by a small amount (typically about 1 dB for a BER around 

10 –4 ). The modest increase in SNR necessary to compensate for the poorer 

BER offered by an incoherent receiver means that, in practice, incoherent 

detection is normally used in OOK and BFSK receivers. 

 Although BPSK (including PRK) systems require coherent detection, a 

technique exists that obviates the need for complex carrier recovery circuitry 

in the receiver. This is differential PSK (DPSK), in which the bit stream is 

differentially coded in the transmitter, a transition in the bit stream (0 to 1 

or 1 to 0) being represented by one PRK symbol (e.g. phase 0) and no transi-

tion (0 to 0 or 1 to 1) being represented by the other symbol (e.g. phase   π  ). 

In the receiver a simple one-bit delay can then be used to provide a coherent 

reference (the previous symbol) for the detection of the current symbol. This 

simplifi ed receiver structure differentially decodes the received bit stream 

concurrently with detection. Since the coherent reference signal in such a 

receiver is now precisely as noisy as the symbol being detected it might be 

thought that DPSK suffers a 3 dB penalty in power effi ciency compared to 

ideal detection in a correlation receiver of uncoded PRK. In practice, the pen-

alty is less than this (around 1 dB), since the phase noise is not completely 

decorrelated between the adjacent bits, that is, there is some degree of ‘noise 

cancellation’ between the symbol being detected and the ‘reference’ signal. 

If differential coding of the bit stream is implemented at the transmitter, but 

conventional correlation or matched fi lter detection is used at the receiver 

followed by separate differential decoding, then the scheme is referred to as 

differentially encoded PSK (DEPSK). There is no simplifi cation in receiver 

design in this case – indeed, there is the modest additional complexity of post-

detection differential decoding. The performance penalty (for realistically 

small probabilities of error) is now simply a factor of 2 in BER, since both 

inputs to the differential decoder have the same probability of error. (For 

practical, that is, small, BERs the probability of both input bits being in error, 

and therefore the decoded bit being correct, can usually be neglected.) 

 Table 2.1     Correlation coeffi cient for common binary modulation methods 

 Modulation 

method 

 OOK  BFSK 

 (orthogonal) 

 BPSK 

 (optimum) 

 PRK 

 ( Δ   θ   =   π  ) 

 BPSK 

 ( Δ   θ   <   π  ) 

  ρ   0  0  –2/(3  π  )  –1  cos  Δ   θ   
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 Figure 2.8 shows a comparison of the BER vs  E  b / N  0  curves for all the 

binary modulation schemes discussed above.      

 If bandwidth effi ciency (also sometimes called spectral effi ciency) is more 

important than power effi ciency, then multiple bits can be mapped onto a 

single symbol, a bandwidth effi ciency improvement arising since it is the 

symbol (or physical pulse) rate, rather than the bit rate, which determines 

bandwidth. The two most common ‘higher order’ modulation schemes used 

in practice are  M -ary PSK (MPSK) and  M -ary quadrature amplitude modu-

lation (MQAM). In the former case the number of symbols ( M ) in the sym-

bol alphabet is typically an integer power of two 2 (i.e. 4, 8, 16, 32, …) and the 

tips of the  M  symbol phasors form a constellation of points evenly distrib-

uted around a circle in the complex plane. In the latter case,  M  is typically an 

even integer power of 2 (i.e. 4, 16, 64, 256, …) and the symbol phasors form 

a square regular grid of constellation points. For  M  = 4, MPSK and MQAM 

are identical, and this modulation scheme is referred to as quadrature (or 

quaternary) phase shift keying (QPSK). Figure 2.9 shows the constellation 

diagrams for 16-PSK, 64-QAM and QPSK signalling systems.      

 The spectral effi ciency of an  M -ary modulation scheme, mapping  n  = 

log 2  M  bits to each symbol, is given by:  

    ηs =
log

[ ]bit s Hz2

0

Hz−Hz
M

T B0

       [2.4]   
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 2.8      BER versus  E  b / N  0  for common binary modulation techniques. 

( Source : Glover and Grant, 2010.)  
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T  0  in Equation [2.4] is the reciprocal of the symbol, or baud, rate and  B  

is the signal bandwidth. The  T  0  B  product in the denominator of Equation 

[2.4] is a signifi cant parameter in its own right. For a bandpass signal  T  0  B   ≥  

1.0 is a necessary (but not suffi cient) condition if inter-symbol interference 

(ISI) is to be avoided. If  T  0  B  < 1.0 then ISI cannot be avoided. ISI describes 

the smearing (time dispersion) of one received symbol into the adjacent 

symbol(s) due to the distorting effects of the channel such that decision 

instant samples no longer represent a single symbol. The channel frequency 

response that causes this distortion potentially includes contributions from 

the transmitter and receiver fi lters as well as the transmission medium. In 

a channel suffering ISI, each decision instant sample at the receiver repre-

sents the symbol that was intended to be sampled plus fractions of adjacent 

symbols. The result of ISI is a reduction in the robustness of the modulation 

scheme to noise, and thus an increase in BER. If the ISI is severe it may 

lead to bit errors, even in the absence of noise. The resulting BER is then 

referred to as ‘irreducible’, since it cannot be improved by increasing signal 

power. (It is of course reducible by more careful design of the transmitter 

and receiver fi ltering and/or equalisation of the channel distortion. The latter 

can be achieved by periodically measuring the channel frequency response 

and incorporating an adaptive fi lter in the receiver with a response that is, 

effectively, the reciprocal of that of the channel.) Transmit and receive fi lter-

ing, which preserves ISI-free samples at the receiver decision circuit input, is 

called Nyquist fi ltering. One particular form of Nyquist fi ltering often used 

in practice is raised-cosine fi ltering. When this fi lter is split properly between 

transmitter and receiver, then ISI at the sampling instants is avoided while 

simultaneously preserving ideal (matched fi lter) detection. 

 The probability of bit error for ISI-free, Gray-coded, MPSK signalling is 

given approximately by:  

    P
M

erfr
M

M
E
NbPP b≈ − ⎛

⎝⎝⎝
⎞
⎠⎠⎠

⎛
⎝⎜
⎛⎛
⎝⎝

⎞
⎠⎟
⎞⎞
⎠⎠

⎡

⎣

⎢
⎡⎡

⎢
⎢⎢

⎣⎣
⎢⎢
⎣⎣⎣⎣

⎤

⎦

⎥
⎤⎤

⎥
⎥⎥

⎦⎦
⎥⎥
⎦⎦⎦⎦

⎧
⎨
⎪
⎧⎧
⎨⎨
⎩⎪
⎨⎨
⎩⎩

⎫
1

1
2

2

0

1

2

log
sin l

⎛
⎝
⎛⎛⎛
⎝⎝
⎛⎛⎛⎛ ⎞

⎠
⎞⎞⎞⎞
⎠⎠
⎞⎞⎞⎞

og
π

⎬
⎪
⎫⎫
⎬⎬
⎭⎪
⎬⎬
⎭⎭

    [2.5]   

 Gray coding (the mapping of bits to symbols such that the binary words rep-

resented by adjacent symbols differ by only one bit) is virtually always used 

(a) (b) (c)

2.9      Constellations  for (a) 16-PSK, (b) 64-QAM and (c) QPSK.  
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in  M -ary modulation schemes, since this minimises the BER for a given 

symbol error result (SER). (If symbol errors are dominated by those involv-

ing an adjacent symbol, as is the case for most types of noise when errors are 

relatively rare, then BER is approximately SER/ n  since each symbol error 

results in one bit error but  n -1 bits remain correct.) 

 The probability of bit error for ISI-free Gray-coded MQAM signalling is 

given approximately by:  
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 Figure 2.10 compares the BER versus  E  b / N  0  curves for a range of MPSK 

and MQAM systems.      

 Figure 2.11 locates MPSK and MQAM modulation schemes in the spectral 

effi ciency/power effi ciency plane. (The power effi ciency here is represented 

by the SNR required for a BER of 10 –6  assuming an ideal ISI-free matched 

fi lter receiver.) The Shannon channel capacity, rearranged to give maxi-

mum possible spectral effi ciency versus SNR (Equation [2.1]) for error-free 

transmission, is also plotted in Fig. 2.11. This fi gure illustrates how closely a 

particular modulation scheme approaches the theoretical ideal. (Channel 

10–3

10–4

10–5

10–6

Pb

Eb/No

10–7

10–8

BPSK 8-PSK 16 32 64

64 256 1024
4 PSK =
4 QAM =

QPSK
16-QAM

10 20 30 40

10–9

 2.10      Comparison of BER versus  E  b / N  0  for MPSK and MQAM systems. 

( Source : Glover and Grant, 2010.)  
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coding can be applied, of course, to move the combined modulation-coding 

scheme closer to the Shannon limit.)       

  2.5.2     Spread spectrum 

 Spread spectrum (Torrieri, 2011) refers to the technique in which an infor-

mation signal with a (relatively) narrow bandwidth is spread over a wider 

band of frequencies by modulating it with a ‘spreading’ signal. (To qualify as 

a true spread spectrum technique the spreading signal must not be derived 

from the information signal.) Figure 2.12 illustrates the basic principle of 

direct sequence spread spectrum (DSSS), which is conceptually the simplest 

way of doing this.      

 The (voltage) spectrum of the spread signal is that of the pre-spread sig-

nal convolved with the (voltage) spectrum of the spreading waveform. If the 

bandwidth of the spreading waveform is much greater than the bandwidth 

of the pre-spread signal then the post-spread signal has, to a fi rst approxima-

tion, the bandwidth of the spreading waveform. 

 The spreading waveform is deterministic and is therefore known at the 

receiver. It is usually a pseudo-random chip sequence (PRCS) – often gen-

erated using a shift register with feedback from its elements to its input via 

a modulo-2 adder. The terminology ‘chip’ is used to denote a single DSSS 

symbol to distinguish it from a ‘bit’, which relates to the longer, informa-

tion-carrying symbol. The spread signal is usually then modulated onto an 

RF sinusoidal carrier at the transmitter in the normal way. At the receiver 

the spread signal is recovered from the RF signal by demodulation using 

a matched fi lter, correlation processor or incoherent detector as usual. 

De-spreading is achieved by multiplying by the same PRCS sequence as 
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 2.11      Comparison of spectral and power effi ciencies of popular 

modulation schemes with the Shannon limit.  
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used for spreading. (The reference PRCS sequence in this process is synchro-

nised to that in the received signal.) That re-multiplication at the receiver of 

a DSSS signal with the same PRCS as applied at the transmitter de-spreads 

the signal is easy to see in the case of a polar binary chip sequence with val-

ues of  ± 1 since, after de-spreading, the information has been multiplied by 

the spreading sequence squared, that is, ( ± 1) 2  = 1. 

 There are several potential advantages to spreading the spectrum of a 

signal. These include:

   Security advantages – The spread signal has many properties in common • 

with noise and, if the spectral density is low, it can be diffi cult to detect the 

presence of the signal unless the spreading sequence is known. (Spread 

spectrum is not a substitute, however, for proper data encryption if data 

privacy, authenticity and/or integrity are important.)  

  Regulatory advantages – Radio regulatory authorities restrict the power • 

spectral density of signals radiated in some frequency bands. Spread 

spectrum can be helpful in achieving low spectral density without 

compromising total radiated power.  

  Interference suppression – Interference added after spreading will be • 

spread by the PRCS sequence in the receiver at the same time as the 

wanted signal is de-spread. After fi ltering using the bandwidth of the de-

spread information signal much of the interference is therefore removed.  

  If mutually orthogonal (or nearly orthogonal) spreading sequences are • 

applied to different information signals then each information signal 

can be recovered independently of the others by de-spreading with its 

own sequence. (All the other information signals spread by orthogonal 

sequences are thereby suppressed relative to the wanted signal.) This is 

the basis of the code division multiple access (CDMA) scheme used in 

third-generation mobile phone technology.    

 For white noise (or interference processes), de-spreading results in an SNR 

(or signal to interference ratio) processing gain,  G  p , given by:  

    G
R
RpGG c

b

dB=
⎛
⎝⎜
⎛⎛
⎝⎝

⎞
⎠⎟
⎞⎞
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10 10log        [2.7]   

 where  R  b  and  R  c  are the bit rate and chip rate, respectively. 

+1 PRCS

DSSS data

–1

 2.12      Basic DSSS.  
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 DSSS, as described above, is similar to an additional PRK modulation 

process, in that multiplying by chips with amplitude of  ± 1 results in (chip-

by-chip) shifting of the carrier phase in the RF modulated signal by 0 or   π   
radians. An alternative spectrum spreading technique, frequency hopping 

spread spectrum (FHSS), is similar to an additional FSK modulation pro-

cess. In FHSS the frequency of the carrier is changed (‘hopped’) pseudo-

randomly. If the frequency is hopped many times per symbol, then it is 

referred to as fast frequency hopping. If the frequency hopping rate is low 

compared to the symbol period, then it is referred to as slow frequency hop-

ping. Measured on an appropriate time scale the spectrum of the RF signal 

in both cases is spread over a band between the highest and lowest frequen-

cies in the hopping scheme. 

 At the receiver an FHSS signal is de-spread by hopping the local oscilla-

tor synchronously with frequency changes in the hopped data. FHSS offers 

similar advantages to DSSS. 

 DSSS is applied in third-generation cellular radio systems to realise 

CDMA and FHSS is applied in Bluetooth technology.  

  2.5.3     Orthogonal frequency division multiplexing 

 Orthogonal frequency division multiplexing (OFDM) takes a digital infor-

mation signal with bit rate  R  b , maps  n -bit words on to  M  = 2  n   symbols (each 

symbol being a complex number representing the amplitude and phase of 

an  M -ary modulation scheme), splits the resulting symbol stream (rate  R  s  = 

 R  b / n ) into  N  parallel streams (each of rate  R  OFDM  =  R  s / N ) and modulates 

each stream onto one of  N  different carriers (Li and Stubber, 2010). The 

 N  frequencies chosen for the carriers are such that the carriers are mutu-

ally orthogonal over one OFDM symbol period,  T  OFDM  = 1/  R  OFDM , allow-

ing independent recovery of each parallel information stream. Figure 2.13 

shows the spectrum of a (small) number of adjacent (unmodulated) OFDM 

carriers.      

 The basic process of impressing the parallel symbol stream onto the 

orthogonal carriers is illustrated in Fig. 2.14.      

 The fundamental advantage of OFDM is that its symbol rate is a factor 

of  N  times lower than the original symbol stream (and  Nn  lower than the 

original bit stream). Time dispersion in the radio channel (caused by propa-

gation of energy between transmitter and receiver along multiple propaga-

tion paths – some paths involving refl ection from distant objects) results in 

echoes of earlier symbols overlapping with later symbols, that is, it causes 

ISI. Reducing the symbol rate on each orthogonal channel reduces the 

degree of overlap (as a proportion of the OFDM symbol duration), thereby 

greatly reducing the deleterious effects of ISI on BER. 
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 In practice the strict orthogonality of OFDM carriers is compromised by 

the multipath channel. Orthogonality can be re-established by extending 

the duration of each OFDM symbol using a ‘cyclic prefi x’. This prefi x is a 

copy of the fi nal part of an OFDM symbol added to the front of the OFDM 

symbol. To be entirely effective the prefi x must be at least as long as the 

delay of the most delayed (signifi cant) multipath echo. 

 OFDM has been adopted in the Terrestrial Digital Video Broadcast stan-

dard DVB-T and the 3GPP LTE. One of the developments that has made 

OFDM a popular recent solution for radio communications in severe mul-

tipath environments is the (very effi cient) fast Fourier transform (FFT) 

algorithm. The impressing of symbols (complex numbers) on to a carrier 

determines the amplitude and phase of that carrier.  N  such symbols there-

fore determine (for one OFDM symbol period) the amplitude and phase 

(at the discrete carrier frequencies) of the OFDM signal spectrum. The 
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 2.14      Conceptual representation of OFDM transmitter.  
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 2.13      Five adjacent (unmodulated) OFDM carriers.  
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inverse fast Fourier transform (IFFT) can therefore be used to realise the 

basic OFDM signal at the transmitter and the FFT can be used to recover 

(demultiplex) the symbols at the receiver.  

  2.5.4     Ultra-wideband 

 Ultra-wideband (UWB) refers to a signal that has a  − 10 dB bandwidth 

greater than 500 MHz or a fractional bandwidth (bandwidth divided by the 

band centre frequency) greater than 20%. There has been intense recent 

interest in the use of such signals for high data-rate, low power, short-range 

communications. Regulatory authorities around the world have agreed that 

unlicensed transmission of UWB signals can be allowed subject to certain 

restrictions. The most important of these restrictions is that the power spec-

tral density (PSD) should not exceed limits determined by a PSD mask. The 

details of the mask differ depending on application and geography, but a 

common feature is that the PSD is always restricted to  − 41.3 dBm/MHz or 

less. Figure 2.15a shows the Federal Communications Commission (FCC) 

PSD mask for indoor applications in the USA and Fig. 2.15b shows the 

Ofcom mask adopted in the UK.      

 The spectral mask ensures that the power from a UWB system falling within 

the band of a co-located conventional communications system is suffi ciently 

low to avoid signifi cant interference. The PSD limit is lower than  − 41.3 dBm/

MHz in some bands to give extra protection for some existing services, e.g. 

GPS. The low PSD of UWB systems typically restricts their range to around 

10 m. The large bandwidth, however, results in potentially huge data rates. 
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 2.15      Example UWB spectral masks: (a) USA; (b) UK.  
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Figure 2.16 illustrates the theoretical channel capacity (calculated using the 

Shannon-Hartley law) as a function of bandwidth and SNR.      

 UWB modulation schemes (Arslan  et al ., 2006) can broadly divided into 

two categories: multi-carrier UWB (MC-UWB) and impulse radio (IR). 

 The most important MC-UWB variation is multi-band OFDM 

(MB-OFDM). A practical specifi cation based on MC-UWB has been devel-

oped by the MB-OFDM Alliance – a group of organisations (including 

companies) that came together to champion this particular form of UWB 

technology. 

 Important variations of IR include Direct Sequence UWB (DS-UWB) 

and Pulse Position Modulation Time-Hopped UWB (PPM-TH-UWB). 

Both of these are included as part of the IEEE 802.15.3a standard. 

 DS-UWB is similar to DSSS except that each chip is transmitted as a 

short pulse with duration of the order of 1 ns. (The precise duration of the 

pulses, of course, depends on the desired UWB bandwidth.) The pulses are 

typically wavelet-like and are often modelled as a high-order time-deriva-

tive of a Gaussian pulse. 

 PPM-TH-UWB transmits narrow pulses but, rather than wavelets, they 

are typically monocycles or doublets, often modelled by the fi rst and second 

time-derivative of a Gaussian pulse respectively. Information is coded onto 

the pulse stream using pulse position modulation (PPM). If the nominal 

pulse slot is divided into  M  sub-slots then  n  = log 2  M  information bits deter-

mine the sub-slot to be used. To avoid particular bit patterns resulting in a 

transmitted pulse sequence with large amounts of power concentrated in 

discrete spectral lines, the position of the pulse slot is, itself, hopped in time 
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within a larger symbol slot using a pseudo-random sequence. (The concen-

tration of power in spectral lines is likely to result in a violation of the UWB 

spectral mask.)  

  2.5.5     Software radio and cognitive radio 

 The advent of cheap, fast, signal processing technologies (in particular 

fast analog-to-digital converters (ADCs) and digital-to-analog converters 

(DACs)) has allowed much of the communications signal processing that 

was formerly implemented in hardware to be implemented in software. This 

allows programmable transceivers to be realised in which carrier frequency 

bandwidth, modulation and coding can all be rapidly programmed for a 

specifi c application. This is what is commonly referred to as software radio 

(Rouphael, 2009). If the transceiver can be reconfi gured suffi ciently rapidly, 

and some element of environmental sensing is incorporated (e.g. sensing the 

occupancy or otherwise of the spectrum to which the transceiver has access), 

then these parameters may be dynamically optimised. This is an example of 

cognitive radio, that is, a radio system which is, at least to some extent, aware 

of its environment and adapts accordingly (Doyle, 2009). Spectrum that is 

notionally dedicated to a particular service, for example, but is unused in 

some bands at some times, is referred to (during the time, and within the 

bands, it is not used) as white spectrum. One (but not the only) application 

of cognitive radio is the detection and use of these white spaces. The spaces 

may be split into many non-contiguous fragments across a wide range of fre-

quencies requiring the cognitive radio to divide data into parallel streams at 

the transmitter and reassemble these streams at the receiver. OFDM Access 

(OFDMA) techniques, in which OFDM carriers are assigned dynamically to 

the fragmented white spaces is a particularly attractive method of exploiting 

spectrum of this kind. The sensing and signal processing required to handle 

such dynamically changing fragmented spectrum opportunities is clearly 

challenging. The increasing cost of spectrum use, however, is a powerful 

driver of this type of technology.   

  2.6     The wireless link budget 

 The wireless link budget is fundamental to the physical layer of any wire-

less system. It is used to assess the required transmitter power and/or the 

required receiver noise fi gure to achieve acceptable link BER. 

 There are two distinct parts to the link budget: the signal-budget and the 

noise-budget. The basic signal-budget is represented by Equation [2.8].  

    P P G L GR TPP T PG LG RGG+PTPP +LPL        [2.8]   
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 where  P  R  (dBW) is the received power,  P  T  (dBW) is the transmitted power, 

 G  T  (dBi) is the transmit antenna gain (defi ned with respect to an isotropic 

radiator),  L  P  (dB) is the path loss and  G  R  (dBi) is the receive antenna gain. 

There are often constraints on individual terms in Equation [2.8]. The trans-

mitted power may be constrained, for example, by the energy capacity of 

the power supply and, if the power supply cannot be replaced, the required 

battery life of the system. Legal constraints imposed by radio regulatory 

bodies may limit the transmitted power, the effective isotropic radiated 

power ( EIRP  =  P  R  +  G  T ), the maximum power density (dB[W/m 2 ]) at a 

specifi ed range and/or the transmitted PSD (dB[W/Hz]). There are physi-

cal limitations on antenna gains that depend on the antenna’s electrical size 

and there is the constraint that an isotropic antenna (i.e. one with a gain 

that is independent of direction) is not realisable. Despite such constraints 

transmitted power and antenna gains are, at least to some extent, under the 

control of the system designer. Path loss depends on link length and the 

environment, and is usually under the control of the designer only in so far 

as link length is a design variable. If link length is pre-determined by the 

application there is little, or no, control over this term. 

 The treatment of antennas here is restricted to the basic systems concept 

of antenna gain. For a transmitting antenna, gain is the ratio of the (far-fi eld) 

radiation intensity (in W/sr) in a given direction (the direction of maximum 

gain unless otherwise specifi ed) to the radiation intensity ( P  T /4  π  ) that would 

be delivered by an isotropic antenna. Alternatively (and equivalently), it is 

the ratio of the power density (in W/m 2 ) in a given direction at a given (far-

fi eld) range,  R , to the power density ( P  T /4  π R  2 ) that would be delivered at 

the same range by an isotropic antenna. For a receiving antenna, gain is the 

ratio of received power (available at the antenna terminals) due to a plane 

wave arriving from a particular direction to the power that would be avail-

able from an isotropic receiving antenna (i.e. an antenna whose sensitivity 

to a plane wave is independent of the wave’s arrival direction). 

 Path loss,  L  P , is the mean difference between transmitted and received 

power assuming isotropic transmit and receive antennas. (Taking the mean 

is necessary since path loss is usually subject to random fl uctuations due 

interference between fi elds arising from multiple propagation paths. In 

some applications fading may also be caused due to shadowing by obstacles 

along the line-of-sight path.) Path loss can often be adequately modelled by 

a law of the form:  

    L K n
R
RP dB= +K

⎛
⎝⎜
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⎞
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⎞⎞
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10 10

0

log        [2.9]   

 where  K  and  n  are constants for a particular environment.  n  is sometimes 

referred to as the path loss index and is determined by the geometrical 
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dilution of power density as energy propagates away from the transmitter. 

For free-space propagation  n  = 2 (corresponding to the inverse square law) 

and  K  = 20 log 10 (4  π  /  λ  ) where   λ   is wavelength. Free-space path loss increases 

at a rate of 6 dB/octave (i.e. received power in watts decreases by a factor of 

4 for each factor of 2 increase in link length). 

 For propagation over a plane refl ecting surface the path loss has a differ-

ent character in two different range regions and must generally be modelled 

by a two-slope model of the form:  

    L
K n R R R
K n R RP

b

b

= n R ≤
n R

⎧ 10 0

10
1

1

l g ,R10

l g lR nnR 1010 2Rb nR og ( )R RbR RbR ,⎨
⎧⎧
⎩
⎨⎨     [2.10]   

 where  R  b  (=4  π h  T  h  R /  λ  ) is the break point between the two segments of the 

piece-wise linear law,  n  1  and  n  2  are the slopes of the law for ranges (from 

the transmitter) less than, and greater than,  R  b , respectively,  n  1  and  K  are 

the same as for free-space path loss,  n  2  = 4 and  h  T  and  h  R  are the heights of 

the transmit and receive antennas above the refl ecting surface. The path loss 

in region  R  <  R  b  is subject to spatial fl uctuations of power density or fi eld 

strength due to the interference pattern formed by power arriving at the 

receive antenna directly from the transmitter along the line-of-site (LOS) 

path and power arriving at the receive antenna via refl ection from the sur-

face. The fl uctuations in the simple model oscillate between +6 dB and 

−  ∞   dB with respect to the free-space value. (The fl uctuations are essentially 

sinusoidal, that is, the free-space value of received power in watts is multi-

plied by the factor 4 sin 2 (2  π h  T  h  R /  λ R ).) The path loss in the region  R  >  R  b  

increases monotonically with a slope that is asymptotic to 12 dB/octave. The 

increased slope is composed of 6 dB/octave due to spreading loss (as in the 

free-space model) and 6 dB/octave due to increasingly complete cancella-

tion between the LOS fi eld and the refl ected fi eld. 

 Although the parameters in Equation [2.10] are defi ned above for the 

case of an ideal plane refl ecting surface (sometimes referred to as plane-

earth propagation) it can be used to model path loss in more general envir-

onments in which case  R  b ,  K ,  n  1  and  n  2  may take on different values (often 

found by linear regression of experimentally measured path loss data). The 

same is true of the single-slope model, Equation [2.9]. In some environ-

ments, particularly those in which very short paths are of interest, a three-

slope model may be required. The region closest to the transmitter may then 

model near-fi eld coupling between antennas. (For electrically small anten-

nas the near-fi eld is confi ned to a region which extends to a distance of 

about one wavelength from the antenna.) 

 If a propagation medium is inherently lossy then the model for a non-

lossy medium (often the free-space model) can be adapted by adding an 

attenuation term,  A  (dB), to the path loss.  A  is normally calculated from the 
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specifi c attenuation  A  s  (dB/m) of the lossy medium (i.e. the attenuation per 

unit distance) using:  

    A A LS        [2.11]   

 where  L  is the length of the path in the lossy medium (which may, of course, 

be the same as the link length  R ). 

 Local amplitude fl uctuations (i.e. fl uctuations in a region of space a few 

wavelengths in extent) due to the constructive and destructive interference 

between the fi elds arising from multiple propagation paths may be modelled, 

provided there is a suffi cient number of paths and no path(s) dominates, by 

a random variable following a Rayleigh probability density function (pdf). 

Such fl uctuations are normally referred to as fast fading (although they may 

result in signal enhancement as well as signal fades). If one path is much 

stronger than the others then the fading pdf is Rician and the ratio between 

the power carried by the strong path to the power carried by all other paths is 

referred to as the Rician  K -factor. ( K  = 0 therefore corresponds to Rayleigh 

fading.) If the  K -factor is known, then it is a relatively simple matter to cal-

culate the fade level  F  (dB) exceeded in a given fraction of locations. If the 

transmitter, receiver or scattering objects are moving then  F  is also the fade 

level exceeded for a given fraction of time.  F  can therefore be interpreted as 

the fade level exceeded with a given probability. 

 In order to ensure a radio system, operating in a multipath environment, 

will have a specifi ed availability (i.e. to ensure it will have received power 

that exceeds the minimum value required for acceptable system perfor-

mance for a given fraction of locations or time) a fade margin (equal to  F ) 

can be added to the path loss. 

 In applications where signal fl uctuation is due to shadowing by obstacles 

(rather than interference between multiple propagation paths) the fading is 

often referred to as slow fading and modelled by a log-normal process (i.e. 

a random fade expressed in dB that has a Gaussian pdf). In this case the 

median path loss is typically found from an empirical model (i.e. one based 

on measurements) such as Equation [2.9] or [2.10] and the severity of the 

 fading is specifi ed by the standard deviation of the scattered data. An appro-

priate fade margin is then given by the upper limit ( M  F ) in the integral from 

− ∞  to  M  F  of the (Gaussian) fade pdf that yields the required availability (i.e. 

the required fraction of locations, fraction of time or probability). 

 If multipath fading and (log-normal) shadowing are both present then 

they can usually be assumed to be statistically independent in which case 

the fading follows a Suzuki distribution (Suzuki, 1977). 

 The basic noise-budget is represented by Equation [2.12]:  

    N k Bk( )T TT TTTT W        [2.12]   
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 where  N  is the equivalent in-band noise power referred to the antenna termi-

nals,  k  (=1.381 × 10 –23  J/K) is Boltzmann’s constant,  T  a  (K) is the antenna noise 

temperature,  T  e  (K) is the equivalent noise temperature of the receiver (rep-

resenting the internal noise generated by the receiver electronics) and  B  (Hz) 

is the bandwidth of the receiver. (Strictly  B  is the noise bandwidth, which is 

the bandwidth of the fi lter with an ideal rectangular amplitude response that 

passes the same power as the cascaded fi lters in the receiver. For approxi-

mate calculations, however, the 3 dB bandwidth of the receiver can usually 

be substituted for the noise bandwidth.) The antenna noise temperature 

represents the noise arising from the antenna. This includes a contribution 

arising from noisy electromagnetic radiation received by the antenna and a 

contribution arising from the thermal motion of free charge in the material 

from which the antenna is made. For calculations of modest accuracy it is 

often suffi cient to equate  T  a  to the mean physical temperature of the environ-

ment, for example, 290 K. This corresponds to a (conservative) assumption 

that the environment is made up of black body radiators. If a more accurate 

answer is required, or if the radiation effi ciency of the antenna is low (as can 

be the case for electrically small antennas), then  T  a  may be  calculated using:  

    T T Ta ATT p  K+TAT η TphT+ηη TphTT+ ( )η− Ωη        [2.13]   

 where  T  A  is antenna aperture temperature (representing the electromag-

netic brightness of the material surrounding the antenna weighted by the 

antenna gain pattern),  T  ph  is the physical temperature of the antenna and   η    Ω   

is the ohmic effi ciency of the antenna (equal to the ratio of antenna radia-

tion-resistance to antenna input-resistance). 

 The noise temperature of the receiver is related to its noise fi gure,  f  n , by:  

    TTT K( )fnff −f 290        [2.14]   

 ( f  n  in Equation [2.14] is expressed as a linear ratio. It is more usually quoted, 

however, in decibels, that is,  F  n  = 10 log 10   f  n  dB.) The noise fi gure of a linear 

receiver can be calculated from the noise fi gure of its component subsys-

tems using the Friis noise formula (Glover and Grant, 2010). 

 Equation [2.8] (supplemented with any necessary attenuation and fade 

margin terms) combined with Equation [2.12] will give the transmitter power 

needed if the required SNR is known or, alternatively, the SNR achievable if 

the maximum transmitter power is known.  

  2.7     Physical layer system design 

 The link budget is central to a communication system physical layer design. 

It normally involves several trade-offs and several iterations. Typically, how-

ever, such a design might proceed as follows:
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   1.     Estimate the worst case antenna temperature ( T  a ) using either 

Equation [2.13] or the physical temperature of the environment. (This 

may depend on the chosen frequency band.)  

  2.     Measure the receiver noise temperature ( T  e ) or calculate it from 

Equation [2.14] if its noise fi gure (or the noise fi gures of its component 

subsystems) is known.  

  3.     Calculate the system noise-power-spectral-density  N  0  =  k ( T  a  +  T  e ) W/Hz.  

  4.     Establish the minimum bit rate ( R  b ) and maximum BER ( P  b ) required 

for the particular application.  

  5.     Establish the maximum channel bandwidth ( B ) available for the par-

ticular application.  

  6.     Assume a maximum (ISI-free) symbol rate  R  s  = 1/ B . (The precise rela-

tionship between symbol rate and bandwidth will be determined by the 

pulse shaping.)  

  7.     Calculate the minimum number of bits per symbol,  n   ≥   R  b / R  s .  

  8.     Calculate the minimum modulation order,  M   ≥  2  n  , required to realise at 

least the minimum required bit rate.  

  9.     Choose a modulation scheme of at least order  M . (The choice of mod-

ulation scheme may depend on issues such as the relative importance 

of power effi ciency and implementation cost.)  

  10.     Calculate the required bit-energy  E  b  to achieve the required BER 

using the appropriate  P  e  versus  E  b / N  0  formula (e.g. Equations [2.2], 

[2.5] or [2.6]).  

  11.     Calculate the required received signal power using  P  R  =  E  b  R  b .  

  12.     Estimate the mean path loss using an appropriate model (e.g. using 

Equation [2.9] or [2.10]).  

  13.     If lossy attenuation is present add  A  (calculated using Equation [2.11]) 

to the path loss.  

  14.     If fading is present add  M  F  (calculated using the appropriate fading 

statistics and the required availability) to the path loss.  

  15.     Use Equation [2.8] to calculate the required transmit power.  

  16.     If the required transmit power  P  R  (dBW) is greater than the maximum 

desirable transmit power  P  R,max  (dBm) then chose a channel coding 

scheme with coding gain  G  c   ≥   P  R  –  P  R,max  at the required BER.    

 The above design ‘recipe’ is only an example, of course, and the procedure 

will vary depending on which parameters are most tightly constrained. In 

reality the design is an iterative process with elements being repeated until 

a solution is found that satisfi es all the important constraints. For complex 

systems several candidate designs, initially arrived at by a process similar 

to that described, may be investigated more thoroughly using simulation. 

Simulink (a MathWorks product) is an example of a popular simulation 

package that might be used for such simulations.  
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  2.8     Conclusion 

 In this chapter the end-to-end transport of packets over a network has been 

reviewed. In particular, the traditional strategy for congestion control in 

TCP has been described and the diffi culties this strategy presents for wire-

less networks has been pointed out. The importance of error control in wire-

less networks and its role in preventing packet loss on otherwise unreliable 

links has been emphasised. The various approaches to link-level error con-

trol including ARQ, forward error control coding and hybrid methods have 

been described. 

 The diffi culty of routing data packets to mobile devices has been dis-

cussed and example solutions in the context of mobile IPv6 and NEMO 

have been outlined. MAC and the key choice between synchronous and 

asynchronous approaches for sensing and control applications have been 

discussed. 

 A range of modulation methods for wireless systems have been presented 

and their BER performance and spectral effi ciencies compared. Spread 

spectrum, OFDM, ultra-wideband and cognitive radio techniques have 

been briefl y reviewed and their particular advantages for wireless systems 

outlined. Link and noise budgets have been defi ned and their respective 

calculations presented. Finally, a typical step-by-step physical layer design 

process has been described.  
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  Abstract : This chapter presents the developments enabled in wireless 
applications by microelectromechanical systems technologies. Based on 
surface and bulk micromachining techniques, the elaboration of passive 
components with improved performance in terms of losses and quality 
factor, as well as radio frequency (RF) tuneable and mechanical devices, is 
possible. Highlights of specifi c key steps in their fabrication are presented 
and discussed. Their implementation in complete microsystem integration 
is then considered. Finally, fabrication trends with new material 
combinations, such as carbon nanotubes, or openings to other disciplinary 
technologies, such as microfl uidics, are given. 

  Key words : MEMS technology, sacrifi cial layer, micromachining, 
microwave. 

    3.1     Introduction 

 The constant race towards the performance enhancement, compactness, 

integrability and reconfi gurability of communication systems has motivated 

the requirements of new technologies which could extend the traditional 

limits by providing a new dimensional level to circuits (De Los Santos, 

1999). High linearity and isolation, as well as low losses and power con-

sumption, indeed represent attractive characteristics, which translate into 

the performance enhancement and architectural evolution of communica-

tions systems. Adequate micro- and nano-technologies need consequently 

to be developed. 

 In the 1980s and 1990s, bulk and surface micromachining techniques had 

already proven their potential in high volume commercial applications, such 

as micro-mirrors in video projectors, so-called digital micro-mirror devices 

(DMDs), and inkjet printer heads. The step toward a natural migration 

and implementation of such traditional processes of the sensors and actua-

tors into the ‘community to the communications systems’ was not so large, 

and led to the emergence of new radio-frequency (RF) components such 

as microelectromechanical systems (MEMS) based on bulk and surface 
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micromachining. The ‘RF MEMS’ term normally refers to radio-frequency 

MEMS, which integrate movable parts to realize electronic tuneability 

through electromotive actuations. This denomination has nevertheless been 

enlarged and now includes all devices which integrate bulk or surface micro-

machining processes during their fabrication. 

 The goal of this chapter is therefore to describe the signifi cance of MEMS 

technologies in the radio-frequency, microwave- and millimetre-wave ranges, 

and to provide a global vision of the different employments of MEMS-based 

technologies in wireless applications. 

 The examples given in this chapter are presented to illustrate the different 

breakthroughs brought by MEMS technologies to communications systems. 

There is no intention to make an exhaustive listing of all RF MEMS tech-

nologies, which have been developing for several decades. MEMS-based 

technologies have stimulated an enormous amount of research with the def-

inition of many processes and continue to do so.  

  3.2     MEMS-based technologies for RF circuits with 
enhanced quality factor and minimized losses 

 One of the fi rst integrations of MEMS technology with RF circuits concerned 

the bulk substrate micromachining of passive elements. It was in response to 

the requirements of satellite developments in the 1990s, which were associ-

ated with a drastic minimization of mass and volume, and enhanced perfor-

mance, of high frequency electronics. 

 To achieve high-density integration, there were various technologies that 

constituted a strong challenge. Silicon substrates promised a completely uni-

fi ed electronic platform due to the emergence of SiGe-based transistors for 

high frequency circuits in complementarity to complementary metal-oxide-

semiconductor (CMOS) technology for low frequency data treatment. Such 

a material, however, exhibits high losses in the microwave and millimetre-

wave domains. For low price and technological process stability, the silicon 

substrates employed were indeed presenting low resistivity levels, in the 

order of few units to tens of  Ω .cm. Such values induced very strong dielec-

tric losses at high frequencies. 

 To overcome these substrate losses and deliver high quality factor (Q) 

devices for wireless applications, different MEMS-based technologies have 

consequently been developed. It was fi rst initiated through the elaboration 

of  bulk micromachined waveguides , which were intensively investigated 

in the 1990s, by Pr. Linda Katehi and Gabriel Rebeiz notably. These trans-

mission lines consist of metallic conductive strips placed on a thin dielec-

tric membrane which has previously been grown or spin-coated onto host 

wafer, then partly removed. Both microstrip and coplanar confi gurations 

of micromachined lines on GaAs and Si substrates (Herrick  et al ., 1998b) 
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were investigated, as indicated in Fig. 3.1 in the case of coplanar lines. These 

waveguides could also integrate metallized shielding on the top or at the 

back.      

 From a technological point of view, the initially realized components 

utilized wet etching techniques. Potassium hydroxide (KOH)-based solu-

tions were used for silicon attack. This imposed large surface area con-

sumption, as the etching was stopping along specifi c crystalline substrate 

planes. Traditionally, <100> silicon substrate exhibits an edge angle of 

54.74 ° , while the etching stops on <111> crystal planes. Due to the spread-

ing of dry etching solutions with Deep Reactive Ion Etching (DRIE) 

equipment, a straight 90 °  attack angle was enabled, and this led to more 

compact micromachined circuits. This also eliminated the use of contami-

nating etchant solutions. 

 Moreover, the fi rst devices were employing inorganic membranes based 

on the superposition of silicon oxide (SiO 2 ) and silicon nitrides (SiN) layers. 

To enable the correct reliability and standing of the membrane, a global ten-

sile stress (around 100–200 MPa) was required. Quite large micromachined 

structures were then feasible. The fabrication of a device featuring a max-

imal length of approximately 1 cm was demonstrated on top of a SiO 2 /SiN 

dielectric membrane of 1.4  μ m thickness. 

 As far as thermal budget was concerned, the fi rst Si-based membranes 

required extremely high fabrication temperatures. Thermal silicon oxida-

tions imposed temperatures as high as 1000 ° C, whereas low pressure chem-

ical vapour deposition (LPCVD) of nitrides employed temperatures close 

to 700 ° C. For compatibility with Integrated Circuits (ICs), dielectric layers 

obtained by plasma enhanced chemical vapour deposition (PECVD) should 

now be preferred, as good quality layers may be obtained even with a low 

thermal budget (from 200 ° C to 300 ° C approximately). 

 The latest developments have led to the use of organic membranes based 

on a single polymer layer of few micrometres thickness (Bouchriha  et al ., 
2006). Their technology is simple, involving a dielectric polymer deposition 

by spin-coating, followed by its curing for polymerisation at temperatures 

below 260 ° C. Finally, such membranes exhibit an inherent tensile stress with 

typical dielectric permittivities located in the range of 2–3, depending on the 

chosen polymer and the operating frequency. Additionally, organic layers 

Metallic strip(a) (b)

Dielectric
membrane

Substrate
Air Air

 3.1      Illustration of bulk micromachined coplanar lines obtained with 

(a) wet and (b) dry etching techniques.  
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are mostly photosensitive and consequently patternable, which favours 

the elaboration of interconnections during the post-processing of passive 

micromachined elements on top of ICs. 

 Such a micromachined technology permits reaching attenuation levels 

of 0.4–0.6 dB/cm at 20 GHz (Herrick  et al. , 1998a) compared to a range of 

15–20 dB/cm for transmission lines directly realized on top of 20  Ω .cm low 

resistivity silicon substrates (Peterson and Drayton, 2001). As illustrated 

in Fig. 3.2, the losses are proportional to the square root of the frequency, 

which translates into the predominance of ohmic losses in the metallic 

conductors. The suppression of the substrate indeed inhibits the impact of 

dielectric losses.      

 The evaluation of such a technology has also been extended to other 

types of passive elements, such as antennas, inductors (Chi and Rebeiz, 1995; 

Weller  et al ., 1995) and fi lters (Bouchriha  et al ., 2006; Drayton and Katehi, 

1995; Katehi  et al ., 1993) with both inorganic and organic membranes. An 

example of a micromachined antenna realized on organic membrane, with 

a 10  μ m thick polymer layer of BenzoCycloButen from Dow Chemicals 
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 3.2      (a) Attenuation and (b) quality factors of bulk micromachined 

CPW (in grey) and CPW realized on top of a 10  μ m thick polymer layer 

on low resistivity Si (in black).  
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 3.3      Image of bulk micromachined antenna realized on a 10  μ m thick 

organic dielectric layer.  

in that case, is given in Fig. 3.3. The surface of this differential coplanar 

antenna designed for a 24 GHz front-end was highly miniaturized with the 

use ofmeanders. The use of a 20  Ω .cm silicon substrate was overcome due to 

the silicon micromachining and led to an effi ciency improvement of 70% in 

antenna performance.      

 An example of a bulk micromachined inductor is given in Fig. 3.4. The 

enhancement of its performance is shown in Fig. 3.5. The inductor value 

remains constant over a larger frequency range with the silicon substrate 

suppression, whereas the quality factor is increased.           

 The improvement of passive circuits with bulk micromachining has been 

consequently very impressive in terms of performance enhancements. 

However, this technique presents some limitations. The fi rst is related 

to the low relative effective permittivity of the devices close to 1.4. The 

wavelength related to this technology is consequently very large, which 

leads to cumbersome surface area consumption of the circuits. The sec-

ond is directly linked to the restrictions imposed by the DRIE technique. 

The etching effi ciency is related to the size of the hole to be etched. As 

illustrated in Fig. 3.6, large holes are more quickly etched than smaller 

ones, which creates differences in terms of etched depth. Consequently, to 

ensure the correct etching of all targeted devices, the dry etching has to 

be prolonged, which leads to a local enlargement of the suppressed silicon 

at the bottom of the larger holes (called notching) (cf. Fig. 3.7). This effect 

may be avoided by using holes of similar size, but this is not practicable 

and may explain the poor use of bulk micromachining in wireless commercial 

components.           

 Despite these technological constraints, bulk micromachining remains an 

effi cient means to overcome silicon dielectric losses and coupling in passive 

microwave circuits. 

 In a complementary approach, other  technologies based on surface micro-
machining  have also been investigated. Pr Linda Katehi and Dr George 
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Ponchak initiated such technologies in the late 1990s (Herrick  et al ., 1998a; 

Ponchak  et al ., 2001). A few examples of surface-micromachined techniques 

are shown in Fig. 3.8. All involve the partial suppression of dielectrics or sac-

rifi cial layers on the front side of the wafers.      

 Globally, the investigated structures involve dielectric etchings into the 

coplanar apertures (cf. Fig. 3.8a, b and c) over a small, or even large, depth 

(up to 200  μ m with SU-8 polymer in Newlin paper in 2002). Similar to bulk 

micromachined structures, both chemically wet and dry etching techniques 

 

(a)

(b)

 f

 3.4      Photographs of bulk micromachined inductors from the (a) front 

side and (b) back side.  
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 3.5      Performance of an inductor without (in black) and with bulk 

micromachining (in grey): (a) inductor value and (b) quality factor.  

 3.6      Effi ciency of DRIE depending on the size of the holes.  
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have been employed. Other structures, such as that of Fig. 3.8d, include the 

use of a sacrifi cial layer, which is removed at the end of the process (Kim 

 et al ., 2001; Lubecke  et al ., 2001). For all these technologies, excellent 

performances have been achieved. 

 To have a better view of the different surface and bulk micromachining-

based technologies and their associated performance, a summary is given 

in Table 3.1. The attenuation level obtained depends on the substrate resis-

tivity, the dielectric material, and also the etched depth of the material. In 

the best case, the surface-micromachined technology may even compete 

 

(a)

(b)

 

 3.7      Observation of the notching effect on large etched holes in a 

silicon substrate: (a) view of several holes with different widths and 

(b) zoom on the notching effect.  
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with the bulk micromachined one. In addition, it presents other attrac-

tive advantages: it necessitates only single-side wafer processing, very 

low cost development, ease in design and in fabrication, and it is also IC 

compatible.      

 Because of all these advantages, the surface micromachining technique 

has been applied to various microwave passive elements, such as fi lters 

(Herrick  et al ., 1998a), inductors (Lubecke  et al ., 2001; Rieh  et al ., 1998; Yoon 

 et al ., 2003), and even fi lm bulk acoustic-wave resonators (FBAR) (Bi and 

Barber, 2008) and high Q resonators (Akgul  et al ., 2011). 

 The technology presented in Fig 3.8c exhibits an additional advantage. As 

expected, its performance is directly related to the micromachining depth 

realized in the silicon substrate (as shown in Fig. 3.9). However, its topology 

is particularly adapted to three-dimensional integration. The lossy silicon 

substrate is replaced in the coplanar apertures by a low loss polymer mate-

rial (Bouchriha  et al ., 2003). This results in a planar technology, which allows 

the superposition of additional polymer and metallic layers, as illustrated in 

Fig. 3.10. The low attenuation level, associated with a wide range of char-

acteristic impedance allowed by the technology, is suitable for the elabora-

tion of enhanced passive circuits. The example of a three-dimensional (3-D) 

broadside coupler (Do  et al ., 2007) is indicated in Fig. 3.11. It exhibits low 

insertion losses of 0.25 dB at 20 GHz, with an excellent compromise between 

strong coupling and wideband performance. Moreover, such a technology is 

compatible with IC integration.                

 To conclude this section, the implementation of MEMS technologies 

based on surface and bulk micromachining with high frequency electron-

ics has led to the development of passive circuits enhanced in terms of 

minimized losses, improved quality factor and miniaturization. They also 

respond to the frequency increase of the communication systems and facili-

tate strong and various multi-chip integration. 

 These are not the only possibilities opened by MEMS technologies in 

wireless systems. Micromachining was initially developed to elaborate 

(a) (b)

Substrate
(d)

(c)

 3.8      Illustration of various surface-micromachined confi gurations in 

planar passive elements: (a) surface dielectric isolation etching in 

the coplanar slots; (b) partial etching of the surface dielectric and the 

substrate; (c) partial substrate etching fi lled with the top dielectric 

isolation and (d) overlay CPW in air.  
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 3.9      (a) SEM view of a surface-micromachined CPW fi lled with 

polymer, and its associated performance in terms of (b) attenuation 

and (c) quality factor for different etching depths.  
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sensors, with famous commercial examples like accelerometers in air bag 

systems, inkjet printers, micro-mirrors in video projectors, and so on. Their 

common and major breakthrough resides in their tuning. This feature has 

also been envisaged to elaborate smart RF MEMS systems.  

BCB2
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Si

15 μm

M2
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10 μm
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via

 3.10      (a)3-D integrated polymer technology with localized surface 

micromachining.  
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 3.11      (a) Photography of a 3-D broadside coupler and (b) associated 

performances.  
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  3.3     Technologies for smart RF MEMS 

 Contrary to the previous section dedicated to enhanced passives circuits 

with MEMS technologies, this section is dedicated to the fabrication of 

smart RF MEMS devices. This means that the technological process leads 

to the elaboration of movable parts which may be actuated with an electro-

motive force. 

 Historically, Dr Petersen from the IBM Research Division laboratory in 

California published the fi rst movable RF MEMS device in 1979 (Petersen, 

1979). An electrostatic force was applied between a bi-material membrane 

in SiO2 and gold materials with a p-doped silicon layer in order to perform 

a switch function (cf. Fig. 3.12). An operation frequency of 200 kHz was 

assumed to be achievable. Larson  et al . then demonstrated microwave perfor-

mances in 1991 with a rotating transmission line switch (Larson  et al ., 1991). 

Measurements performed up to 45 GHz were already impressive with inser-

tion losses lower than 0.5 dB and isolation greater than 35 dB. A few years 

later, in 1995, Goldsmith  et al . introduced a bridge confi guration for the RF 

MEMS switch, with a capacitive contact, as illustrated in Fig. 3.12c (Goldsmith 

 et al. ,1995, 1996). Rebeiz  et al.  followed these developments on a similar RF 

MEMS confi guration (Barker and Rebeiz, 1998; Muldavin and Rebeiz, 1999).      

 These fi rst RF MEMS switches clearly demonstrate the wide variety of 

possible RF MEMS topologies and consequently technologies. They may, 

however, be distinguished by their type of displacement. Most tuneable RF 

MEMS devices present bridge or cantilever confi gurations, respectively as 

shown in Fig. 3.13a and b. The movable membrane exhibits a vertical move-

ment during actuation. The corresponding technologies are usually realized 

on top of the substrate, or even independently of it. On the other hand, 

RF MEMS with lateral movement, as illustrated in Fig. 3.13c, have also 

been investigated, and generally involve the etching of the substrate and 

Au
SiO2

SiO2

AI

HRS

SiN

W electrode

AI alloy

p+

(a) (b) (c)

 3.12      Schematics of RF MEMS switches from (a) Pertersen (1979) (b) 

Larson  et al . (1991) and (c) Goldsmith  et al . (1995, 1996) top views and 

cross sections.  
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its participation in the movement. For instance, the switch developed by 

Oberhammer  et al . (2006) involves the superposition of two bonded sub-

strates, a silicon one placed on top of a glass wafer. The top silicon substrate 

is 60  μ m thick and is dry-etched to realize the movable part, whereas the 

bottom glass wafer is wet-etched to allow free movement of the metallized 

silicon beam.      

 Different types of actuation have been studied. Most of the investiga-

tions worldwide have implemented RF MEMS with electrostatic forces, 

but electrothermal, piezoelectric and magnetostatic actuations may also be 

encountered (Rebeiz, 2003). Each of them presents specifi c advantages and 

drawbacks. The electrostatic one is the most common, because of its ease in 

fabrication and low power consumption. 

  3.3.1      Overview of a traditional movable 
RF MEMS process 

 In general, the process fl ow of movable RF MEMS with vertical displace-

ment may be globally divided into six main steps, as illustrated in the case of 

a bridge confi guration in Fig. 3.14. As a brief overview, the fi rst step, depicted 

in Fig. 3.14a, consists in isolating the switch from the substrate in order to 

(a) (b) (c)

(d) (e) (f)

 3.14      Traditional process fl ow of RF MEMS devices with a vertically 

defl ected beam: (a) substrate isolation, (b) transmission line 

elaboration, (c) dielectric layer deposition and patterning, (d) 

sacrifi cial layer defi nition, (e) movable part fabrication and (f) MEMS 

release.  

(a) (b) (c)

 3.13      Vertical and lateral displacement confi gurations of RF MEMS: 

vertical movement for (a) a bridge or (b) a cantilever confi gurations; 

(c) lateral movement.  
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minimize the losses and also unwanted coupling effects. In the case of sili-

con substrates, various techniques exist, such as the use of a thick polymer 

interfacial layer or an oxide one. RF transmission lines are then defi ned in a 

second step, which is sketched with a coplanar waveguide in the Fig. 3.14b. In 

the case of capacitive switches, a dielectric layer is then deposited and pat-

terned on the lines (see Fig. 3.14c). The next phase, described by the graph 

of Fig. 3.14d, consists in defi ning a sacrifi cial layer, to support the movable 

membrane during its fabrication, which is illustrated in the following sketch 

of Fig. 3.14e. Finally the sacrifi cial layer is removed to release the RF MEMS 

structure.      

 Schematically on paper, such a process does not present diffi culties. 

However, it generated important complexities which required many years 

of research and development.   

  3.4     Highlights on specific key steps in 
RF MEMS fabrication 

 This section presents the basic building blocks of traditional RF MEMS 

switches, depending on the targeted use of the MEMS, with specifi c high-

lights on different key steps: sacrifi cial layers and MEMS release compared 

to stiction consideration, bias circuitry, dielectric considerations for capaci-

tive switches, and metallic contact for ohmic MEMS. 

  3.4.1     Dielectric considerations in capacitive switches 

 For capacitive RF MEMS, various dielectric materials are possible. The 

required thickness is generally of the order of 0.25  μ m, which allows the 

employment of both polymer and inorganic layers. Polymers may be possi-

ble candidates, but their non-conformal deposition and their low permittiv-

ity make the inorganic dielectrics better candidates. Dielectric layers such as 

SiO 2  or SiN obtained by PECVD are preferably used because of their low 

thermal budget, compatible with the metal of the transmission lines and also 

with possible ICs located underneath. Their process traditionally involves, 

after their deposition an RIE etching step with a photoresist mask. To sim-

plify the understanding of the global process, the dielectric layer of Fig. 3.14 

is realized on top of the transmission line, prior to the sacrifi cial layer step. 

As this layer is present to prevent any direct contact between the transmit-

ted signal line and the movable membrane, it may also be elaborated during 

the formation of the tuneable part of the MEM element. 

 Other dielectric materials, as for example aluminium oxide, barium stron-

tium titanate (BST) and zinc oxide, are also interesting because of their 

higher permittivity compared to SiO 2  or SiN. The use of such layers has, 
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however, to be studied in terms of their reliability. Related to dielectrics, a 

main issue resides indeed in the RF MEMS operational reliability. When a 

voltage is applied to actuate the bridge or cantilever, charges accumulate in 

the dielectric, which lead to undesired stiction and operation of the mem-

brane. This phenomenon is illustrated in Fig. 3.15.      

 To overcome this problem, several solutions have been investigated. One 

consists of replacing the dielectric layer with an air gap and by placing some 

dimples on the movable membrane in front of the slots in the bottom metallic 

layer, in order to avoid any contact between both membrane and transmission 

line during actuation. This solution is effective, but limits the performance of the 

switches in terms of capacitance ratio and consequently possible applications. 

 Another possibility resides in doping the dielectric layer, in order to better 

evacuate the charges during the application of the electrostatic force. This may 

be done through the doping of a SiN layer with Si, as patented by Goldsmith 

 et al . (Ehmke  et al ., 2002). It may also be performed through the incorpora-

tion of carbon nanotubes (CNT) in the dielectric layer (Bordas  et al ., 2007). 

Figure 3.16 presents the technological process used to easily integrate the 

CNT into the SiN layer in two steps. After the defi nition of the metallic trans-

mission line, a fi rst SiN layer is deposited, exhibiting a thickness of 70 nm. 

The wafer is then immersed into a CNT and solvent-based mixture, which 

has been previously sonicated. Due to the capillary forces and the solvent 

evaporation, a layer of CNT is randomly dispersed on the fi rst dielectric layer. 

The CNT are then encapsulated in a second SiN layer, which has a thickness 

of 180 nm. The delimitation of the global 2.5  μ m thick dielectric layer is then 

traditionally done by an RIE step applied on top of a photoresist mask, which 

is afterwards removed. Such a technique using CNT doping translates into an 

improvement of the MEMS lifetime of several orders of magnitude.       

  3.4.2      Sacrifi cial layer considerations 
in movable RF MEMS 

 The sacrifi cial layer defi nes the height of the movable membrane. This 

dimension requires precision in the elaboration of capacitive MEMS to 

Charge communication

V

 3.15      Dielectric charging in capacitive RF MEMS.  
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reach the expected capacitance ratio. Its value is often of the order of 3  μ m 

in thickness. This layer should also respond to several requirements: able to 

sustain temperatures of at least 100–150 ° C necessary for the next techno-

logical steps and packaging, easy to remove without residue during the fi nal 

release of the MEMS, and exhibiting a low intrinsic stress, in order not to 

add supplementary stress to the top membrane itself. 

 Various candidates appropriately fulfi l these requirements: metallic lay-

ers, such as copper, aluminium; silicon, polysilicon; dielectric layers (differ-

ent from the one used for the capacitive behaviour for chemical resistance 

during the fi nal release of the MEMS); polymers and photoresists. The 

most frequent solution is photoresists, due to their ease of processing. They 

are simply spin-coated and the fi nal thickness is well defi ned with the spin 

speed. The anchorages of the MEM membrane may be smoothed through 

the controlled refl ow of the photoresists with temperature, as indicated in 

Fig. 3.17. Finally, they are simply removed with solvents. Holes in the MEM 

membrane are often designed to facilitate the sacrifi cial layer removal at the 

end of the process.      

 A common issue to all possible sacrifi cial materials resides in the fl at-

ness of the layer. As illustrated in Fig. 3.18, bottom relief of the substrate 

with RF transmission lines may induce important corrugation on the MEM 

membrane. A direct consequence is the incomplete contact of the MEM 

membrane on the bottom electrode, which leads to the degradation of the 

capacitance ratio limited to a value close to 10. To overcome this drawback, 

the transmission line is traditionally thinned below the MEM membrane. 

Capacitor ratios to the order of 30 are then achievable. On the other hand, 

to be compatible with low losses and high power handling requirements, 

Coplanar lines

180 nm SiN Photoresist patterning SiN + CNT etching

70 nm SiN CNT deposition

 3.16      Elaboration of a CNT doped SiN layer for RF MEMS capacitive 

switches.  
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capacitive MEMS switches have to present thick signal lines to decrease 

current density as much as possible. This creates important relief below the 

MEM membrane and constrains to planarize the bridge sacrifi cial layer to 

assure good contact quality and isolation in the down-state of the switches. 

One can then use the chemical mechanical polishing (CMP) technique 

(Chang  et al ., 2003), which remains complex, or the stack of two sacrifi cial 

Gold

Gold

Air

 3.17      SEM view of the anchorage of a gold bridge obtained with a 

refl owing photoresist.  

 3.18      SEM view of a non-fl at metallic membrane due to bottom relief.  
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layers (Bordas  et al ., 2006; Yu  et al ., 2005). The principle is given in Fig. 3.19, 

with a fi rst sacrifi cial layer patterned in the metallic slots and a second used 

to form the frame of the MEM membrane. This last solution is quite attrac-

tive, and satisfactory for both parallel and serial coplanar switches if some 

precautions are taken. Figure 3.20 presents a bridge which is not suffi ciently 

fl attened, due to an accentuated refl ow of two similar photoresists in the 

serial gap. This phenomenon consequently degrades the switch capacitance 

ratio. To overcome this, two different sacrifi cial layer types presenting vari-

ous viscosity and temperature properties (Hocheng  et al ., 2002) have to 

be used. The bottom one, a polymer, is chosen with a low ability to refl ow 

CPW conductors
Resist 1 Resist 2 Flat bridge

 3.19      MEM planarization process fl ow.  

 

(a)

(b)

 

 3.20      (a) Three-dimensional view of a shunt switch and (b) 

visualization of the accentuated photoresist refl ow in the serial gap.  
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below 200 ° C, whereas the second remains unchanged in order to retain the 

refl ow benefi t at the membrane anchorages. The composition of these two 

resists is so different that no intermixing appears during the bake proce-

dure. The obtained MEM membranes are consequently fl at, whatever the 

confi guration: parallel or serial switches, as illustrated in Fig. 3.21 with the 

three-dimensional view of a serial capacitive switch and a scanning electron 

microscope (SEM) view of a parallel one 900  μ m long.                      

  3.4.3     Movable membrane 

 As far as the movable membrane is concerned, it must present a global low 

tensile stress (in the order of 100–200 MPa) to prevent any buckling at the 

fi nal release and to minimize stiction. Various metals have been investigated, 

aluminium, gold, nickel, copper. Gold is most used in capacitive switches as 

it does not oxidize, and also for its compatibility with ICs in post-processing. 

Gold membranes are, however, subject to stress and modifi cation with tem-

perature increase or power application. This constitutes a major drawback, 

not only for their use but also for packaging issues. Curing steps before the 

fi nal MEMS release, as well as relaxed spring anchorages permit extended 

 

(a)

(b)

 

 3.21      (a,b) SEM view of a fl at metallic MEM bridge with a length of 900 

 μ m.  
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temperature ability but these solutions remain limited. Nickel-based mem-

branes better sustain temperatures up to 400 ° C, which is very attractive for 

packaging matter, but this material is not IC compatible. 

 In the case of piezostatic MEMS, the actuation material is integrated into 

the MEM membrane, which implies to take care specifi cally to the global 

stress of the membrane. 

 For ohmic switches, metallic considerations are mandatory to assure a good 

contact quality between the membrane and the RF transmission line. Because of 

rapid fatigue, gold–gold contacts were quickly skipped for the benefi ts of other 

materials. For instance, CEA-LETI in France has moved toward ruthenium-

based contacts to enhance reliability and lower sensitivity to stiction, compared 

to gold-based contacts, for their ohmic RF MEMS switches in 2011. 

 Finally, the most crucial step in RF MEMS technologies corresponds to the 

fi nal release, when the sacrifi cial layer is removed and the structure is dried. 

Stiction of the membrane on the substrate may appear easily. It is related to the 

metal and dielectric surfaces with regards to their roughness, the membrane 

stress, and thickness, all elements that favour capillary forces. The literature 

indicates two techniques to perform this release: dry and wet techniques. 

 Dry ones, such as oxygen plasma treatment for sacrifi cial layers realized 

with polymers or photoresists, are interesting as no liquid is used. It lowers 

the risk of stiction, but metallic membranes may suffer in terms of stress and 

buckle due to the temperature increase in the plasma chamber. The plasma 

etching should then be stopped periodically to allow the chamber temperature 

to decrease. 

 Wet etchings are also used with acid solutions to remove metals, or sol-

vents in the case of photoresists. The critical step is then to dry the MEMS 

structures without any stiction effect. The solutions employed to dry RF 

MEMS devices is usually not clearly indicated in the literature, as this 

aspect is extremely critical and competitive. In silicon-based sensors with 

SiO 2  sacrifi cial layers, the effi ciency of a CO 2 -based supercritical dryer has 

been shown to avoid stiction. This technique may nevertheless not work 

appropriately with metallic RF MEMS, as it imposes low pressure and thus 

stress, and is totally material and shape dependent. One effi cient solution 

consists in replacing the sacrifi cial layer remover by ethanol and drying it 

very quickly in a vacuum chamber.  

  3.4.4      Added elements such as bias circuitry with 
integrated resistors or metal/insulator/metal (MIM) 
or metal/air/metal (MAM) capacitors 

 Additional to RF MEMS devices, some other passive elements are required 

to build complete and complex circuits. Integrated resistors and MIM or 
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MAM capacitors compatible with MEMS process have consequently been 

developed. 

 Integrated resistors are indeed required in RF MEMS switches to  prevent 

any RF signal leakage through the bias circuitry. Traditional integrated 

resistors in microtechnologies are realized in NiV (Shen  et al ., 2003), NiCr 

(Kola  et al ., 1997; Shen  et al ., 2003) and TaN (Shen  et al ., 2003), which present 

limited resistivity values (as shown in Table 3.2). To be compatible with the 

rapid switching time of RF MEMS switches and MEMS capacitor values of 

few pF in the down-state and fF in the up-state, the resistors should exhibit 

k Ω  to M Ω  resistance. SiCr (Hayden and Rebeiz, 2003; Lakshminarayanan 

and Weller, 2006) and Ge (Grenier  et al ., 2008) are appropriate materials 

to elaborate integrated resistors with RF MEMS devices. Resistors realized 

in SiCr suffer from quite long bias lines in order to reach adequate resistor 

values. The use of a germanium layer, which exhibits a larger resistive value 

compared to SiCr, permits realization of miniaturized resistors appropriate 

for RF MEMS components without any RF perturbations.      

 For circuits which requires low capacitive ratio, such as impedance match-

ing networks, fi xed capacitors placed close to the RF MEMS switches or 

capacitors are required. Both MIM and MAM capacitors have been added 

in RF MEMS processes. An example of MIM ones is given in the tuner 

 confi guration presented in Fig. 3.22.        

  3.5     Towards integrated technology for 
microsystem implementation 

 To enable the elaboration of highly integrated RF microsystems, the 

 co-integration of RF MEMS with ICs has been investigated. 

 Before all possible combination of MEMS with ICs, one key element to 

be aware of is the tolerable thermal budget. The maximal allowed temper-

ature during process with ICs has to be clearly defi ned, in order to main-

tain their correct operation. As far as CMOS technology is concerned, this 

limit is traditionally considered to be around 400 ° C. Above this tempera-

ture, the circuits start to present faults. As far as active components based 

on SiGe heterostructures are concerned, the maximal post-processing 

temperature is above 330 ° C. This temperature has been defi ned through 

the evaluation of test transistors submitted to different stress tempera-

tures from 300 ° C up to 400 ° C. Noise measurements, which are presented 

 Table 3.2     Resistive materials 

 Materials  NiV  NiCr  TaN  SiCr  Ge 

 Resistivity ( μΩ ∙cm)  60  100  150–200  20.10 3   46.10 6  
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in Fig. 3.23, have demonstrated a noticeable degradation for stress tem-

peratures at or above 360 ° C.      

 The second key factor in the integration of RF MEMS passive compo-

nents with ICs is cost. One may recall that IC substrate is particularly expen-

sive because of the important masks number used for the process steps of 

transistors and integrated passives. Consequently, if the RF MEMS passive 

elements require a large surface area, their monolithic integration on the IC 

 

Fixed MIM
capacitor

(a)

Integrated Ge resistors

(b)

 

 3.22      (a) MEM switch with integrated germanium resistors and MIM 

capacitors and (b) its implementation in a tuner.  
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substrate would constitute a costly solution. The choice between monolithic 

and hybrid integrations is thus essentially driven by the surface consump-

tion of the passive components. A trade-off has to be evaluated between the 

performance benefi t and the global cost in order to decide between mono-

lithic and hybrid integration. 

  3.5.1     Hybrid integration 

 In the case of hybrid integration, two different techniques exist to intercon-

nect active circuits with MEMS technologies: wire bonding and fl ip chip 

implementations. 

 An example of a frequency-tuneable low-noise amplifi er (LNA) con-

nected to RF MEMS varactors using wire bonding is given in Fig. 3.24. The 

RF MEMS capacitors constitute matching networks located at the input 

and output of an SiGe-based LNA to enable the use of the circuit at two 

frequencies, 2.45 and 5.5 GHz. The length of the wire bondings had to be 

taken into account in the global RF design.      

 To lower the length of the wires, the IC circuit may also be inserted into 

a dedicated cavity in the host substrate. The corresponding hole and the 

IC report have to be performed before the RF MEMS fabrication. Special 

care with respect to the thermal expansion coeffi cient (CET) of host and 

IC substrates and the glue used to fi x the IC substrate in the cavity has to 

be followed. This example clearly shows the important size of the passive 

elements compared to ICs and the justifi cation, in this case, to use a hybrid 

confi guration.  
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 3.23      Low frequency noise spectral densities of the base current for 

different stress temperatures.  
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  3.5.2     Monolithic integration 

 Traditionally, the monolithic integration of RF MEMS is realized through 

post-processing steps, after the realization of the ICs, as indicated in Fig. 3.25. 

For example C. Nguyen demonstrated vibrating disk mechanical resona-

tors realized on a CMOS substrate to achieve integrated micromechanical 

radio front-ends (Nguyen, 2008). Metallization and dielectric layers were, 

until few years ago, still thin and some common MEMS metallizations, such 

as gold and copper, were prohibited for contamination reason. Wet chemi-

cal etching of silicon based on KOH was also avoided for the same reason. 

DRIE of silicon is on the other hand compatible with ICs if a simple design 

and fabrication rule is followed: the micromachined area should be kept 

at a minimum distance of 50  μ m from the transistors in order to avoid any 

degradation of the ICs. This rule has been defi ned through low frequency 

noise measurements performed on SiGe-based test transistors. No deterio-

ration of the active circuits has been observed except in the case of Si etch-

ing achieved below the IC, as described in Fig. 3.26 (Grenier  et al ., 2004).           

 Based on this rule, a compact RF transceiver centred at 24 GHz has 

been achieved with a micromachined antenna for short-range radars and 

communication applications (Grenier  et al ., 2005). Figure 3.27 presents 

the front and back sides pictures of the RF module, which monolithically 

integrates a micromachined antenna placed around the SiGe-based IC. 

The global size of the module corresponds to 9 mm 2 . The antenna has 

been post-processed on top of the IC and includes a polymer membrane in 

 3.24      Image of a tuneable in frequency LNA with MEMS capacitors 

networks.  
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benzocyclobutene (BCB), which has been patterned to allow interconnec-

tions between the IC and the antenna. The antenna is obtained through 

a delimited metallization on top of the dielectric membrane and a fi nal 

DRIE of the silicon substrate.      

MEM

p well

CMOS substrate

 3.25      Post-processing of MEMS structures of CMOS or SiGe-based 

substrates.  
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 3.26      Low frequency noise measurement with a bulk micromachining 

localized (a) below or (b) at a minimal distance of 50  μ m from the test 

transistor.  
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 More recently, new possibilities offered by thick dielectric and metallic 

layers with IC technologies open new horizons for integrated MEMS with 

ICs (Fedder  et al ., 2008), as indicated with the schematic of Fig. 3.28. An 

excellent tuning ratio up to 60:1 of digital capacitors has been demonstrated 

 

(a)

(b)

 

 3.27      Photographs of an RF communication module centred at 24 GHz, 

which integrates a post-processed and bulk micromachined antenna: 

(a) top side and (b) back side.  
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with the employment of the top dielectric and metallic layer available on 

ICs (Reinke  et al ., 2011).        

  3.6     Emerging technologies in wireless 
applications 

 To conclude this chapter dedicated to RF MEMS technologies, this last part 

addresses new trends in wireless fabrication based on unconventional tech-

nologies. New materials, such as CNT or graphene, as well as microfl uidic-

based technologies for RF MicroElectroFluidic Systems, are emerging. 

 Among the recent investigations, CNT and graphene are being exten-

sively tested as a new type of movable membrane in nanoelectromechanical 

systems (NEMS) structures. Such materials exhibit indeed very attractive 

mechanical, thermal and electrical properties, as well as a low mass. RF stud-

ies of NEMS using CNT or graphene are still at an early stage. However, 

NEMS functionalities with varactors or capacitive switches have been dem-

onstrated with CNT-based membranes. 

 At LAAS-CNRS, a NEMS varactor in a cantilever confi guration, which 

includes a beam of a CNT array, has been realized and actuated. As far as 

the technology is concerned, the CNT were randomly sprayed on a sacrifi -

cial layer and delimited through the patterning of a photoresist associated 

to a RIE step. Figure 3.29 presents the corresponding schematic of the CNT 

beam placed above a gold electrode and an image of the obtained device. 

The 3  μ m thick expected gap was fi nally presenting a value of 0.5  μ m cer-

tainly due to a lower membrane stress than the theoretical one. A tuning 

of 0.5 dB on the transmitted RF signal was however achieved on a large 

frequency range (1–30 GHz).      

 A clamped-clamped confi guration of a high-density aligned CNT array 

has also been realized at the Ecole Polytechnique F é d é rale de Lausanne 

(EPFL) (Acquaviva  et al ., 2010) to perform a capacitive switch function. The 

CNTs are grown  in situ , and a chemical treatment with isopropanol permits 

optimizing the density of the fi lm. Combined to the bridge confi guration of 

the switch, a low switching voltage of 6 V is reached. Figure 3.30 presents an 

image of such a device. The technological reproducibility, reliability, thermal 

CMOS substrate

 3.28      MEMS capacitor composed of top dielectric and metal layers of 

a CMOS substrate.  
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stability, power handling and other important features of these devices need 

now to be addressed and optimized, as was done previously with RF MEMS, 

but attractive performances of NEMS are already foreseen.      

 

Si(HR) Ti/Au

(a)

CNT-based
membrane

(b)

 

 3.29      (a,b) NEMS varactor with a CNT-based membrane, in a cantilever 

confi guration.  
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 3.30      RF NEMS switch with a clamped-clamped CNT-based membrane 

(Acquaviva, 2010).  
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 A new emerging fi eld for RF MEMS is also related to the exploitation 

of microfl uidic-based technologies. Tuneability may indeed be performed 

through the movement or the modifi cation of fl uids. A RF liquid-based 

switch has been, for instance, demonstrated at Purdue Univ. using the dis-

placement of a microdroplet to shunt a transmission line with an applied 

electrostatic force (Chen and Peroulis, 2007). By modifying a liquid and 

notably colloidal concentration, RF components may also be tuned in 

terms of frequency for an antenna (Huff  et al ., 2010) or delay in a trans-

mission line (Dubuc and Grenier, 2010). Forecasted possibilities seem 

colossal. MEMS and NEMS technologies may provide unexplored areas 

and continue to participate in the development of future communications 

systems.  

  3.7     Conclusion 

 RF MEMS technologies for wireless applications have strongly benefi ted 

from all the developments performed for traditional sensors through vari-

ous micromachining techniques and sacrifi cial layers implementation. These 

have enabled the enhancements of the passive circuits in terms of losses, 

quality factors and also tuneability through ohmic or capacitive RF MEMS 

switches, varactors and variable inductors. 

 Current investigations are currently more induced by material devel-

opments. CNT and graphene, due to their attractive properties, consti-

tute good candidates for the elaboration of the future wireless circuits. 

Amazingly, metallic and dielectric fl uids are of increasing interest. From 

employing liquids within microwave circuits, the step to then access and 

implement biological materials is not far. What about biological materi-

als in the future wireless systems? Research to perform some elementary 

electrical behaviours have already been demonstrated, with DNA reaction 

circuits for instance.  
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  Abstract : In this chapter an overview on the different classes 
of passive components that can be realized in radio frequency 
microelectromechanical systems (RF MEMS) technology is provided. 
A particular focus is oriented toward the performance description 
of RF passive components in MEMS technology, compared to their 
standard semiconductor counterparts. The crucial applications related 
aspects of RF MEMS passive components within transceivers and 
telecommunication platforms will also be stressed, drawing some 
considerations on the expected future trends in the diffusion of such a 
technology within large scale market applications. 

  Key words : RF MEMS, RF passive components, variable capacitors, 
inductors, micro-switches, complex networks, reconfi gurability. 

    4.1     Introduction 

 Microelectromechanical systems (MEMS) technology has been exhibiting 

in the last 10–15 years a paramount potential with respect to the manufactur-

ing and fabrication of passive components for radio frequency (RF) appli-

cations, such as variable capacitors (varactors), inductors, switches, and so 

on, commonly referred to as RF MEMS. The most relevant advantages of 

passive components in MEMS technology compared to their standard coun-

terparts (e.g. in semiconductor technologies or based on discrete compo-

nents) reside in their high-performance and low fabrication cost, as well as 

in the possibility of integrating RF MEMS devices to yield circuits and func-

tional blocks entirely based on such a technology. For example, varactors 

and inductors in MEMS technology present good linearity and large tuning 

ranges, as wide as a ratio between the maximum and minimum capacitance 

values ( C  max / C  min ) better than 10:1 for capacitors, and a tuning range larger 

than 30–50% for inductors, respectively, with a quality factor (Q-factor) as 

good as 100–200, for both these reactive tunable elements. 

 On the other hand, MEMS switches are characterized by low inser-

tion losses (in the range of 0.1–0.3 dB), very good isolation (better than 
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30–40 dB), and wide operability ranges in terms of frequency band, the 

last spanning between DC and 30–40 GHz, through which typical insertion 

loss and isolation are exhibited. Thereby, the typical features of RF MEMS 

components are signifi cantly better than their counterparts implemented 

in standard semiconductor technology. For instance, varactors and switches 

realized with diodes and transistors exhibit smaller  C  max / C  min  ratios and are 

less linearly controllable. Moreover, with respect to standard switches, the 

insertion loss is often in the range of 3–6 dB, the isolation in the range of 

20–30 dB, and more generally the frequency range operability is limited to 

1–5 GHz. Another relevant advantage of MEMS-based tunable compo-

nents is that the power consumption needed for their control and reconfi g-

uration is virtually zero, as in the case of electrostatically controlled MEMS 

devices (discussed in the next pages). All these characteristics of MEMS 

passive components represent crucial issues, enabling better performance 

and wider usability and reconfi gurability of transceivers and telecommuni-

cation systems employing such devices. Another signifi cant advantage of RF 

MEMS technology abides in the typically low manufacturing costs. MEMS 

passive components, indeed, have dimensions ranging from a few tens to 

a few hundred of micrometres, so their typical footprint and geometrical 

features are a few orders of magnitude larger than semiconductor devices. 

Consequently, the tolerances and minimum features sizes in a MEMS fab-

rication process are signifi cantly more relaxed as compared, for instance, 

to a complementary metal oxide semiconductor (CMOS) process, leading 

to reduced costs for all the fabrication steps from the lithography to the 

clean-room equipment required. On the other hand, relevant issues are still 

standing in the way of wider use of MEMS passive components in large 

scale market applications. Integration of MEMS components within circuits 

and systems in standard technology, their encapsulation (i.e. packaging) and 

protection, as well as the mechanical reliability, power handling and stability 

of performance, are issues that add to the cost of RF MEMS components. 

More simply, RF MEMS devices are cheap to fabricate and test as stand-

alone devices, but expensive to be qualifi ed and made suitable for a specifi c 

application. Despite these aspects, signifi cant effort and resources are being 

invested in the development of high-performance RF MEMS passive com-

ponents for very critical applications, such as space applications, where the 

demand on the components specifi cations and characteristics overwhelm 

the investment effort for the realization of just a small batch of RF MEMS 

passive components with outstanding characteristics. In conclusion, when 

the costs for the integration of RF MEMS passive components has become 

more standardized and, on the other hand, the demand for components with 

very high performance become the deciding point for a specifi c application, 

the diffusion of RF passives in MEMS technology will take signifi cant steps 

forward.  
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  4.2     RF MEMS passive components and their 
applications 

 As already mentioned, MEMS technology is particularly suitable for the 

fabrication of high-performance RF lumped components, such as variable 

capacitors (varactors), inductors and switches (also referred to as relays). 

In the following two subsections some basic information will be introduced 

concerning the technological process for the fabrication of RF MEMS pas-

sive components, and their applications. 

  4.2.1      Introduction to the technology platforms 
for the fabrication of RF MEMS 

 Concerning the technology platforms for the manufacturing of MEMS 

devices and components, they are typically constituted of a combination of 

process steps, most of which are in common with those for standard semi-

conductor devices, such as diodes and transistors. Indeed, the fabrication of 

micro-devices is always based on the selective deposition and removal of 

stacked conductive and insulating layers, by means of pattern transfer (i.e. 

lithography), and the subsequent execution of steps such as the electrode-

position or sputtering of metal layers (gold, silver, copper, aluminium, and 

so on), the growth of insulating layers (e.g. silicon oxide, silicon nitride), 

and the selective removal of the same layers (wet or dry etching, plasma 

oxygen, and so on) (Adams, 2009). A peculiar fabrication step of MEMS 

and RF MEMS devices is the exploitation of the so-called sacrifi cial layer, 

which is a fi lm of material (typically photoresist or oxide) needed for defi n-

ing the movable MEMS parts, and then removed in order to release the 

suspended structures (Zhang  et al ., 2009). The stacked deposition and selec-

tive removal of multiple conductive and insulating layers onto a substrate 

(typically a silicon wafer) is called surface micromachining (Liu  et al ., 2010), 

and it is commonly used for the fabrication of RF MEMS passive compo-

nents. Differently from a typical surface micromachining process, another 

fabrication technique is frequently exploited for the realization of MEMS 

devices, although more in the fi eld of sensors and actuators than for RF 

applications, that is the so-called bulk micromachining. In this, the (silicon) 

substrate is selectively removed (from the bottom side), forming suspended 

and deformable membranes made of the same material of the substrate, 

rather than layers deposited above it (Um  et al ., 2010). In general, the bulk 

micromachining process cannot be completely used for the fabrication of 

RF MEMS devices, as movable structures made of silicon (as constitu-

tive material) would excessively attenuate the RF signal (i.e. large resis-

tive losses) with respect to a surface micromachined metal layer, because 

of the resistivity of the fi rst material being signifi cantly larger than that of 
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gold, for instance. A solution to circumvent this problem resides in coating 

the MEMS constitutive  silicon parts with highly conductive material (e.g. 

evaporated metal layers), along the path where the RF signal is supposed 

to travel, reducing resistive losses. More interestingly, several examples 

of RF MEMS devices benefi ting from a combination of surface and bulk 

micromachining processes are available in literature. For instance, the work 

reported in Zine-El-Abidine  et al . (2004) discusses a metal RF MEMS tun-

able inductor below which the silicon was removed (bulk micromachining) 

in order to have a suspended (in air) micro-device, consequently achieving 

reduction of resistive losses and capacitive coupling toward the substrate. 

The inductor reported in this work shows a Q-factor larger than 9 at 5 GHz, 

and a self-resonance frequency above 15 GHz.  

  4.2.2     Applications of RF MEMS passive components 

 As already mentioned, MEMS technology is suitable for the realization of 

high-performance passive components to be employed within transceiv-

ers and telecommunication platforms. In this subsection, an overview of 

potential applications of MEMS basic passive components and complex 

networks within RF systems is provided. In terms of transceiver (i.e. trans-

mitter/receiver) platforms for radio signals, one of the most widely diffused 

architectures is the super-heterodyne transmitter and receiver (Laskar 

 et al ., 2004). Such an architecture operates a frequency up-conversion 

(transmitter) and down-conversion (receiver) of the baseband signal, to 

an intermediate frequency (IF) band lower than the RF band exploited 

for broadcasting the signal. The IF facilitates the manipulation and treat-

ment of the signal to be transmitted/received (e.g. fi ltering, amplifi cation, 

modulation/demodulation, and so on). Passive components in MEMS tech-

nology can replace traditional devices in several parts of a super-hetero-

dyne transceiver, improving its performance and characteristics. The block 

diagram reported in Fig. 4.1 shows the typical confi guration of a super-

heterodyne receiver, as reported and discussed in Nguyen (2001). All the 

starred sub-blocks of the diagram can be replaced by implementations of 

passive components in RF MEMS technology. In particular, looking at the 

receiver from the antenna to the output of the demodulated received sig-

nal (In-phase – I and Quadrature – Q) a MEMS switching unit can be used 

to select the proper antenna (i.e. hardware selection). Moreover, MEMS 

varactors (i.e. variable capacitors) and inductors are suitable to realize high 

Q-factor fi lters (both RF and IF) and reconfi gurable LC-tanks to tune the 

oscillation frequency of the voltage controlled oscillator (VCO). Finally, 

MEMS resonators can replace the typical quartz-based devices in the 

oscillators. Besides the realization of RF MEMS basic passive components, 

MEMS technology can be exploited for the fabrication of more complex 
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blocks as well. Indeed, by merging several varactors, inductors and switches, 

it is possible to realize reconfi gurable high-order switching matrices, phase 

shifters, impedance matching tuners, couplers, delay lines, and so on, as will 

be discussed later in this chapter. The availability of such networks leads 

to rethinking the architecture of a transceiver, rather than just replacing 

some of its base components with their MEMS counterparts, as discussed 

above. To this purpose, the architecture of the super-heterodyne receiver 

previously shown can be rearranged and simplifi ed on the basis of MEMS 

complex networks (Nguyen, 2001), as shown in Fig. 4.2. In this architec-

ture, the availability of a multi-channel selector (i.e. MEMS switches) with 

several fi ltering functions would simplify the hardware complexity of the 

whole platform. For instance, the typical low loss of MEMS-based devices 

and networks compared to standard technologies would reduce the num-

ber of power amplifi ers needed for regenerating the signal. Moreover, the 

high-reconfi gurability of MEMS can be exploited to realize a widely tun-

able oscillator, extending the range of possible received signals that can 

be mixed and demodulated by the receiver, through the integration of a 

mixer-fi lter IF block based on RF MEMS technology as well. It is easy to 

envisage that MEMS passive components could be employed in several 

RF systems and applications apart from transceivers. Although it is not the 

purpose of this chapter to discuss promising exploitations of MEMS tech-

nology in the RF fi eld, another example is worth being briefl y mentioned. 

In modern radar systems, the electronic steering of the antenna beam has 

replaced the old rotary mechanical antennae, leading to a signifi cant reduc-

tion in complexity and space occupation, as well as to improved robustness 

of the system (Meikle, 2001). However, phase shifters in standard technol-

ogy needed for antenna beam orientation are typically rather lossy, and 

consequently require additional power amplifi ers duplicated for each of 

the antenna array delay lines. A block diagram of the radar system, close 
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 4.1      Block diagram of a super-heterodyne radio receiver, as reported 

in Nguyen (2001). The starred blocks can be realized with passive 

components based on RF MEMS technology, improving the 

performance and characteristics of the whole system.  
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to the transmitting antennae array and featuring standard phase shifters, is 

depicted in Fig. 4.3a and discussed in Haridas  et al . (2008). As visible in the 

scheme, a power amplifi er is necessary before and after the phase shifter 

element of each branch, in order to regenerate the attenuated RF signal. 

For mid-power radar systems, traditional phase shifters can be replaced by 

high-performance and low-loss realizations of such networks in RF MEMS 

technology. In the latter case, the power consumption and hardware com-

plexity of the system can be considerably reduced, as an amplifying stage 

can be omitted on each branch (see Fig. 4.3b).        
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 4.2      Block diagram of a super-heterodyne radio receiver, based 

on a modifi ed architecture that features complex blocks entirely 

based on RF MEMS technology, namely, a multi-channel selector, a 

reconfi gurable oscillator, and a mixer-fi lter, as reported in Nguyen 

(2001).  
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 4.3      Block diagram of a radar system employing electronically 

steerable beam antennae (Haridas  et al ., 2008). (a) Scheme employing 

phase shifters in standard technology, requiring power amplifi ers 

on each branch to regenerate the signal attenuated by the lossy 

phase shifting elements. (b) Scheme employing phase shifters in RF 

MEMS technology. Due to the very low loss of such elements the 

power consumption and hardware complexity of the system can be 

signifi cantly reduced.  
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  4.3     High-performance passive components 
enabled by RF MEMS technology 

 In this section more details concerning passive components realized in RF 

MEMS technology will be discussed. First of all, some critical basic concepts 

concerning the operation principles of such devices will be provided, both 

concerning their electromechanical and electromagnetic (RF) characteris-

tics. Such features are common to all the different categories of RF MEMS 

passive components (such as varactors, inductors, and so on), and conse-

quently will help in describing the specifi c characteristics of all the different 

device classes that will be presented in the following subsections. 

  4.3.1      Electromagnetic properties and mechanical 
actuation of RF MEMS passive components 

 Passive components in RF MEMS technology are always arranged as parts 

of waveguide (with a certain length). The RF signal, indeed, is driven from 

the input of the waveguide to the intrinsic MEMS device, such as a variable 

capacitor or a micro-relay, that is, the element that actually manipulates the 

signal, and then is driven to the output of the device. As is well known in 

microwave theory, several waveguide confi gurations are possible, depending 

on the number and placement of the conductive and ground planes, as well 

as of the insulating material/s (Mahmoud, 1991). Since MEMS structures 

are typically planar devices with movable parts built above silicon (surface 

micromachining) or made of silicon (bulk micromachining), they can be 

easily framed within planar waveguides, rather than coaxial or, in general, 

sandwiched confi gurations, where the metal conductive plane is embedded 

within multiple insulating layers. Given these considerations, the most dif-

fused confi gurations of RF MEMS passive components are the coplanar 

waveguide (CPW) and the microstrip waveguide (Mahmoud, 1991), which, 

in general, are very widely used in RF and microwave circuits regardless of 

the presence of MEMS devices. A schematic three-dimensional (3D) view 

of a CPW is proposed in Fig. 4.4a, while that of a microstrip waveguide is 

reported in Fig. 4.4b. In a CPW, the metallizations are on the same side of 

a substrate made of insulating material (e.g. silicon, quartz, sapphire, and 

so on). Very often the CPW structure lies above a thin insulating layer (e.g. 

silicon oxide, aluminium oxide, etc.), in order to reduce losses to the sub-

strate. In particular, the central signal line has two ground planes (ideally 

infi nite) placed beside it, and separated by a suitable distance known as gap. 

As the RF signal propagates along the waveguide, the electromagnetic fi eld 

is confi ned between the central line and the ground planes, partially through 

the dielectric material underneath the metal layers, and partially through 

the air above them. In a microstrip waveguide (see Fig. 4.4b), however, the 
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signal line metallization is placed on top of the insulating substrate, while 

a unique ground plane (ideally infi nite) is patterned on the bottom face of 

the dielectric material. In this case, as the RF signal propagates along the 

waveguide, the electromagnetic fi eld is mainly confi ned within the substrate, 

among the two metal layers (signal line and ground plane). The analytical 

modelling of CPWs and microstrip waveguides is well known, and discussed 

in detail in several scientifi c papers and books about microwave theory, as 

in Pozar (2005). Among the various features of CPWs and microstrip lines, 

the characteristic impedance and the losses are particularly critical. Indeed, 

the fi rst one determines the impedance matching of the waveguide (and of 

the RF MEMS component) with the rest of the circuit, that is, before and 

after the waveguide section itself. The larger the impedance mismatch, the 

more critical is the RF signal refl ection. On the other hand, the losses of a 

waveguide, determined by the characteristics of the metallization as well 

as of the insulating substrate, determine the attenuation of the RF signal, 

and consequently should be kept as small as possible. The analysis of the 

S-parameters (i.e. scattering parameters), for which a comprehensive the-

oretical explanation is given in Pozar (2005), helps understand the electro-

magnetic behaviour of waveguides. For example, the simulated refl ection 

(S11 parameter) and transmission (S21 parameter) behaviour of an ideal 

2 mm long CPW, designed to match the characteristic impedance of 50  Ω  in 

the 10 GHz range, are shown in Fig. 4.5. The CPW material is gold, while the 

substrate is made of high resistivity silicon (HRS), presenting a resistivity of 

4 k Ω .cm. The S11 parameter indicates the fraction of the RF signal refl ected 

at the input port of the CPW, and as it is small on the whole frequency range 

(better than  − 12 dB), most of the RF signal fl ows into the waveguide. On 

the other hand, the S21 parameter indicates the amount of RF power reach-

ing the output port of the CPW. Since its worst value (around  − 0.45 dB) is 

rather close to 0 dB (i.e. ideal zero losses), the attenuation of the RF signal 

RF ground plane
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Insulating
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RF ground
plane

RF signal line
RF signal line

 4.4      (a) 3D schematic of a CPW. It features three metallizations on the 

same side of an insulating substrate, namely, a central line for the RF 

signal and two lateral ground planes. (b) 3D schematic of a microstrip 

waveguide. It features two metallizations, namely, the RF signal line 

on top of the dielectric substrate, and the ground plane on its bottom 

face.  
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introduced by the waveguide is limited. A simple lumped element network 

suitable for describing the RF behaviour of CPWs and microstrip lines is 

proposed in Pozar (2005) and depicted in Fig. 4.6. Between the input and 

output ports of the waveguide (P 1  and P 2 ), a resistance and inductance are 

inserted, representing the series resistive (R cpw ) and inductive (L cpw ) contri-

butions of the metal RF line, respectively. Moreover, the shunt-to-ground 

capacitance and resistance model the capacitive coupling (C gnd ) and the 

resistive losses (R gnd ) between the RF line and the ground plane/s, respec-

tively, through the substrate material and through air. Frequently CPWs 

and microstrip lines are referred to as MEMS devices, although they do 

not encompass any movable or deformable part. This is because they are 

often fabricated using a combination of surface and bulk micromachining 

technology (see Subsection 4.2.1), that is, technology solutions that are very 

common in the manufacturing of RF MEMS components. For example, sev-

eral CPWs are realized by patterning a metal layer above a silicon substrate 

(surface micromachining) and then removing the silicon underneath the 

waveguide, etching it from the bottom (bulk micromachining). This leads 

to the CPW lying above a very thin silicon membrane, and to a consequent 

signifi cant reduction of losses, as reported and discussed in Shi  et al . (2001) 

and Farrington and Iezekiel (2011). In the description of actual RF MEMS 

passive components, more focus will be given to examples in CPW con-

fi guration. This choice is based solely upon requirements of brevity, as RF 

MEMS in a microstrip waveguide confi guration exhibit very good perfor-

mance too, and all the considerations drawn in this book are applicable to 
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 4.5      Simulated S-parameters behaviour (up to 18 GHz) of a standard 

CPW designed to match a characteristic impedance of 50  Ω . The 

S11 parameter (i.e. refl ection) indicates a rather good impedance 

matching up to 8–10 GHz, while the S21 parameter (transmission) 

proves a rather low loss distributed along the transmission line (TL).  
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both classes of devices. The second purpose of this subsection is to provide 

some fundamental information on the actuation mechanisms for RF MEMS 

devices and passive components. The multi-physical coupling through which 

the mechanical behaviour of the movable RF MEMS part is controlled (and 

its characteristics reconfi gured) can take place basically according to four 

different actuation principles: electrostatic, electromagnetic, piezoelectric, 

and thermal/electro-thermal (Liu, 2005). A brief description of the four RF 

MEMS controlling mechanisms follows:                 

• Electrostatic . The fl oating RF MEMS membrane moves towards the 

underlying fi xed electrode when a voltage drop is imposed between 

them, due to the force of electrostatic attraction. When the fl oating mem-

brane collapses (i.e. pulls-in) onto the lower electrode/s the switch state 

changes. Figure 4.7a, b depicts a schematic view of an electrostatically 

actuated series ohmic micro-relay. In the rest position (i.e. when no bias 

is applied between the suspended and the fi xed underlying electrode – 

i.e. between the Act 1  and Act 2  terminals of Fig. 4.7a) the switch is open 

(Lee  et al. , 2004). On the other hand, when a voltage drop larger than 

the pull-in level is imposed between the movable and fi xed electrode 

(Act 1  and Act 2  terminals), the fi rst collapses onto the underlying contact 

pads, and a low-resistance path is established between the T 1  and T 2  ter-

minals of Fig. 4.7b (closed switch). The same electrostatic control mech-

anism can be exploited for reconfi guring other characteristics of the RF 

MEMS component. In a variable capacitor (varactor), for instance, the 

capacitance between the movable suspended electrode and the fi xed one 

in the rest position (see Fig. 4.7c) can be continuously tuned by apply-

ing a variable voltage between them (smaller than the pull-in level), as 

reported in Fig. 4.7d.  

RcpwRR

RgndRR P2PPCgndCCP1

Lcpw

 4.6      Typical lumped element network scheme describing the 

electromagnetic behaviour of a CPW or microstrip waveguide, 

as reported in Pozar (2005). The series elements account for the 

inductive and resistive characteristic of the metal RF line, while the 

shunt elements describe the capacitive coupling and resistive losses 

toward the RF ground plane/s through the substrate (and air in the 

case of the CPW).  
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   • Electromagnetic . The fl oating MEMS membrane is made of (or coated 

with) a ferromagnetic material and is surrounded by a variable magnetic 

fi eld (i.e. current controlled). When a current is driven through the con-

trolling coil the induced magnetic fi eld causes the deformation of the 

MEMS membrane. When the MEMS movable part collapses onto the 

underlying electrodes (i.e. pulls-in) the device state changes (Cho  et al ., 
2005).  

   • Piezoelectric . The MEMS movable membrane is coated with a layer of 

piezoelectric material, which has the property of expanding when sub-

jected to a voltage drop. As the piezoelectric material is coated onto the 

layer of structural material constituting the MEMS fl oating membrane 

(e.g. gold, copper, silver, and so on), the expansion of the fi rst causes 

the downward bending and displacement of the whole MEMS structure 

(due to the induced momentum), until there is contact with the under-

lying electrodes, and the device commutation is achieved (Kawakubo 

 et al ., 2005).  

   • Thermal/electro-thermal . In this case, the thermal expansion properties 

of the material realizing the RF MEMS device are exploited. When the 

fl oating metal (or constitutive material) is subjected to the imposition 
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 4.7      Schematic cross-section of an electrostatically controlled RF 

MEMS device. In (a) and (b) the device is a series ohmic switch 

in the rest position (open switch) and in the actuated (pulled-in) 

position (closed switch), respectively. In (c) and (d) the same RF 

MEMS component is exploited as a variable capacitor (varactor). In 

particular, in (c) the device is in the rest position and the capacitance 

realizes its minimum value ( C  1 ), while, when the membrane moves 

towards the fi xed electrode, as depicted in (d), the capacitance 

increases ( C  2 ).  
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of a voltage drop, the current fl owing through it causes the thermal 

expansion of the suspended membrane and its buckling (downward 

direction) (Daneshmand  et al ., 2009). When the membrane collapses 

onto the underlying electrodes (i.e. pulls-in), the device state changes. 

Another option concerning the controlling principle here discussed is 

to employ two different materials (and/or geometries) for the MEMS 

movable part, so that the thermal expansion coeffi cient and/or electri-

cal resistance are different. In this case, when a current fl ows through 

the device, the amount of heating is different for the two materials and/

or geometries, inducing a momentum (torque) that causes deformation/

actuation of the MEMS device (OZENINC.COM, 2011). MEMS actu-

ator demonstrators, such as that just discussed, typically exhibit a resis-

tance larger than 10–30 k Ω , and need a current in the range of a few mA 

to be operated, leading to a power consumption ranging from a few mW 

up to 100–200 mW.                   

 To conclude this subsection, a few further considerations will be discussed 

with respect to the features of the electrostatic actuation of RF MEMS 

passive components. First of all, a typical measured vertical displacement 

vs applied bias characteristic (i.e. pull-in/pull-out characteristic) of an RF 

MEMS parallel-plate capacitor is shown in Fig. 4.8. Figure 4.8a shows the 

3D schematic of the parallel-plate suspended electrode, while Fig. 4.8b 

reports the experimental pull-in/pull-out behaviour. The RF MEMS device 

is subjected to a  ± 20 V symmetric triangular waveform. The vertical dis-

placement of the suspended structure presents two abrupt downward tran-

sitions at around  ± 16 V, corresponding to the pull-in (i.e. actuation) for 

positive and negative applied voltages, PI+ and PI–, respectively, and two 

abrupt upward transitions at  ± 9–10 V, being the pull-out (i.e. release) for 

the positive and negative bias, PO+ and PO–, respectively. Within an elec-

trostatically actuated RF MEMS device, the electrostatic attraction force 

is balanced by the mechanical restoring force of the deformed fl exible 

suspensions (Liu, 2005). When the applied voltage causes a vertical dis-

placement larger than one-third of the air gap, there is instability in the bal-

ance of the electrostatic and mechanical force, and the movable suspended 

membrane collapses onto the underlying surface. By considering the RF 

MEMS movable membrane as a mass-spring system, the pull-in voltage 

( V  PI ) can be expressed as:       

    V
kd

APIVV =
8

27

0
3

0ε0

       [4.1]   

 where  k  is the elastic constant of the deformable suspensions,  d  0  the air gap 

(in the rest position),   ε   0  the dielectric constant of air, and  A  is the area of the 

�� �� �� �� �� ��



112 Handbook of MEMS for wireless and mobile applications

© Woodhead Publishing Limited, 2013

movable and fi xed electrode. On the other hand, the pull-out voltage ( V  PO ) 

is expressed as follows:  

    V t
kd

APOVV ins

ins

2 0

ε i

       [4.2]   
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 4.8      Typical measured pull-in/pull-out characteristic of an RF MEMS 

electrostatically controlled device, in response to an applied 

triangular symmetric bias. The schematic of the device is reported 

in (a) and refers to a parallel-plate capacitor (in-plane dimensions 

of 200  μ m by 180  μ m) kept suspended with two folded fl exible 

suspensions. The pull-in (actuation) and pull-out (release) transitions 

for positive voltages are indicated in (b) as PI+ and PO+, while 

negative bias levels are labelled as PI −  and PO − , respectively. The 

range of vertical displacement where it is possible to perform a 

continuous control of the RF MEMS position is one-third of the air 

gap, corresponding to an applied bias range from 0 V up to the 

pull-in voltage  V  PI , at which the suspended membrane collapses 

abruptly on the underlying fi xed electrode.  
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 where  t  ins  and   ε   ins  are the thickness and dielectric constant of the insulating 

material separating the actuated MEMS membrane from the underlying 

fi xed electrode. Additional considerations on the physics and analytical 

description of all the actuation mechanisms of RF MEMS devices dis-

cussed in this subsection are reported in Liu (2005) and Busch-Vishniac 

(1999).  

  4.3.2     RF MEMS variable capacitors (varactors) 

 Capacitors are passive components that play an important role in the real-

ization of bandpass or bandstop fi lters (Besser and Gilmore, 2003), match-

ing networks and, more generally, in a large part of telecommunication 

systems (Haykin, 2001). The most important characteristics that lumped 

capacitors are requested to exhibit are the tuning range and the Q-factor, 

which should both be as large as possible. A wide tunability range for the 

capacitance enables a correspondingly large reconfi gurability of the func-

tional block that employs it (Chen  et al ., 1979). On the other hand, a large 

Q-factor ensures a high selectivity with respect to passive fi lters and better 

performance in terms of low-losses (Martin and Downing, 1986). Variable 

capacitors (i.e. varactors) are widely realized in standard semiconductor 

technology by reverse biasing of diodes (Grajal  et al ., 2000), with some limi-

tations in terms of performance. A signifi cant alternative solution to obtain 

varactors with better performance and characteristics is to fabricate them 

in MEMS technology, and this possibility has been widely researched in the 

past decade (Peroulis and Katehi, 2003). An example of RF MEMS varactor 

manufactured in a surface micromachining process (gold constitutive layers 

electroplated above a 5 k Ω .cm silicon substrate) is depicted in the micro-

photograph of Fig. 4.9, where all the critical device dimensions are reported. 

It is based on a gold fl oating electrode (electrostatically controlled) sus-

pended by means of two meander-shaped fl exible springs, and arranged in 

the CPW confi guration. When the fl oating electrode is not biased (rest posi-

tion) the capacitance presents the minimum value, as the air gap between 

the movable and the underlying fi xed electrode is at maximum. However, 

when a DC bias (below the pull-in level) is applied, the capacitance increases 

due to the reduced gap, and it can be tuned continuously as a function of the 

bias level, while when the pull-in occurs the capacitance abruptly reaches 

the maximum value. The capacitance  C  between two parallel plates of area 

A  is expressed as a function of the applied bias  V  bias  by the following well-

known formula:       

    C
A

d
( )V

( )V
VV air

VV
=

ε
       [4.3]   
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 The extent of the air gap as a function of  V  bias , that is,  d ( V  bias ), can be extracted 

by equating the electrostatic attraction force ( F  el ) and the restoring mechan-

ical force ( F  me ), expressed as follows:  

    F
AV

d xelFF air biasVV
=

ε 2

0d 22( )
       [4.4]    

    F kxkkmeFF        [4.5]   

 where  x  is the spring elongation consequent to the imposition of  V  bias . When 

the pull-in occurs, the maximum capacitance is expressed by:  

    C
A

tmax =
ε inε s

ins

       [4.6]   

 where   ε   ins  and  t  ins  are the dielectric constant and the thickness, respectively, 

of the insulating layer (e.g. silicon oxide) between the underlying fi xed 

electrode and the collapsed movable plate. A typical C–V (capacitance 

versus applied voltage) characteristic of an RF MEMS varactor is reported 

in Fig. 4.10b (the 3D schematic of the RF MEMS device is reported in 

Fig. 4.10a). The capacitance can be continuously tuned within the range of 

170 fF and 200 fF (see the sub-plot in Fig. 4.10b) before pull-in, while above 

5 V it snaps to about 2.4 pF (collapsed movable plate). The tuning range of 

such a varactor, that is, the ratio between  C  max  and  C  min , is 12. The pull-in 

60

 4.9      Micro-photograph of an RF MEMS varactor fabricated in a surface 

micromachining process. The movable electrode is suspended above 

the fi xed one by means of two meander-shaped fl exible beams. The 

device is realized in the CPW confi guration.  
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voltage is particularly low (about 5 V) because of the meander-like design 

of the fl exible suspensions (see Fig. 4.10a), which drastically decreases their 

stiffness. A typical topology of a lumped element network describing the 

electromagnetic behaviour of an RF MEMS variable capacitor (in shunt 

confi guration) is shown in Fig. 4.11. The variable capacitance ( C  mems ) real-

ized by the movable and fi xed electrodes is connected to the RF ground 

through a series resistance ( R  par ) and inductance ( L  par ), accounting for the 

losses through the air and metal structure and for the series inductance of 

the fl exible suspensions (see Fig. 4.9), respectively. Finally, the transmission 

line (TL) blocks model the CPW (or microstrip) line branches connecting 
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 4.10      Typical C-V (capacitance vs applied voltage) characteristic of an 

RF MEMS varactor. The 3D schematic of the tunable device is shown 

in (a), and the in-plane dimensions of the suspended movable plate 

are 220  μ m by 220  μ m. The capacitance can be continuously tuned, 

as reported in (b), in the range of applied bias levels below the pull-in 

(see sub-plot), while it increases more than ten times when the 

movable electrode collapses onto the underlying one.  
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the intrinsic RF MEMS varactor to the input and output terminations. The 

scheme of the TL blocks is as shown in Fig. 4.6. As already mentioned, exam-

ples of MEMS-based varactors reported in the literature in recent years are 

numerous. Several design principles, actuation mechanisms, as well as solu-

tions at fabrication and materials levels, have been investigated in order 

to increase the tuning range (Bakri-Kassem and Mansour, 2009), enhance 

the Q-factor (Bakri-Kassem  et al ., 2008), reduce the actuation voltage 

(Zahirovic  et al ., 2009), and to enlarge the power handling (Leidich  et al ., 
2008) of such reconfi gurable passive components.       

  4.3.3     RF MEMS (variable) inductors 

 The second relevant class of passive reactive components that can be fab-

ricated in RF MEMS technology is represented by inductors, being criti-

cal elements, together with capacitors and varactors, in the realization of 

fi lters, resonators, impedance matching networks, and so on (Besser and 

Gilmore, 2003). One of the most important features an inductor should 

present is a very high Q-factor, and MEMS technology enables improve-

ment of this. The work reported in Fang  et al . (2010) shows the realization 

of a metal spiral inductor framed within a CPW structure. The device con-

cept is explained by the 3D schematic of Fig. 4.12. The centre of the spiral 

coil is connected with the output by means of an overpass, that is, a sus-

pended metallization, which makes it possible to cross all the windings and 

TL TL

Cmems

Rpar
P1 P2

Lpar

 4.11      Lumped element network describing the electromagnetic 

behaviour of an RF MEMS varactor. The intrinsic variable capacitor 

( C  mems ) is in series with a parasitic resistor ( R  par ) and inductor ( L  par ), 

accounting for the losses to RF ground and the inductance of the 

fl exible suspensions, respectively. The input/output TL branches are 

described with the network of Fig. 4.6.  
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bring the RF signal to the output. The Q-factor of MEMS inductors can 

be increased by choosing a low-loss substrate, such as alumina, as reported 

by Blondy  et al . (2007), as well as by reducing the coupling of the induc-

tor windings with the substrate by depositing a good insulating layer in 

between them (van Beek  et al ., 2003). By means of such solutions, improve-

ments of the Q-factor from 5–10 up to 40–70 have been experimentally 

demonstrated. However, MEMS technology also enables other solutions 

at manufacturing level that signifi cantly reduce the losses of inductors and, 

in turn, enhance the Q-factor. Such solutions consist of having the metal 

inductor coil suspended above an air layer (i.e. fl oating) rather than lying 

on silicon (Mizuochi  et al ., 2009). A micro-photograph of an RF MEMS 

inductor with the coil suspended in air realized in a surface micromachin-

ing process is shown in Fig. 4.13. The thickness of the suspended gold wire 

and the gap between two adjacent windings is 10  μ m, while the external 

edge of the square coil is 600  μ m. The inductance of such a component can 

be approximated with the formula for a square loop inductor proposed in 

TECHNICK.NET (2011):            

    L N
W W

r
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0 77401
μ μ0

π
air ln .        [4.7]   

 where  N  is the number of turns,  W  the width of the coil external square, 

  μ   0   μ   air  the magnetic permeability of air, and  r  the radius of the suspended 

Planar square coil

RF line

Crossing
overpass

RF line

RF ground

RF ground

4.12      3D schematic of the RF MEMS inductor concept proposed in 

Fang  et al . (2010). The planar (square) coil is framed within a CPW 

structure. The electrical interconnection from the centre of the coil 

to the output RF pad is realized by means of a suspended (in air) 

metal overpass which crosses the planar windings, indeed avoiding 

shorting the RF signal. The coil conductor width and spacing 

(between adjacent windings) are 40  μ m and 30  μ m, respectively, while 

the outer size of the inductive square coil is fabricated according to 

two variants, namely, 1000  μ m and 1920  μ m.  
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coil metallization. Given the geometrical features of the inductor shown in 

Fig. 4.13, its inductance value is around 100 nH. As well as the inductor 

Q-factor improvement enabled by RF MEMS technology, other character-

istics, such as self-resonant frequency and parasitic capacitance, benefi t from 

the exploitation of Microsystems over standard semiconductor technology. 

Indeed, the fact of designing in RF MEMS technology offers additional 

degrees of freedom (DOF) with respect to standard solutions addressing, 

for example, an inductor’s self-resonant frequency falling into a wider range. 

Moreover, the option of realizing a tunable inductor in RF MEMS tech-

nology (e.g. electrostatically or thermo-electro-mechanically controlled), 

yields devices with intrinsically reconfi gurable properties without the need 

of any physical redundancy of hardware components (e.g. bank of swit-

chable inductors of different values in standard technology). The typical 

S-parameter behaviour of an RF MEMS suspended coil inductor, similar 

to that just discussed, is depicted in the Smith chart (Pozar, 2005) shown in 

Fig. 4.14. The S11 parameter (simulated with a 3D electromagnetic simula-

tor) is plotted in order to have an indication of the device characteristic 

impedance behaviour versus frequency. The simulation is performed from 

RF ground

100 nH _ 14

Suspended coil

RF ground

RF
line

RF
line

600 μm

 4.13      Micro-photograph of an RF MEMS suspended square loop 

inductor. The fl oating coil reduces drastically the substrate losses 

compared to a standard planar inductor, and consequently increases 

the Q-factor. The component is arranged in CPW confi guration. The 

thickness of the suspended gold wire and the gap between two 

adjacent windings is 10  μ m, while the external edge of the square coil 

is 600  μ m.  
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100 MHz up to 10 GHz, and the device presents an inductive behaviour up 

to 4.23 GHz (Smith chart region with positive impedance phase values). On 

the other hand, beyond such a frequency the trace moves in the negative 

phase region of the Smith chart (capacitive region). This means that the 

capacitive parasitic effects of the device dominate its inductive character-

istics. Concerning the modelling of RF MEMS inductors, a typical scheme 

of a lumped element network is shown in Fig. 4.15. The intrinsic inductor 

( L  mems  in the fi gure) is in series with a parasitic resistor ( R  par ), accounting 

for the losses due to the metal coil, and in parallel with a capacitor, which 

accounts for the input/output capacitive coupling through air ( C  air ). Finally, 

as in the case of the varactor lumped network, the input/output TL branches 

(CPW or microstrip line) are modelled with the same network of Fig. 4.6 and 

labelled TL. The reconfi gurability typical of MEMS technology has been 

investigated also for lumped inductors, and the techniques enabling such a 

tuning capability are various. One of the most straightforward employs RF 

MEMS switches for varying the length of the metal line realizing the induc-

tor (Choi  et al ., 2009; Zhou  et al ., 1997). Moreover, self-assembly techniques 

are also exploited in order to realize inductors with a Q-factor greater than 

13 that can be tuned by thermally stressing the device (Lubecke  et al ., 2000). 

Another solution consists of deploying a suspended movable metal plate 

on top of a spiral planar inductor. The metal membrane is electrostatically 

S11 parameter

100 MHz

4.23 GHz

10 GHz

 4.14      Simulated S11 parameter of a typical suspended RF MEMS 

inductor plotted on the Smith chart (from 100 MHz to 10 GHz) to 

highlight the characteristic impedance behaviour versus frequency. 

The device behaves as an inductor up to 4.23 GHz, while for higher 

frequencies the capacitive characteristic is dominating.  
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actuated, and when it approaches the underlying coil the interaction of the 

plate with its magnetic fi eld modifi es the inductance (Okada  et al ., 2006). 

More exotic approaches to reconfi guring the inductance of RF MEMS 

metal coils are also discussed in the literature. For instance, in Gmati  et al . 
(2008) the inductance is modifi ed by exploiting a micro-pump that injects a 

fl uid between the spires, shortening the length of the electrical path and, in 

turn, the inductance.       

  4.3.4     RF MEMS ohmic and capacitive switches 

 The most common and well known class of RF MEMS devices is repre-

sented by micro-switches (ohmic and capacitive). The literature reports 

many valuable realizations of switches in MEMS technology for RF appli-

cations, as they represent the key-components capable, on the one hand, of 

enabling the reconfi gurability of the network/platform comprising them, 

and also presenting, on the other hand, high performance and good charac-

teristics as compared to the current implementations of relays in standard 

semiconductor technology. Concerning the mechanical working principles 

of RF MEMS micro-switches, two main classes can be identifi ed, namely the 

clamped–clamped and the cantilever switches. A 3D image of an RF MEMS 

clamped–clamped switch, realized in a surface micromachining process, is 

reported in Fig. 4.16, and is acquired with a profi ling system based on optical 

interferometry (the main geometrical features are mentioned in the fi gure 

caption). In a clamped-clamped (or fi xed-fi xed) RF MEMS switch a metal 

membrane is suspended and placed transversally above the signal line 

(Caekenberghe and Sarabandi, 2008). The membrane has two anchoring 

points (i.e. fi xed at both ends), and typically is symmetric with respect to the 

Cair

TL TL
Lmems Rpar

P2P1

 4.15      Lumped element network describing the electromagnetic 

behaviour of an RF MEMS inductor. The intrinsic inductor ( L  mems ) is in 

series with a parasitic resistor ( R  par ), accounting for the coil resistive 

losses, and in parallel with a capacitor ( C  air ) modelling the direct 

input/output capacitive coupling. The input/output TL branches are 

described with the network of Fig. 4.6.  
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RF line (Thakur  et al ., 2009), as Fig. 4.16 shows. On the other hand, cantile-

ver-type RF MEMS switches are based on a membrane that is anchored just 

on one end. The free end realizes the contact with the electrodes under-

neath (when the RF MEMS switch is pulled-in) and the membrane can be 

placed both transversally (Iannacci  et al ., 2009) on the RF line, or it can be 

aligned with it (Shen  et al ., 2008). Besides the type of geometry chosen to 

realize an RF MEMS switch, the micro-relays can be divided into two cate-

gories depending on the switching function they realize, namely the series 

and shunt confi gurations. A series switch passes the RF signal between the 

input and output, while the shunt switch diverts the RF signal towards the 

RF ground. Both the series and shunt switches are characterized by two 

states, namely ON and OFF. The ON state corresponds to an activated 

switch (i.e. pulled-in or actuated), while the OFF state corresponds to a 

switch in the rest position (i.e. not biased). The schematic views reported in 

Fig. 4.17 help understand the function operated by the series and shunt 

switches in the ON and OFF states. The series and ohmic switches realize 

the functions described above when they are in the ON state, but they do 

not realize these functions when in the OFF state. This means that a series 

RF MEMS switch passes the RF signal from the input to the output port 

when it is in the ON state (i.e. actuated) as Fig. 4.17c reports, while it isolates 

the two ports when is in the OFF state (i.e. rest position) as shown in 

Fig. 4.17a. In other words, looking at the input/output transfer function of an 

RF MEMS series ohmic switch, it is CLOSED when the micro-relay is ON, 

and is OPEN when the MEMS switch is OFF. The plots in Figs 4.18 and 4.19 

show the refl ection (S11) and transmission (S21) parameters, respectively, 

Switch moveable
electrode

RF ground

RF ground

RF ground

RF ground

RF line

RF line

4.16      Measured 3D image of a clamped-clamped RF MEMS series 

ohmic switch fabricated in a surface micromachining technology 

platform, and designed in CPW confi guration. The suspended 

membrane is electrostatically controlled. The distance between 

the two anchoring points is 450  μ m, the in-plane dimensions of the 

central transducer are 150  μ m by 150  μ m, the suspending beams are 

long 150  μ m and their width is 10  μ m.  

�� �� �� �� �� ��



122 Handbook of MEMS for wireless and mobile applications

© Woodhead Publishing Limited, 2013

Series switch OFF

(a)

(c) (d)

(b)

Port 1 Port 2

Series switch ON Relay CLOSED
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Shunt switch ON Relay OPEN

 4.17      Schematic view of the transfer function that RF MEMS micro-

switches operate on the RF signal (between the two terminals, 

namely, Port 1 and Port 2) depending on their confi guration (series or 

shunt) and state (ON or OFF). In particular, a series switch refl ects (i.e. 

blocks) the RF signal when it is OFF (a), while it passes (i.e. transmits) 

the RF signal when it is in the ON state (c). Concerning a shunt switch, 

it passes the RF signal when it is in the OFF state (b), and blocks the 

RF signal when the switch is in the ON state (d).  
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 4.18      Measured refl ection parameter (S11) characteristic (up to 13 GHz) 

typical of an RF MEMS series ohmic switch, both in the micro-relay 

rest (OFF) and actuated (ON) positions.  
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for an RF MEMS series ohmic switch measured up to 13 GHz, both for the 

rest and actuated positions of the micro-switch. The micro-switch has a 

topology similar to that of the device reported in Fig. 4.16 (i.e. a central 

metal plate kept suspended with four straight fl exible suspensions), and is 

realized in gold above a HRS substrate (i.e. surface micromachining). In 

particular, in Fig. 4.18 the refl ected RF signal has a large value (greater than 

about -1.5 dB on the whole frequency range) when the switch is OPEN as 

the power is refl ected, while it shifts down to about -24 dB when the switch 

is CLOSED. Concerning the transmission (see Fig. 4.19), the S21 parameter 

in the OPEN state, also referred to as isolation, exhibits values better than 

–20 dB. On the other hand, in the CLOSED confi guration, the S21 provides 

an indication of the attenuation introduced by the RF MEMS switch that is, 

as expected, rather limited, its value being better than -1 dB over the whole 

frequency span. The case of a shunt RF MEMS switch is dual with respect to 

that of a series micro-relay. A shunt switch diverts the RF signal towards the 

RF ground when it is in the ON state, while it passes the RF signal from the 

input to the output when it is in the OFF state. As done previously, looking 

at the input/output transfer function of an RF MEMS shunt switch, it is 

CLOSED when the micro-relay is OFF (see Fig. 4.17b), and it is OPEN 

when the MEMS switch is ON (see Fig. 4.17d). In the latter case, it is obvious 

that when the RF signal fl ows towards the RF ground it does not reach the 

device output. A further distinction that has to be made referring to RF 

MEMS switches (series and shunt) concerns the type of contact they realize 
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 4.19      Measured transmission parameter (S21) characteristic (up to 

13 GHz) typical of an RF MEMS series ohmic switch, both in the 

micro-relay rest (OFF) and actuated (ON) positions.  
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with the pads underneath when are in the ON state. When the actuated 

MEMS metal membrane realizes a metal-to-metal contact with the under-

lying contact area, it is an ohmic-type micro-relay. On the other hand, if an 

insulating layer (deposited above the underlying fi xed electrode/s) makes 

impossible a direct metal-to-metal contact, or if the MEMS switch is also 

meant not to touch the underlying electrode when it is in the ON state (i.e. 

contact-less switch), the RF MEMS micro-relay is capacitive. In the fi rst 

case, when the RF MEMS switch is OFF the resistance between the sus-

pended MEMS electrode and the one underneath is very large (in the range 

of several G Ω ), virtually infi nite, while a low-resistance ohmic contact (as 

low as 1–2  Ω ) is established when the switch is ON. Concerning RF MEMS 

capacitive switches, a very small capacitance (typically in the range of 10–50 

fF) is realized between the suspended and the underneath fi xed parts, i.e. a 

very large impedance. However, that capacitance becomes signifi cantly 

larger (e.g. from 1–5 pF up to 10–100 pF, depending on the design) when the 

RF MEMS switch is in the ON state, establishing a very low-impedance 

path between the movable (actuated) and the fi xed parts. The measured 

S-parameter characteristic of an RF MEMS shunt capacitive switch is shown 

in Figs 4.20 and 4.21. Focusing on the refl ection parameter (S11 reported in 

Fig. 4.20), its value is small (better than -10 dB) when the micro-relay is not 

actuated, but it increases to about -2 dB when the MEMS membrane pulls-

in, as the capacitive switch commutes to the OPEN state, and the RF power 

at the input termination is shorted to RF ground. The steep variation of the 
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 4.20      Measured refl ection parameter (S11) characteristic (up to 13 GHz) 

typical of an RF MEMS shunt capacitive switch, both in the micro-

relay rest (OFF) and actuated (ON) positions.  
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S11 for the OPEN confi guration in the low-frequency range (below 2 GHz) 

is due to the fact that the capacitance behaves as an open circuit in the 

low-frequency range, so the impedance to ground seen by the RF signal, ini-

tially very large, tends to decrease as the frequency increases. All these char-

acteristics and confi gurations can be combined in different fashions, 

obtaining several implementations of RF MEMS switches. For instance, it is 

possible to have cantilever-type series ohmic switches (Patel and Rebeiz, 

2010; Shalaby  et al ., 2009), as well as double-hinged shunt capacitive RF 

MEMS switches (Mahameed and Rebeiz, 2010; Thakur  et al ., 2009) and so 

on (Martinez  et al ., 2007), each of them with specifi c advantages and disad-

vantages in terms of their performance and characteristics, such as isolation, 

insertion loss (Mollah and Karmakar, 2001), power handling (Lahiri  et al ., 
2009), bandwidth, actuation and release voltages, performance stability 

(Hwang, 2007) versus time, and so on. The lumped element network describ-

ing the electromagnetic behaviour of a series ohmic RF MEMS switch is 

shown in Fig. 4.22. When the MEMS is actuated (i.e. CLOSED switch), the 

intrinsic micro-relay introduces a series resistance ( R  on ) due to the ohmic 

contacts, typically rather small (smaller than a few Ohms). On the other 

hand, when the switch is OPEN, the relay is modelled as the parallel of a 

resistance ( R  off ) and of a capacitor ( C  air ). The resistance models the losses 

through air and is typically very large (e.g. in the order of G Ω ). On the other 

hand,  C  air  takes into account the small capacitive coupling between the input 

and output contact pads, typically in the range of 10–50 fF, depending on the 

design of the RF MEMS switch and on the dimensions of the ohmic contact 

pads. To complete the discussion on the lumped element networks 
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 4.21      Measured transmission parameter (S21) characteristic (up to 

13 GHz) typical of an RF MEMS shunt capacitive switch, both in the 

micro-relay rest (OFF) and actuated (ON) positions.  
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describing the electromagnetic behaviour of RF MEMS micro-relays, the 

topology corresponding to a shunt capacitive switch (yielding the behaviour 

described in Figs 4.20 and 2.21) is as shown in Fig. 4.11 for an RF MEMS 

varactor. From the conceptual point of view, indeed, an RF MEMS varactor 

is basically equivalent to a capacitive switch. The difference resides in how 

the device is operated (e.g. reaching or avoiding the pull-in) and how the 

 C  max  is shaped. In conclusion, the lumped element network for an ohmic 

shunt switch, not reported here for the sake of brevity, is a combination of 

the schemes depicted in Figs 4.11, 4.22, presenting a topology similar to a 

shunt varactor, but with a variable ohmic resistance (like the one of Fig. 4.22) 

replacing the variable capacitor to ground.                  

  4.4     Complex networks based on RF MEMS 
passive components 

 This section, which concludes the chapter, provides a short overview of 

complex networks and functional sub-blocks based on the basic RF MEMS 

passive components discussed in the previous pages. As already mentioned, 

RF MEMS components can be exploited in the replacement of standard 

passive elements within RF circuits and systems, indeed enhancing their 

performance. On the other hand, the availability of high-performance pas-

sive components has stimulated the scientifi c community into rethinking 

the architecture of functional RF sub-blocks and networks in RF MEMS 

Cair

Roff

Ron
P1 P2

ON state

OFF state

TL TL

 4.22      Lumped element network describing the electromagnetic 

behaviour of an RF MEMS series ohmic switch. In the ON state 

the micro-relay inserts a small resistance ( R  on ) between the input 

and output terminations (CLOSED switch). In the OFF state the RF 

MEMS switch introduces a parallel resistive ( R  off ) and capacitive ( C  air ) 

coupling isolating the input from the output.  
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technology, demonstrating a signifi cant potential in the realization of high-

performance and widely reconfi gurable Microsystems-based RF circuits. In 

the following subsections some of the most relevant RF MEMS networks 

available in literature are listed and categorized.           

  4.4.1     Single pole double throws and switching matrices 

 Micro-relays based on RF MEMS technology represent the base elements 

to implement switching functions, and have been already discussed in detail 

in Subsection 4.3.4. When combined, RF MEMS switches enable the imple-

mentation of switching functions more complex than the simple opening/

closing of a contact between two terminals. Following an incremental level 

of complexity, the combination of two RF MEMS switches enables the real-

ization of Single Pole Double Throws (SPDT), i.e. switching elements with 

three terminals (one input and two outputs). Depending on the state of the 

two switches, the RF signal at the input can be directed to one of the two 

outputs, as well as to both of them (Rebeiz, 2003). A micro-photograph of a 

CPW-based RF MEMS SPDT realized in a surface micromachining process 

is shown in Fig. 4.23. The device is realized above a silicon substrate (5 k Ω .

cm) and the RF MEMS main structural geometric features are indicated. 

The dimensions of the suspended micro-transducers are 200  μ m by 200  μ m. 

Several examples of RF MEMS-based SPDTs are available in literature. For 

instance, in Uno  et al . (2009) RF MEMS SPDTs with insertion loss of -1 dB 

and isolation better than -40 dB up to 10 GHz are reported. The switching 

function order can be increased by adding more RF MEMS switching units. 

In this fashion, it is possible to realize Single Pole Four Throw (SP4T), Single 

Pole Six Throw (SP6T), as well as more in generality Single Pole Multiple 

Throw (SPMT), featuring four, six and multiple outputs, respectively, as 

reported in Gong  et al . (2011) and Stehle  et al . (2009). Finally, following the 

same incremental complexity approach, RF MEMS switches also enable the 

RF Out 1

Series
ohmic

switches

RF In

1 mm

2.5 mm

RF Out 2

 4.23      Micro-photograph of an SPDT fabricated in RF MEMS 

technology (surface micromachining). The two independently 

controlled electrostatic switches reconfi guring the switching function 

are highlighted.  
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realization of very compact high-order switching matrices, particularly inter-

esting for space and satellite applications thanks to their reduced footprint 

and very limited weight. Some examples available in literature are reported 

in Fomani and Mansour (2009) and Yassini  et al . (2004).                           

  4.4.2     RF power attenuators and splitters/couplers 

 Another interesting class of networks in MEMS technology is represented 

by reconfi gurable RF power attenuators and splitters/couplers. Such devices 

are commonly used in RF and microwave circuits for several purposes, such 

as the power level adjustment between cascaded blocks in a radio receiver, 

or the power redistribution between two or more branches of a micro-

wave circuit implemented by splitters and couplers (Montgomery  et al ., 
1987). An example of a MEMS-based multi-state reconfi gurable power 

attenuator is shown in the micro-photograph of Fig. 4.24, and discussed in 

Iannacci  et al . (2010). The RF signal is attenuated by several resistors (in 

series on the RF line) that can be selectively shorted by controlling the 

RF MEMS cantilever-type ohmic switches highlighted in the fi gure, with 

in-plane dimensions of 70  μ m by 130  μ m. The attenuator experimental 

 4.24      Micro-photograph of a MEMS-based reconfi gurable RF power 

attenuator reported in Iannacci  et al . (2010). The attenuation level 

is realized by several resistors and is tuned by controlling shorting 

MEMS ohmic switches (highlighted in fi gure).  
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testing has proved that it realizes several attenuation levels up to  − 19 dB, 

with a rather fl at characteristic up to 30 GHz. For instance, the minimum 

attenuation level realized by the network ranges between  − 4 dB and  − 2 

dB in the frequency span from 100 MHz up to 30 GHz, while the maxi-

mum attenuation level is confi ned to the range from  − 19 dB to  − 15 dB, 

referring to the same frequency span. On the other hand, several examples 

of microwave and RF couplers entirely realized in RF MEMS technology 

are also available in literature. Two signifi cant prototypes are discussed 

in Nishino  et al . (2009) and Ocera  et al . (2007), concerning the CPW and 

microstrip confi guration, respectively.       

  4.4.3     Impedance matching tuners 

 A diffused class of RF MEMS-based networks is represented by the reconfi g-

urable impedance matching tuners, able to transform the characteristic input 

impedance of the network into another value at the output. The impedance 

matching tuners play a critical role in many RF circuits and systems, as they 

match the different characteristic impedances of two blocks, making it possi-

ble to cascade them without unacceptable levels of refl ected power (Besser 

and Gilmore, 2003). The most relevant advantages of realizing an imped-

ance matching tuner in RF MEMS technology reside in the wider achievable 

reconfi gurability of impedance levels, and in greatly reduced losses of the 

network itself. Figure 4.25 shows a micro-photograph of the reconfi gurable 

RF MEMS impedance matching tuner (surface micromachining technology 

and CPW confi guration) reported in Iannacci  et al . (2011). The network, real-

ized on a 5 k Ω .cm silicon substrate, features several metal–insulator–metal 

(MIM) capacitors and suspended inductors. Such reactive components are 

placed both in series and shunt confi guration, and can load or be omitted 

from the RF signal line, depending on the state of several cantilever-type 

micro-relays (also visible in  fi gure), with a dimension of the suspended 

gold electromechanical transducer of 90  μ m by 170  μ m. Depending on the 

selected reactive components, the input/ output impedance transformation 

can be changed, implementing 256 different confi gurations for each fre-

quency. Several other examples of RF MEMS reconfi gurable impedance 

matching tuners are available in the literature, showing extended capabilities 

in comparison to the example of Fig. 4.25. For instance, the contributions 

reported in Lu  et al . (2005) and Domingue  et al . (2010) demonstrate a nearly 

full coverage of the impedance Smith chart, indeed reaching a considerably 

elevated number of different impedance transformations between the two 

network terminations. Furthermore, examples of demonstrators in which the 

RF MEMS impedance matching tuner is interfaced to other blocks in stan-

dard technology (e.g. a CMOS PA – Power Amplifi er) have been also pre-

sented in literature (Larcher  et al ., 2009).       
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  4.4.4     Other RF MEMS complex networks 

 The availability of RF MEMS technology enables the realization of networks 

with functionalities other than those discussed up to now. This concluding 

subsection highlights a couple of signifi cant and successful exploitations of 

RF MEMS technology in the manufacturing of reconfi gurable functional 

blocks for RF circuits and telecommunication platforms. The fi rst exam-

ple refers to RF MEMS-based phase shifters and delay lines, already men-

tioned in Section 4.2.2 and shown in the block diagram of Fig. 4.3. Such 

functional networks are suitable for electronic antennae steering, and are of 

particular interest for radar applications, as reported in Van Caekenberghe 

(2009). The scientifi c literature on RF MEMS technology presents several 

valuable examples of different realizations of phase shifters and true time 

delay (TTD) lines with various characteristics, in terms of reconfi gurabil-

ity and frequency range. A couple of examples concerning the fi rst and 

the second class of devices are discussed in Reinke  et al . (2011), Vorobyov 

 et al . (2011), and in De Angelis  et al . (2008), Van Caekenberghe and Vaha-

Heikkila (2008), respectively. Furthermore, RF MEMS technology is being 

successfully exploited for the realization of reconfi gurable RF fi lters (e.g. 

band pass and band stop) (Varadan, 2002). To this purpose, some examples 

of reconfi gurable RF fi lters for various applications and working in different 

frequency ranges are reported in Reines  et al . (2010), Gil  et al . (2007) and 

Entesari  et al . (2007).   

 4.25      Micro-photograph of the RF MEMS reconfi gurable impedance 

matching tuner reported in Iannacci  et al . (2011). Series and shunt 

capacitors and inductors can be inserted in the RF line depending 

on the state of several ohmic micro-relays, manipulating the input/

output characteristic impedance transformation operated by the 

network.  
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  4.5     Conclusion 

 The focus of this chapter has been on MEMS passive components for RF 

and microwave applications. RF MEMS technology has emerged in the 

past 10–15 years as a valuable solution for the realization of very high-

performance passive components, such as variable capacitors (varactors) 

and inductors, as well as micro-relays. Moreover, RF MEMS technol-

ogy has demonstrated a signifi cant potential in the realization of high-

performance and widely reconfi gurable complex networks and functional 

sub-blocks, based on the combination of basic passive components. Some 

examples of this are reconfi gurable impedance matching tuners, RF fi l-

ters, phase shifters, switching matrices, and so on, entirely realized in RF 

MEMS technology. After an initial overview of the possible applications 

of RF MEMS components within telecommunication systems, the chap-

ter has reported important aspects concerning the working principles and 

characteristics of RF MEMS devices, concerning both their electromag-

netic properties and coupled electromechanical behaviour. Subsequently, 

the most diffused RF MEMS basic passive components (variable capaci-

tors, inductors, and switches) have been discussed more in detail, reporting 

and commenting their typical behaviour and performance. Finally, starting 

from such basic elements, the most diverse and promising classes of RF 

MEMS complex networks are listed and discussed throughout the chap-

ter, thereby completing this overview of passive components realized in 

RF MEMS technology.  
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  Abstract : In the introduction, the advantages and drawbacks of using 
radio frequency microelectromechanical systems (RF MEMS) in phase 
shifters compared with solid-state circuits will be presented. Then, a review 
of the more common phase shifter topologies will be addressed. Design 
equations and schematics will be given, as well as recently published 
papers using RF MEMS. To illustrate RF MEMS phase shifter applications 
such as beamforming and beamswitching, one particular architecture will 
be presented as a global example. Finally, we will conclude by presenting 
an overall summary of different architectures to enable design choice and 
discuss the future trends in RF MEMS phase shifters. 

  Key words : RF MEMS, phase shifters, phased arrays, wireless applications. 

    5.1     Introduction 

 In many wireless and mobile applications, phase shifters represent essential 

components of front-end circuits. They are of particular interest for communi-

cation circuits requiring beamforming techniques as key components of phased 

arrays. In such circuits, the beam of an antenna array is steered in different 

directions depending on the phase shift applied to each element (Fig. 5.1). This 

requires the use of precise phase shifters. Among the main domains of applica-

tion are satellites, airborne or even military communications or radar applica-

tions. MEMS-based phase shifters can also be used in refl ect-array designs.      

 RF MEMS switches have been used in phase shifter designs for more 

than 10 years now (Barker and Rebeiz, 1998) for their superiority in perfor-

mance over traditional solid-state devices (PIN diode, FET switches) or fer-

rite materials. Based on the same considerations, RF MEMS phase shifters 

show several advantages over traditional solid-state phase shifters:

   low loss (especially at high frequencies),  • 

  improved isolation,  • 
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  wideband performance,  • 

  reduction of direct current (DC) power (no consumption when the • 

switch is OFF),  

  high linearity,  • 

  power handling,  • 

  low parasitic effects.    • 

 However, there are still some issues which have limited the appearance of 

RF MEMS phase shifters on the consumer market, such as:

   low reliability,  • 

  high switching time,  • 

  large size,  • 

  packaging issues,  • 

  high actuation voltage,  • 

  temperature stability.    • 

 A comparison between the latest published results on RF solid-state and 

RF MEMS phase shifters is presented in Table 5.1. RF MEMS phase shifters 

show an overall insertion loss of −3/−4 dB whereas solid-state phase shifters 

exhibit important insertion loss (around −10 dB) for passive architectures. 

However, for active topologies, transistor phase shifters can present good 

insertion loss (gain) but poor linearity and high power consumption. Note 

that RF MEMS phase shifters exhibit low insertion loss with very low phase 

error. The challenge is to design high-frequency planar phase shifters for 

future antenna array systems.      

Ψ : Beam shift angle

Antennas

RF source

Phase shifters

 5.1      Phase shifters and antenna array in a beamforming application.  
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 There are two different implementations for a phase shifter: the analogue 

and the digital approach. The analogue phase shifter allows a continuous 

variable phase shift between two extreme values. Its main feature is the 

total achievable phase shift. As a result, a classical fi gure of merit (FoM) for 

such circuits is the phase shift divided by the insertion loss in  ° /dB. The dig-

ital phase shifter only allows a specifi c set of discrete phase delays. Its key 

parameters are the maximum phase shift and the number of discrete steps, 

often given in bits. For example, a 3-bit phase shifter with a 45/90/180 °  phase 

delays network is able to achieve 45/90/135/180/225/270/315 °  phase shifts. 

The FoM for this kind of phase shifter is the phase shift per bit in  ° /bit. While 

in theory analogue phase shifters seem to be the best choice, they are very 

diffi cult to design for large phase shifts. Thus, most published papers deal 

with digital-type phase shifters. 

 For wideband performance, a phase shifter should have a constant phase 

delay with frequency or a linear phase versus frequency. The former is called 

a true time phase shifter, while the latter is called a true time delay (TTD) 

phase shifter. 

 In this chapter, the main phase shifter architectures are presented classi-

fi ed into four categories:

   switched-line phase shifter,  • 

  loaded-line phase shifter,  • 

  refl ection-type phase shifter,  • 

  distributed-line phase shifter.    • 

 Table 5.1     Comparison between latest published phase shifters 

 Reference  Frequency 

(GHz) 

 Type/bits  Substrate  S21 (dB)  Phase 

error 

 Size 

 Hung  et al . 

(2004) 

 75–110  MEMS/3  Glass  −2.7  3 °   5 × 1.9 

mm 2  
 Hong-Teuk 

 et al . 

(2004) 

 50–70  MEMS/2  Quartz  −4.6  5 °   2.1 × 1.5 

mm 2  

 Somjit  et al . 

(2009) 

 75  MEMS/4.25  HR Si  −3.5  6 °   5.5 mm 

long 

 Byung-

Wook and 

Rebeiz 

(2007) 

 30–38  0.12u 

BiCMOS/4 

 Si  +1  7 °   0.9 × 0.4 

mm 2  

 Kwang-

Jin and 

Rebeiz 

(2007) 

 18–26  0.13u 

CMOS/4 

 Si  −3.8  9.7 °   0.8 × 0.6 

mm 2  

 Yu  et al . 

(2008) 

 55–65  65nm 

CMOS/4 

 Si  −9.4  9.2 °   / 
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 For each phase shifter type, the theory and some implementations are 

described. A survey of up-to-date published RF MEMS phase shifters will 

be drawn by categories. Specifi c issues prohibiting RF MEMS phase shifters 

from targeting the consumer market until now will be discussed. Finally, an 

example of a complete design and application will be given.  

  5.2     Switched-line phase shifter 

 The switched-line phase shifter is the easiest RF phase shifter to build. 

  5.2.1     Theory of switched-line phase shifters 

 A classical representation of a switched-line phase shifter is presented in 

Fig. 5.2. At the origin of this implementation lies a simple fact, derived from 

the transmission line theory that will be of use for all different categories 

of phase shifters: a wave travelling along a transmission line will have a 

phase shift between its output and input voltages, dependent on the char-

acteristic impedance and the length of the line, described by Equation [5.1]. 

Considering a progressive wave on a matched line, l represents the length of 

the line,   ω   the angular frequency of the signal,   γ   the propagation constant, 

which depends on the physical characteristics of the line.       

    u u e j t l( )l ( )= ω γtt ll−        [5.1]    

  5.2.2     Standard implementation 

 There are several ways to implement a switched-line phase shifter, depend-

ing on the switch and transmission line used. The classical one already illus-

trated in Fig. 5.2 is to use series switches. Series switches can be positioned 

close to the transmission line junction (T-junction) because of their high 

isolation. Shunt switch design is a somewhat more complex as, when the 

RF MEMS is OFF, it does not result in an open circuit but in a short circuit. 

Hence, shunt switches must be positioned at a quarter guided wavelength 

45°

Input 0° 0° 0° Output

90°

180°

 5.2      Schematic of a 3-bit switched-line phase shifter.  
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(  λ   g /4) from the T-junction to result in an open circuit at the T-junction. 

Figure 5.3 presents an example of shunt switch implementation using a 

coplanar waveguide (CPW) line.      

 When used with a microstrip line, the shunt switch implementation must 

use two   λ   g /4 transformations, as no connection with DC ground is possible. 

  λ   g /4 open-ended stubs are connected to the switch to result in a short circuit. 

Details about this implementation can be found in (Pillans  et al ., 1999). 

 The architecture presented above is relatively simple to design, but pres-

ents some drawbacks:

   Large area consumption for large phase shifts (long transmission lines).  • 

  Insertion loss depending on the length of the line, on the chosen path.     • 

  5.2.3     New implementation for size reduction 

 To reduce the size of the switched-line phase shifter, a simple idea was pro-

posed in Tan  et al . (2002). Instead of using Single Pole Double Throw (SPDT 

or SP2T) switches to select a delay path or the 0 °  path as in Fig. 5.4a, the delay 

path can be stacked and selected using a Single Pole Four Throw (SP4T) as 

in Fig. 5.4b. This is of course dependent on the performance of the SP4T 

itself, which was proven to be quite small and low loss in Tan  et al . (2002). 

Moreover, only one 0 °  delay line has to be implemented for a more effi cient 

layout. To show the benefi t of an SP4T architecture in terms of insertion 

loss and size reduction, a comparison between two published phase shifters 

(Hacker  et al ., 2003; Tan  et al ., 2003a) is presented in Table 5.2.           

 Another way to improve the size of a switched-line phase shifter is to 

replace the transmission lines by their equivalent semi-lumped model 

(Fig. 5.5c) or  π -network (Fig. 5.5a) (Tan  et al ., 2003b). Equation [5.2] 

45°

Input Output

λg/4

λg/4

90°

180°

 5.3      Shunt switch CPW 3-bit phase shifter implementation. MEMS 

switches are represented in black.  
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represents the phase shift (  φ  ) in matched conditions, which gives a maxi-

mum phase shift of −90 ° . To achieve a low loss phase shifter, the inductor in 

Fig. 5.5a is replaced by a transmission line in Fig. 5.5c. The line characteristics 

( Z ,   θ  ) are equivalent to the  π -network in Fig. 5.5b following Equations [5.3] 

and [5.4], where  C  t  is broken into two capacitances  C  0  and  C  1 . For a higher 

phase shift, several networks can be cascaded, increasing in this way the 

bandwidth and linearity. A comparison between two published designs (Tan 

et al ., 2003a,b) is presented in Table 5.3 showing the miniaturization capa-

bilities of this implementation. This architecture can also be classifi ed as a 

high-pass low-pass (HPLP) architecture (Lucyszyn, 2010), as in Morton and 

Papapolymerou (2008).            

    sin( ) tanφ))
ω φ

tan
ω⎛

⎝
⎛⎛⎛⎛
⎝⎝
⎛⎛⎛⎛ ⎞φ

⎠
⎞⎞⎞⎞
⎠⎠
⎞⎞⎞⎞ = −

Lωω
Z

Cωω
Z

tφ
tan

ω⎞⎞⎞ Cωω
0 0

⎝ ⎠ Z2
    [5.2]    

    cosθ ω1 2ωω 1 1L C1        [5.3]    

    sin si θs[ ]( )ω( )) 0i θsi)ω ))− ω =θsinωω ))     [5.4]    

90°

SP2T

(a) (b)

SP4T0° 0°
0°

270°

180° 180°

90°

5.4      Two-bit phase shifter based on (a) SP2T architecture, (b) SP4T 

architecture.  

Table 5.2     Comparison between published phase shifters using SP2T and SP4T 

architectures 

 4-bit designs  From Kim  et al . (2001) 

with SP2T 

 From Tan  et al . (2003a) 

with SP4T 

 Frequency (GHz)  DC to 40 GHz  8–12 GHz 

 Total phase shift  360 °   360 °  
 Phase shift step  22.5 °   22.5 °  
 Substrate  75- μ m GaAs  200- μ m GaAs 

 Number of switches  16 (8 SP2T)  16 (4 SP4T) 

 Size  6 × 5 mm 2  (30 mm 2 )  4.9 × 4.39 mm 2  (21 mm 2 ) 
 Insertion loss at 10 GHz  2.2 to 2.6 dB  0.6 to 1.8 dB 

 Return loss at 10 GHz  Better than −20 dB  Better than −14 dB 

 Max phase shift  343 °  at 10.8 GHz  NA 

 Phase accuracy  NA  −0.9 to 2.3 °  at 9.97 GHz 
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  5.2.4     Comparison of switched-line phase shifters 

 Table 5.4 summarizes the performance of several switched-line phase shifters 

published in the literature. The maximum operating frequency of the proposed 

designs is around 77 GHz in (Buck and Kasper, 2010) and, in most of the other 

cases, it is centred around 10 GHz for X-band communications. Depending on 

the substrate, the phase shifter can be miniaturized (high resistivity silicon and 

GaAs). However, low loss phase shifters can benefi t from organic and Low 

Temperature Co-fi red Ceramic (LTCC) substrates, as shown in Kingsley and 

Papapolymerou (2006) and Yamane  et al . (2008). Due to reliability issues usu-

ally encountered when using RF MEMS switches, signifi cant effort has been 

put over recent years into packaged switched-line phase shifters (Kingsley and 

Papapolymerou, 2006; Kingsley  et al ., 2005; Morton and Papapolymerou, 2008). 

Gautier  et al . (2008) show the design of a switched-line phase shifter integrated 

with an antenna array for the fi nal implementation into a phased array.        

  5.3     Loaded-line phase shifter 

 Another way to design a simple phase shifter is represented by the loaded-

line phase shifter. It can be of analogue or digital type. 

Lt(a) (b) (c)

Ct C0 C1 C1 C0 C0 C0

L1=Lt

Ct=C0+C1

Ct

Z, θ

 5.5      (a)  π -network composed of two capacitances  C  t  and one 

inductance  L  t , (b) its transformation using another  π -network and 

(c) using a line instead of the inductance to form a semi-lumped 

network.  

 Table 5.3     Comparison between published phase shifter using transmission 

lines and semi-lumped architectures 

 2-bit design  From Tan  et al . (2003a)  From Tan  et al . (2003b) 

 Frequency (GHz)  8–12  6–14 

 Total phase shift  270 °   270 °  
 Phase shift step  90 °   90 °  
 Substrate  200- μ m GaAs  200- μ m GaAs 

 Number of switches  8  6 

 Size  4.8 × 2.5 mm 2  (12 mm 2 )  2.49 × 1.95 mm 2  (5 mm 2 ) 
 Insertion loss  0.31−0.94 dB  0.4−1.6 dB 

 Return loss  Better than −17.3 dB  Better than −14 dB 

 Phase accuracy  −2.2 to 2 °  at 10.25 GHz  −1.3 to 1 °  at 9.45 GHz 
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 Table 5.4     Comparison between published switched-line phase shifters 

 Reference  Frequency 

(GHz) 

 Substrate  Bit 

number 

 Insertion 

loss (dB) 

 Max 

phase 

error 

 Size 

(mm2) 

 Nordquist 

 et al . 

(2006) 

 10  Alumina  6  1.8  ±  0.6  NA  378   

 Lampen 

 et al . 

(2010) 

 6  Si  6  2  ±  1.1  NA  45   

 Jian  et al . 

(2006) 

 10  HR Si  5  3.6  ±  0.4  5 °   28   

 Morton and 

Papapoly-

merou 

(2008) 

 12  HR Si  5  4.5  ±  3.5  10 °   9   

 Pillans  et al . 

(1999) 

 34  NA  4  2.25  ±  0.45  13 °   NA 

 Kim  et al . 

(2001) 

 10  GaAs  4  2.4  ±  0.2  17 °   30   

 Tan  et al . 

(2003a) 

 10  GaAs  4  1.2  ±  0.5  2.3 °   21   

 Tan  et al . 

(2003c) 

 10  GaAs  4  1.47  3.3 °   7   

 Kingsley and 

Papapoly-

merou 

(2006) 

 14  LCP  4  0.96  ±  0.25  17.1 °   67   

 Yamane  et al . 

(2008) 

 12.5  LTCC  4  0.8  ±  0.3  3.6 °   130   

 Buck and 

Kasper 

(2010) 

 24  HR Si  1  2.75  ±  0.25  1.5 °   NA 

 Hacker  et al . 

(2003) 

 35  GaAs  3  2.2  ±  0.25  5 °   9   

 Malmqvist 

 et al . 

(2011) 

 33  GaAs  1  1.1  ±  0.3  6 °   NA 

 Yamane and 

Toshiyoshi 

(2011) 

 12  SOI  1  1.7  ±  0.2  6.5 °   6.8   

 Gautier  et al . 

(2008) 

 10  HR Si  3  2  14 °   NA 

 Al-Dahleh 

and 

Mansour 

(2008) 

 10  Alumina  3  2.5  ±  0.2  6 °   6   

 Gong  et al . 

(2011) 

 60  Quartz  2  2.5  ±  0.4  1 °   4   

 Buck and 

Kasper 

(2010) 

 77  HR Si  1  3  1.5 °   NA 
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  5.3.1     Equations 

 Extensive theory about loaded-line phase shifters can be found in 

Atwater (1985), Opp and Hoffman (1968) and Davis (1974). The general 

idea behind this type of phase shifter is to load a line with two different 

impedances, as shown in Fig. 5.5c where  C  0  is varied to change the phase 

shift of the line. The capacitance can be varied by discrete steps (usually 

two) by switching the RF MEMS from its ON to OFF position, or apply-

ing a continuous voltage corresponding to different heights of the RF 

MEMS bridge. The mid-section line can be used as a matching network 

to keep the input and output impedances close or equal to  Z  0 . Figure 5.6 

presents a global schematic of the loaded-line implementation, where  B  1  

and  B  2  represent the two extreme values of the switched susceptance. 

For a fi xed phase shift,  Δ   φ  , the susceptances, the characteristic impedance, 

 Z  c , and the electrical delay of the line,   θ  , assuming the phase shifter is 

lossless and matched, are linked via Equations [5.5], [5.6] and [5.7]. This 

type of phase shifter results in excellent response for small phase delays. 

For higher phase shifts, several phase shifters of this same type can be 

cascaded.       

    B Y1 0YY
2 2Δ( ) −

Δ⎛
⎝
⎛⎛⎛⎛
⎝⎝
⎛⎛⎛⎛ ⎞

⎠
⎞⎞⎞⎞
⎠⎠
⎞⎞⎞⎞⎡

⎣
⎢
⎡⎡

⎣⎣

⎤

⎦
⎥
⎤⎤

⎦⎦

cos

cos
tan

θ
φ

φ
       [5.5]    

    B Y2 0YY
2

2
Δ( ) + Δ( )⎡

⎣
⎢
⎡⎡

⎣⎣

⎤

⎦
⎥
⎤⎤

⎦⎦

cos

cos
ta

θ
φ

φ        [5.6]    

    Z Zc

Δ( )
0

2cos

sin

φ
θ

       [5.7]    

Zc, θInput Output

B
1

B
2

B
1

B
2

 5.6      Implementation of a loaded-line phase shifter. The switch is here 

to choose between two lines of different length and impedance.  
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  5.3.2     Three classes for implementation 

 The loaded-line phase shifters can be separated into several classes (Opp 

and Hoffman, 1968) depending on the values of  B  1  and  B  2 :

   Class I: general case, where • B B and B1 2B 1 2 0≠,    .  

  Class II: load/unload case, where • B or B1 2or B 0=    . If B1 0=    , the phase shift 

is entirely due to  B  2 . θ ( )π φφ±π Δφφ / ( /φΔ )2d    .  

  Class III: • θ = = −90 1 2=D and B B . This results in a constant loss when the 

loads are switched.    

 Figure 5.7 illustrates these three classes. The vector OD represents the phase 

shift due to the length of the line. Switching from  B  1  to  B  2  rotates the vector 

OA from OA to OB. Figure 5.8 presents a different implementation which 

depends on the line (here, CPW in all the cases), the type of RF MEMS 

switch, and the class of the phase shifter.      

 Ko  et al . (2003a) present a slightly different implementation using a com-

bination of short-circuited stubs (as in Fig. 5.8) and open-circuited stubs 

to obtain a constant phase shift with frequency and to achieve a wideband 

phase shifter. Figure 5.9 shows the proposed implementation. The simulated 

results from (Ko  et al ., 2003b) with and without the open-end stub are inter-

esting in term of phase shift constancy. Indeed, this new implementation 

B B

A

B
D

A
A

Class I

(a) (b) (c)

D D

Class II Class III

O O O

Δφ

Δφ /2 Δφ /2

Δφ

θ θ
θ

5.7      Representation of the phase shift for the three different classes of 

loaded-line phase shifters: (a) class I, (b) class II and (c) class III.  

zc ,θ

(a) (b) (c)

Vbias Vbias

Vbias

θ1

θ2

θ1

θ2
θ2

zc ,θ zc ,θ

5.8      CPW implementations of a class I phase shifter (a) using series 

switches, (b) using shunt switches and of a class II phase shifter, and 

(c) using series switches. Switches are represented in black.  
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shows a reduced phase imbalance with frequency with a phase shift within 

11 °  to 12 °  instead of 10 °  to 14 ° .       

  5.3.3     Comparison of loaded-line phase shifters 

 As for the switched-line phase shifter, we present here published results for 

loaded-line phase shifters (Table 5.5). Only two designs using analogue type 

loaded-line phase shifters were reported because of the unstable behaviour 

of RF MEMS varactors. Loaded-line phase shifters found in the literature 

have been designed to operate up to the W-band in Somjit  et al . (2009) and 

Fritzsch  et al . (2011).      

 Rock  et al . (2009a and 2010) present a study under US Army supervi-

sion concerning affordable RF MEMS phase shifters for phased arrays 

manufacturing technology. A huge effort was put into the production of RF 

MEMS for military applications as phased arrays for both active and passive 

missile seekers and for on-the-move SATCOM communications systems for 

the warfi ghter. The chosen topology was a class II loaded-line phase shifter 

for its compromise between simplicity, low loss, compact size and easy mod-

elling. The phase shifter was packaged and integrated with a Vivaldi antenna 

array. The overall circuit was measured with good beamforming capabilities 

in Rock  et al . (2010). Figure 5.10 shows a picture of the global phased array 

with closer views on the packaged phase shifter from Rock  et al . (2009b). It 

can be seen that every phase shifter was packaged separately using a glass 

lid and then connected to the antenna array through hermetic vias.           

 Another issue with loaded-line RF MEMS phase shifters is their ability to 

be monolithically integrated with standard integrated circuit (IC) process. 

Reinke  et al . (2011) presents a way to integrate RF MEMS with BiCMOS 

substrates with the same process fl ow, thus reducing costs.   

θ3

θ1

θ2

Zc, θ

Vbias

 5.9      Implementation proposed for a loaded-line phase shifter in 

(Ko  et al ., 2003b). An open-circuited stub is added compared to a 

classic architecture.  
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  5.4     Reflection-type phase shifter 

 Refl ection-type phase shifters can also use RF MEMS switches in a digital 

or analogue design. However, for the same reasons as for the loaded-line 

phase shifter, analogue implementations are not very common. 

  5.4.1     Theory 

 Two identical variable reactances,  X  L , are connected to the direct (Port 2) and 

coupled (Port 3) ports of a 90 °  hybrid coupler (Fig. 5.11). The output of the 

phase shifter is taken at the isolated port (Port 4). Any incident signal feed-

ing Port 1 will be refl ected by both reactive loads producing a phase shift, 

Δϕ    , between Ports 1 and 4. If a variable refl ective load is used, a variable 

phase shift is produced between the Ports 1 and 4 of the coupler, following 

Equation [5.8]. As for the loaded-line phase shifter, refl ection-type phase 

shifters do not result in wide phase shifts. Cascaded phase shifters are often 

used in these cases.       

Port 1

Input

Output

Port 4

Port 2

Port 3

0.707 Z0, λg/4

0.707 Z0, λg/4

Z0, λg/4 Z0, λg /4

XL

XL

 5.11      Implementation of a refl ection-type phase shifter. MEMS 

switches can be used in the refl ective loads  X  L .  

Vivaldi antenna
array

(a) (b)

16-way power
divider

RO3003 substrate
RF connector Hermetic

vias

RF MEMS
(280 x 120 μm2)

Glass lid

Alumina
substrate

 5.10      (a) Phased array module from Rock  et al . (2009b) composed of a 

distribution network, phase shifters and antennas and (b) closer view 

on packaged loaded-line phase shifters.  
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    Δ = −
⎛
⎝⎜
⎛⎛
⎝⎝

⎞
⎠⎟
⎞⎞
⎠⎠

−ϕ 2 1

0

tan
X
Z

L        [5.8]    

  5.4.2     Implementation 

 Two different structures have to be designed in a refl ection-type phase 

shifter. The fi rst is the directional coupler. In many cases, the coupler is the 

largest part. It must then be reduced to obtain a smaller footprint, while 

keeping wideband performance. This can be done using semi-lumped archi-

tectures or a multilayer of coupled lines coupler. Park  et al . (2002) propose 

the same technology used for RF MEMS to realize an air-gap overlay cou-

pler resulting in low loss and wideband performance. 

 The other part of the design is the refl ective load itself. Its implementation 

depends on the type of transmission line and the RF MEMS switch used, 

and it can be improved for wider phase shift by adding a series inductance 

(Fig. 5.12a) or a  π -network where the capacitance is the RF MEMS switch. 

A complete study of the different types of refl ective loads can be found in 

Wu  et al . (2008). Figure 5.12 presents some of the possible implementation 

for the refl ective load.       

  5.4.3     Comparison of refl ection-type phase shifters 

 As for the switched-line and loaded-line phase shifters, we present here 

published results for refl ection-type phase shifters (Table 5.6). Several pub-

lished refl ection-type phase shifters are designed to operate in the 60 GHz 

band (Park  et al ., 2002; Biglarbegian  et al ., 2010; Kim  et al ., 2002a) where 

phased arrays are useful for non-line-of-sight communications.      

To the coupler

(a) (b) (c)

(f)(e)(d)

Line

5.12      (a) Tunable capacitor with series inductor. (b) Tunable 

distributed loaded-line. (c) Switched refl ection-line with shunt 

switches. (d) Switched refl ection-line with series switches. 

(e) Switched distributed-element reactances. (f) Switched 

lumped-element capacitors.  
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 In Park  et al . (2002), two designs of refl ection-type phase shifters are pre-

sented. The fi rst one is a 2-bit phase shifter (45 ° , 90 °  and 135 ° ), and the sec-

ond one a 3-bit phase shifter realized departing from the fi rst one and by 

cascading another one of refl ection-type providing an additional 180 °  phase 

shift, as shown in Fig. 5.13.        

  5.5     Distributed-line phase shifter 

 Distributed-line phase shifters are also called distributed MEMS transmis-

sion line (DMTL) phase shifters when used with RF MEMS switches. They 

have been the subject of special focus since 1998 (Barker and Rebeiz, 1998). 

Digital and analogue topologies are used, as in the previous types. 

 Table 5.6     Comparison between published refl ection-type phase shifters 

 Reference  Frequency 

(GHz) 

 Substrate  Bit 

number 

 Insertion 

loss (dB) 

 Max 

phase 

error 

 Size 

(mm2) 

 Malczewski 

 et al . 

(1999) 

 8  HR Si  4  1.4  NA  NA 

 Park  et al . 

(2002) 

 60  Quartz  3  4.85  49.5 °   7   

 Biglarbegian 

 et al . 

(2010) 

 60  Alumina  3  3.9  ±  1.6  NA  22   

 Varian and 

Walton 

(2002) 

 9  HR Si  2  1.14  3.3 °   NA 

 Kim  et al . 

(2002) 

 60  Quartz  2  4.1  ±  1.4  6.3 °   3   

 Kim  et al . 

(2003b) 

 15  Quartz  2  3.1  ±  0.2  2.8 °   13   

 Belenger 

 et al . 

(2011) 

 25  Sapphire  2  1.8  NA  35   

 Lee  et al . 

(2003) 

 15  Quartz  Analogue  3.5  ±  0.2  4.9 °   5.5   

 Buck and 

Kasper 

(2010) 

 24  HR Si  1  2.3  3 °   NA 

 Chung 

 et al . 

(2012) 

 2  Rogers 

4350 

 Analogue  1.1  ±  0.6  NA  31 cm 2  

 Pillans 

 et al . 

(2012) 

 15  Alumina  4  1.7  ±  0.4  7 °   NA 

 Pillans  et al . 

(2012) 

 21  Alumina  4  1.8  ±  0.5  5.3 °   NA 

�� �� �� �� �� ��



 RF MEMS phase shifters for wireless applications 151

© Woodhead Publishing Limited, 2013

  5.5.1     Theory 

 The concept of using distributed-line phase shifters with RF MEMS switches 

was fi rst presented in Barker and Rebeiz (1998). The idea is to periodi-

cally load a transmission line with MEMS capacitive bridges that affect the 

impedance and propagation velocity of the line. This confi guration often 

results in wideband performance and is a perfect example of a TTD phase 

shifter. Analytical equations have been developed in Barker and Rebeiz 

(1998) and Nagra and York (1999) resulting in a precise model of the phase 

shifter behaviour. Such modelling was then extended in Perruisseau-Carrier 

 et al . (2006) and Topalli  et al . (2006). 

 Figure 5.14 presents the CPW implementation of a DMTL phase shifter 

and its simplifi ed equivalent circuit model (Rebeiz, 2003). Using shunt 

capacitive RF MEMS switches and CPW lines is the easiest approach to 

implement a DMTL phase shifter. The MEMS bridge is modelled as a 

shunt capacitor  C  b , whereas  L  t  and  C  t  are the per unit inductance and 

capacitance of the unloaded line. If  L  b  and  R  b  are neglected, the series 

impedance and shunt admittance follow Equations [5.9], [5.10], [5.11] 

and [5.12]. This leads to an expression of the characteristic impedance of 

the loaded-line as shown in Equation [5.13], where   ω   B  is the Bragg fre-

quency, that is, the frequency for which Z is equal to 0. Its expression is 

given in Equation [5.14]. Finally, if  Z  lu  and  Z  ld  are the up-state and down-

state loaded-line impedance values and  C  lu  the up-state capacitance, the 

obtained phase shift is given by Equation [5.15]. The effective permittivity 

constant (  ε   eff ) appearing in Equation [5.15] means that the phase shift per 

length increases for larger permittivity, as well as do the losses. Hence, a 

silicon substrate will give a higher phase shift but also more losses than a 

Input
3 dB coupler

Two-bit
phase shifter

180°

One-bit (180°)
phase shifter

3 dB coupler
Output

22.5°

22.5°

22.5°

 5.13      Diagram of the 3-bit refl ection-type phase shifter from (Park 

 et al ., 2002). Two different Refl ective-Type Phase Shifter (RTPS) are 

cascaded.  
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quartz substrate, for example. Equation [5.15] also shows that the phase 

shift highly depends on the capacitance ratio achievable by the MEMS 

switch.       

    Z j sLωss        [5.9]    

    Y jp tY jY jj ( )C CtsC b+sCtsC        [5.10]    

    L C Zt tC 0
2        [5.11]    

    C
cZt

effff=
ε

0

       [5.12]    
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[5.15]

    

  5.5.2     Analog and digital implementations 

 In the analog implementation, the analog control voltage varies the height 

of the bridge and thus the capacitive loading of the line. As for the pre-

vious analog DMTL phase shifters, the main drawback is the mechanical 

G
MEMS bridge

(a) (b)

s

sLt

sCt

Cb

Lb

Rb
G

S

s w

 5.14      (a) CPW implementation and (b) circuit model of a DMTL phase 

shifter.  
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instability of the MEMS bridge. It is also quite diffi cult to achieve a high 

capacitance tuning ratio with a single RF MEMS switch. A complete study 

is proposed in Barker and Rebeiz (1998) with several realizations depending 

on the width of the bridge, the distance between bridges, and the number 

of bridges. Figure 5.15 presents a typical performance for a DMTL phase 

shifter using 32 30- μ m wide bridges spaced by 306  μ m for a maximum phase 

shift requiring 22 V. It can be seen that for a fi xed frequency the phase shift 

increases with the control voltage. As this is a TTD phase shifter, we can see 

that the phase shift also increases linearly with frequency. The insertion loss 

is quite low and the phase shifter is matched for the two extreme values of 

the control voltage.      

 A proposed solution in Hayden and Rebeiz (2000a) is to use a discrete 

capacitor ( C  s ) in series with the MEMS bridge to increase the total down-

state capacitance ( C  l ) following Equation [5.16] and thereby obtain a larger 

capacitance ratio. However, in that case only two values (for up-state and 

down-state position) are used. The implementation is not analogue  anymore 

but digital.  

    C
C C

C Cl
s bC

s bC
=        [5.16]   

 In Hayden and Rebeiz (2000b), the authors use a metal–insulator–metal 

(MIM) capacitance over a quartz substrate (quality factor: Q = 14). They 

are able to increase by a factor of 40–80 the down-state capacitance. MIM 

capacitors can be quite small (25 × 25  μ m 2 ), which is quite diffi cult to man-

ufacture with a high quality factor for high frequencies. Figure 5.16 presents 

a cross-sectional view of the DMTL phase shifter with MIM capacitors as 

well as a circuit model for the MEMS bridge.      

0(a) (b) 0
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5.15      (a) Phase shift and (b) S-parameters versus frequency of the 

DMTL phase shifter for different applied voltages from Barker (1999).  
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 In Hayden and Rebeiz (2003), the MIM capacitor is replaced by a metal–

air–metal (MAM) capacitor. This is done to achieve even higher quality 

 factor for the discrete capacitance (Q = 250) and thus a larger capacitance 

ratio. Moreover, MAM capacitors are larger than MIM capacitors (100 × 

100  μ m 2 ), which is better for high-frequency integration. Figure 5.17 pres-

ents a picture of the realized DMTL phase shifter using MAM capacitors.      

 Table 5.7 presents the comparison between the two phase shifters 

 presented in Hayden and Rebeiz (2000b, 2003). The DMTL phase shifter 

with MAM capacitors achieves a lower insertion loss (1.2 dB instead of 

4 dB).       

  5.5.3     Comparison of distributed-line phase shifters 

 As for the switched-line, loaded-line and refl ection-type phase shifters, we pre-

sent here published results for distributed-line phase shifters (Tables 5.8 and 

5.9). Table 5.8 presents a comparison of different digital DMTL phase shifters, 

MIM

(a) (b)
Bridge

Metal

Centre
conductor

50
0 

μm

Nitride L
t

L
s 

R
s 

C
bu,

C
bd

C
t

C
s
/2 C

s
/2

R R
Quartz substrate

Ground

 5.16      (a) Cross-sectional view and (b) circuit model of the MEMS 

bridge using MIM capacitors from Hayden and Rebeiz (2000b).  

MAM

Suspended
MEMS switch

CPW
centre

CPW
ground

Bias

 5.17      Diagram of two-units of the DMTL phase shifter from Hayden 

(2002).  
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and Table 5.9 some analogue implementations. Compared to previous phase 

shifter architectures, an important factor is the number of bridges, which can 

defi ne the size of the phase shifter. Thus, it is preferable to have a lower num-

ber of bridges for the same phase shift. This is the reason why some of the 

publications only give the longest dimension of the phase shifter. An impor-

tant parameter for the analogue implementation is the FoM, which represents 

the phase shift achieved by dB of insertion loss. A larger number of references 

about this DMTL architecture can be found in the literature because its imple-

mentation with RF MEMS switches is the more appealing one.           

 In Hayden  et al . (2001), a microstrip design is presented using open-ended 

stubs as in Pillans  et al . (1999). Other line confi gurations are also presented 

in Kim  et al . (2003a) and Van Caekenberghe and V ä h ä -Heikkil ä  (2008) 

using stripline design and slotline design respectively. 

 In Perruisseau-Carrier  et al . (2006), a new way to achieve multi-bit oper-

ation while improving the matching properties of DMTL phase shifters is 

presented. Instead of cascading similar line sections of different lengths, the 

bridges of different capacitance values (corresponding to the different bits) 

are interlaced. This phase shifter is now called a variable TTD phase shifter.   

  5.6     Mixed-architectures and exotic phase shifters 

 Some phase shifters using RF MEMS are more complex and cannot be put 

clearly in the different categories described until now, so we present them 

here as mixed-architectures and exotic phase shifters. 

  5.6.1     Switched-loaded-line phase shifter 

 For a high number of bits, loaded-line phase shifters are preferred for the 

smaller phase shifts and switched-line phase shifters can be used for larger 

phase shifts. A few realizations using this technique have been found in 

the literature. They are reported in Table 5.10. Malmqvist  et al . (2007) pre-

sent a RF MEMS phase shifter for unmanned airborne vehicles (UAV) for 

communications as well as sensors. Figure 5.18 presents some conceptual 

 Table 5.7     Performance of DMTL phase shifters with MIM and MAM capacitors 

 Reference  Frequency 

(GHz) 

 Insertion loss 

(dB) 

 Phase shift  Size 

 Hayden and 

Rebeiz (2000b) 

 10  4  ±  2  270 °  by 90 °  steps  ±  3 °   21.7 mm 

 Hayden and 

Rebeiz (2003) 

 14  1.2  ±  0.4  270 °  by 90 °  steps  ±  4 °   NA 

�� �� �� �� �� ��



© Woodhead Publishing Limited, 2013

 T
a

b
le

 5
.8

   
  C

o
m

p
a

ri
s
o

n
 b

e
tw

e
e

n
 p

u
b

li
s
h

e
d

 d
ig

it
a

l-
ty

p
e

 D
M

T
L

 p
h

a
s
e

 s
h

if
te

rs
 

 R
e
fe

re
n

c
e
 

 F
re

q
u

e
n

c
y
 

(G
H

z)
 

 S
u

b
s
tr

a
te

 
 B

it
 n

u
m

b
e

r 
 In

s
e

rt
io

n
 l

o
s
s
 

(d
B

) 

 M
a

x
 p

h
a

s
e

 

E
rr

o
r 

 B
ri

d
g

e
 

n
u

m
b

e
r 

 S
iz

e
 

 D
u

  e
t 

a
l .

 (
2

0
1
0
) 

 1
0
 

 H
R

 S
i 

 5
 

 1
.5

4
 

 1
0

.6
6

 °  
 N

A
 

 5
1

 m
m

 2  
 H

a
y

d
e

n
  e

t 
a

l .
 (

2
0

0
1
) 

 1
8
 

 S
i 

 4
 

 3
 

 8
.5

 °  
 2

9
 

 N
A

 

 K
im

  e
t 

a
l .

 (
2

0
0

2
) 

 6
5

 
 Q

u
a

rt
z 

 4
 

 2
.8

  ±
  0

.8
 

 8
.3

 °  
 3

0
 

 1
2

 m
m

 2  
 L

iu
  e

t 
a

l .
 (

2
0

0
0
) 

 2
6
 

 G
la

s
s
 

 3
 

 1
.7

  ±
  0

.9
 

 8
.5

 °  
 N

A
 

 N
A

 

 H
u

n
g

  e
t 

a
l .

 (
2

0
0

4
) 

 7
8
 

 G
la

s
s
 

 3
 

 2
.7

  ±
  0

.5
 

 3
 °  

 2
8
 

 1
0

 m
m

 2  
 T
o

p
a

ll
i 

 e
t 

a
l .

 (
2

0
0

8
) 

 1
5
 

 G
la

s
s
 

 3
 

 1
.5

  ±
  0

.5
 

 2
.6

 °  
 2

8
 

 2
4
 m

m
 2  

 H
a

y
d

e
n

 a
n

d
 R

e
b

e
iz

 (
2

0
0

0
b

) 
 1
0
 

 Q
u

a
rt

z 
 2

 
 N

A
 

 3
 °  

 2
4
 

 2
2
 m

m
 

lo
n

g
 

 H
a

y
d

e
n

  e
t 

a
l .

 (
2

0
0
1
) 

 1
6
 

 S
i 

 2
 

 2
.8

 
 8

 °  
 2

3
 

 N
A

 

 H
a

y
d

e
n

 a
n

d
 R

e
b

e
iz

 (
2

0
0

3
) 

 1
4
 

 Q
u

a
rt

z 
 2

 
 1
.2

  ±
  0

.4
 

 4
 °  

 N
A

 
 N

A
 

 H
a

y
d

e
n

 a
n

d
 R

e
b

e
iz

 (
2

0
0

3
) 

 3
7
 

 Q
u

a
rt

z 
 2

 
 1
.5

  ±
  0

.6
 

 1
 °  

 2
1

 
 1
8

 m
m

 2  
 H

u
n

g
  e

t 
a

l .
 (

2
0

0
4
) 

 8
1
 

 G
la

s
s
 

 2
 

 2
.2

  ±
  0

.3
 

 2
 °  

 2
4
 

 8
 m

m
 2  

 K
im

  e
t 

a
l .

 (
2

0
0

2
) 

 6
0
 

 Q
u

a
rt

z 
 2

 
 2

.2
  ±

  0
.7

 
 1
5

.2
 °  

 2
4
 

 9
 m

m
 2  

 P
il

la
n

s
  e

t 
a

l .
 (

2
0
1
2
) 

 3
0
 

 A
lu

m
in

a
 

 4
 

 2
.4

  ±
  0

.5
 

 3
.3

 °  
 N

A
 

 N
A

 

 P
il

la
n

s
  e

t 
a

l .
 (

2
0
1
2
) 

 3
5
 

 A
lu

m
in

a
 

 4
 

 2
.7

  ±
  0

.8
 

 6
.7

 °  
 N

A
 

 N
A

 

�� �� �� �� �� ��



© Woodhead Publishing Limited, 2013

 T
a

b
le

 5
.9

   
  C

o
m

p
a

ri
s
o

n
 b

e
tw

e
e

n
 p

u
b

li
s
h

e
d

 a
n

a
lo

g
u

e
 t

y
p

e
 D

M
T

L
 p

h
a

s
e

 s
h

if
te

rs
 

 R
e
fe

re
n

c
e
 

 F
re

q
u

e
n

c
y

 

(G
H

z)
 

 S
u

b
s
tr

a
te

 
 In

s
e

rt
io

n
 l

o
s
s
 

(d
B

) 

 M
a

x
 p

h
a

s
e

 

s
h

if
t 

 F
o

M
 

 B
ri

d
g

e
 

n
u

m
b

e
r 

 S
iz

e
 

(m
m

) 

 B
a

rk
e

r 
a

n
d

 R
e

b
e

iz
 (

1
9

9
8
) 

 4
0
 

 Q
u

a
rt

z 
 1
.8

 
 8

4
 °  

 4
7

 ° /
d

B
 

 3
2

 
 5

.2
 

 B
a

rk
e

r 
a

n
d

 R
e

b
e

iz
 (

1
9

9
8
) 

 4
0
 

 Q
u

a
rt

z 
 1
.7

 
 8

2
 °  

 4
8

 ° /
d

B
 

 1
6
 

 N
A

 

 B
a

rk
e

r 
a

n
d

 R
e

b
e

iz
 (

1
9

9
8
) 

 4
0
 

 Q
u

a
rt

z 
 1
.5

7
 

 6
2

 °  
 3

9
 ° /

d
B

 
 3

2
 

 N
A

 

 N
a

g
ra

 a
n

d
 Y

o
rk

 (
1
9

9
9
) 

 2
0
 

 G
a

A
s
 

 4
.2

 
 3

6
0

 °  
 8

5
 ° /

d
B

 
 1
5
 

 N
A

 

 L
a

k
s
h

m
in

a
ra

y
a

n
a

n
 a

n
d

 W
e

ll
e

r 
(2

0
0

2
) 

 3
5
 

 H
R

 S
i 

 2
.4

  ±
  0

.6
 

 3
9

3
 °  

 2
4

2
 ° /

d
B

 
 1
1

 
 8

 

 K
im

  e
t 

a
l .

 (
2

0
0

3
a
) 

 6
0
 

 Q
u

a
rt

z 
 2

.9
5
 

 1
7

8
 °  

 7
4

 ° /
d

B
 

 1
9

 
 4

.5
 

 M
c
F

e
e

to
rs

 a
n

d
 O

k
o

n
ie

w
s
k
i 

(2
0

0
6
) 

 4
0
 

 Q
u

a
rt

z 
 1
.8

 
 N

A
 

 1
7
0

 ° /
d

B
 

 N
A

 
 5

.3
 

 V
a

n
 C

a
e

k
e

n
b

e
rg

h
e
 a

n
d

 V
 ä

 h
 ä

 -H
e

ik
k
il

 ä
  

(2
0

0
8
) 

 1
0

 
 G

la
s
s
 

 4
  ±

  0
.6

 
 1
2

8
.5

 °  
 2

8
.2

 ° /
d

B
 

 N
A

 
 N

A
 

�� �� �� �� �� ��



158 Handbook of MEMS for wireless and mobile applications

© Woodhead Publishing Limited, 2013

drawings for this application, as well as the system architecture of such a 

radar system. MEMS phase shifters are used in each sub-array at the edge 

of the UAV for communications or sense-and-avoid capabilities.            

  5.6.2     Dielectric phase shifter 

 Somjit  et al . (2009) present a novel concept of ultra-broadband digital-type 

multistage binary-coded microwave MEMS phase shifters based on tuning 

 Table 5.10     Comparison between published switched-loaded-line phase 

shifters 

 Reference  Frequency 

(GHz) 

 Substrate  Bit Nb  Insertion 

loss (dB) 

 Max 

phase 

error 

 Size 

(mm 2 ) 

 Nordquist 

 et al . 

(2008) 

 18  Alumina  6  1.9  ±  0.8  5 °   70    

 Farinelli 

 et al . 

(2009) 

 20  HR Si  5  1.3  2.4 °   36    

 Farinelli 

 et al . 

(2009) 

 20  HR Si  5  0.7  3.01 °   21    

 Farinelli 

 et al . 

(2009) 

 20  HR Si  5  0.7  8.63 °   29    

 Malmqvist 

 et al . 

(2007) 

 35  Quartz  4  2  ±  1  NA  55    

 Siegel  et al . 

(2007) 

 34  Si  3  2.2  ±  1  13.25 °   40    

 Stehle  et al . 

(2008) 

 77  Si  3  5.3  ±  0.5  13.4 °   7    

 Malmqvist 

 et al ., 

(2010a,b) 

 35  GaAs  3  4.3  ±  1.5  NA  8    

See and avoid

(a) (b) (c)

Datalink SAR/GMTI

Antenna sub-array

Phase shifters

PA/LNA

 5.18      (a) Conceptual drawing of a small UAV. (b) Picture of a Ku-band 

conformal array antenna. (c) Sub-system architecture using MEMS 

phase shifters for the multifunctional radar system from Malmqvist 

 et al . (2010b).  
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the loading of a three-dimensional (3-D) micromachined transmission line 

by a dielectric block placed on top of the line and moved by MEMS actua-

tors. The performance of this phase shifter is reported in Table 5.5, as it can 

be considered as well as a loaded-line or distributed-line phase shifter. The 

working principle of a single stage phase shifter is reported in Somjit  et al . 
(2009). Only one MEMS bridge is used for each single stage. Using this prin-

ciple, three different single bit stages (45 ° , 30 °  and 15 ° ) are realized. With 

these stages more than four bits can be achieved with 270 °  phase shift by 

15 °  steps. This is another improvement. By using the same number of seven 

bridges, a higher resolution can be achieved by using these three stages than 

by using 7 45 °  stages. The comparison between these two implementations 

and the last version of Somjit (2012) is given in Table 5.11. Figure 5.19 pres-

ents pictures of the three implementations. The second achieves a better 

insertion loss (3.5 dB) with almost the same length of the phase shifter, 

whereas the third improves on the return loss (from 19 to 26 dB). The study 

of these phase shifters is completed in Somjit (2012), which presents their 

non-linearity analysis, intermodulation products, thermal behaviour and reli-

ability. These aspects are discussed in the following section, which addresses 

manufacturing issues.            

  5.6.3     Switched-line phase shifter with rotary switches 

 Pranonsatit  et al . (2011) showed the fi rst circuit with original rotary single 

pole 8 throw (SP8T) RF MEMS switches. The switched-line phase shifter 

realized (Fig. 5.20) is composed by two SP8T switches connected by four dif-

ferent length lines (SP4T mode). The insertion loss is 3.4  ±  1.7 dB at 2 GHz. 

The return loss is less than −12 dB at the same frequency. The worst case 

phase error is 3.4 ° .       

 Table 5.11     Comparison between 7-stage dielectric-block phase shifters 

 Phase shifters  (a) Linear-

coded 7  ×  45 °  
 (b) Binary-coded 

15 °  + 30 °  + 5  ×  45 °  
 (c) Non-equidistant 

linear-coded 7  ×  45 °  

 Stage number  7  7  7 

 Distance between 

each stage ( L  1 - L  6 ) 
 10  μ m  10  μ m   L   n +1  = 10  ×  2 n   μ m, 

where  n  = [0–5] 

 Phase resolution  45 °   15 °   45 °  
 Max. phase shift  315 °   270 °   315 °  
 Size (length)  5.4 mm  5.5 mm  6 mm 

 Insertion loss*  4.2 dB  3.5 dB  5.1 dB 

 Return loss*  19 dB  20 dB  26 dB 

    *Average value at 75 GHz.   

 Source: Somjit (2012).  
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  5.6.4     Original slow-wave structure phase shifter 

 Lakshminarayanan and Weller (2006) introduce an original slow-wave 

transmission line concept applied to the RF MEMS distributed-line phase 

shifter. The realized phase shifter uses cascaded, switchable slow-wave CPW 

sections to achieve a large phase shift per unit length. Also, MAM capacitors 

2.1 cm(a) (b)
0
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180°
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f
0
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 5.20      (a) Microphotograph and (b) performance of the switched-line 

phase shifter from Pranonsatit  et al . (2011). The insertion loss for the 

different phase shifts is represented versus frequency.  

45°
(a)

(b)

(c)

15° 30°

45°

5.4 mm

5.5 mm

6 mm

45°

45° 45° 45° 45° 45°

45° 45° 45° 45°

45° 45° 45° 45° 45°45° 45°

 5.19      Microscope pictures of the fabricated seven-stage phase shifters 

from Somjit (2012): (a) linear-coded 7  ×  45 ° , (b) binary-coded 15 °  + 30 °  + 

5  ×  45 °  and (c) non-equidistant linear-coded 7  ×  45 ° .  
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are used to counteract the low capacitance ratio of MEMS bridges. At 30 

GHz, the 4-bit phase shifter (Fig. 5.21) exhibits high return loss in both 

states ( S  11  < −35dB), low insertion loss ( S  21  = −0.8 dB  ±  0.2 dB) and good 

phase error (<5.5 ° ). This is better than previously reported DMTL phase 

shifter performance. Design equations are developed in Lakshminarayanan 

and Weller (2007).      

 Bakri-Kassem  et al . (2011) shows another slow-wave structure for the RF 

MEMS distributed-line phase shifter as well. The ingenious principle is:

   Up-state: the switches have no effect (slow-wave mode).  • 

  Down-state: the switches are used to shorten the series resonator (regu-• 

lar co-planner waveguide mode).    

 The V-band phase shifter designed using this technique presents a good 

return loss of 20 dB and a worst insertion loss of 3.21 dB at 60 GHz. The 

actuation voltage is 45 V. The area of the circuit is 3.8  ×  1.5 mm 2 . The phase 

shift between the two extreme cases is 126 º  at 60 GHz, which corresponds 

to 6.3 °  per bit.   

  5.7     Towards global manufacturing 

 This section will discuss some issues encountered when dealing with RF 

MEMS phase shifters for the global consumer market. 

  5.7.1     Linearity and intermodulation studies 

 Even though RF MEMS phase shifters are considered as passive compo-

nents, there is a voltage controlling the actuation of the RF MEMS switch. 

Unit cell pair
(45°)

(a) (b)

IN

Shunt beam

4.6 mm

OUT

Bias
Ground-plane

beam

0

–45

–90

–135 180°

90°
45° 43.2°

90.1°

183.7°

219.5°

225°–180

–225

P
ha

se
 s

hi
ft 

(°
)

–270

–315

–360
20 25

Frequency (GHz)
30 35 40

 5.21      (a) Schematic and (b) measurements compared to simulation of 

the original slow-wave type phase shifter from Lakshminarayanan 

(2005).  
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When the switch is actuated a non-linearity occurs depending on the stiff-

ness of the MEMS moving parts. Thus, the phase shift depends on the input 

power level and an amplitude modulation (power modulation) will result 

in a phase modulation if the modulation frequency is below the mechan-

ical response frequency of the device. This study in the case of the phase 

shifter is presented in Somjit  et al . (2009). In order to quantify this problem, 

third intermodulation level and intercept point of third order (IIP3) can 

be defi ned and computed for different input powers, as is done in Somjit 

 et al . (2009), Van Caekenberghe and V ä h ä -Heikkil ä  (2008) and Maury  et al . 
(2009). More details can be found in Somjit  et al . (2011).  

  5.7.2     Thermal study 

 The thermal study can be related to the power study, as the temperature rises 

with power. It can also be directly related to the packaging issue that will be 

discussed later. The limiting component for the metallic RF MEMS switch 

is the bridge. Such bridges are the power-limiting bottleneck of these phase 

shifters, since the thermal conductivity of thin suspended metal bridges to 

the substrate heat sink is relatively small. This limits the current handling 

capability of the bridges and thus of the whole phase shifter. The thermal 

study of the phase shifter in Somjit  et al . (2009) is thoroughly developed in 

Somjit  et al . (2011).  

  5.7.3     Packaging issues 

 As for RF MEMS switches, one of the big issues is the problem of reliability 

and packaging. MEMS are quite sensitive to the environment and will fail in 

the long term if they are not protected. One option is to use a packaged RF 

MEMS and to design the phase shifter architecture outside the package, but 

this would result in a larger footprint for the phase shifter. The choice of the 

package technique is also an issue between a cap and a package fabricated in 

the same process as the MEMS. Several phase shifters presented before are 

packaged phase shifters, especially in the most recent papers (Morton and 

Papapolymerou, 2008; Kingsley and Papapolymerou, 2006; Chen  et al ., 2008; 

Chung  et al ., 2012; Pillans  et al ., 2012). An interesting comparison between 

unpackaged and packaged phase shifters is presented in Kingsley and 

Papapolymerou (2006). Figure 5.22 presents the phase shifter implementa-

tion and the side view of the package. The chosen phase shifter is switched 

type. Not all of the phase shifter was packaged. Only the MEMS switches 

are protected and placed into a laser drilled cavity. Here the package sub-

strate and superstrate are made of liquid crystal polymer (LCP) material, 

which has very interesting electrical, thermal and mechanical properties at 
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high frequencies. The performance of the realized phase shifter shows that 

packaging MEMS switches in LCP have a negligible effect. Indeed, the 4-bit 

phase shifter insertion loss and return loss are about constant (0.01-dB  S  21  

and 1.6-dB  S  11  variations). We can note an average phase variation of 3.2 ° .        

  5.8     Applications 

  5.8.1     Phased array 

 As the targeted application for a RF MEMS phase shifter concerns phased 

arrays (Van Caekenberghe, 2003), its co-integration with an antenna array 

has to be studied, as well as its infl uence on the radiation pattern. Several 

realizations are reported in the literature (Gautier  et al ., 2008; Topalli  et al ., 
2008; Lee  et al ., 2006; Sundaram  et al ., 2008; Rock  et al ., 2010; Adane  et al ., 
2011). In Gautier  et al . (2008), Sundaram  et al . (2008) and Rock  et al . (2010), 

the RF MEMS phase shifters are implemented on a different substrate 

from the antenna elements, resulting in a hybrid integration. Figure 5.23 

presents the phased array from Gautier  et al . (2008), where the phase shift-

ers are integrated, along with the antenna array, in cavities and protected by 

a glass cover. Figure 5.23(b) shows the measured radiation pattern for three 

different phase shifts.       

  5.8.2     Example of design 

 In this sub-section, we propose a state-of-the-art RF MEMS phase shifter 

for future phased array satellite and radio-astronomy applications in the 

new 81–86 GHz band. At these millimetre wave frequencies, phase shifter 

design is a considerable challenge. In comparison to the standard active 

phase shifters used, RF MEMS technology promises to achieve THz fre-

quencies for low-power applications with excellent RF performance. 

SP4T switch

IN OUT

Cavity

LCP superstrate(a) (b)

LCP substrate

MEMS switch
6.3 mm

Metallic conductor

10
0 

μm

25
 μ

m
 1

00
 μ

m

10
.6

 m
m

LCP lid
270°

90°

180°

0°
0°

22.5°

45°

67.5°

 5.22      (a) Implementation of the switched-line phase shifter and (b) 

side view of the package from Kingsley (2007).  
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 The W-band 1-bit switched-line phase shifter designed (Fig. 5.24) is based 

on an original SPDT switch. The phase shift  Δ  Φ  results from the electrical 

length difference between the top and bottom lines (i.e.  Δ  l ). As shown in the 

microphotograph, the circuit is composed of four standard RF MEMS and 

four up-state blocked RF MEMS (MEMS up ). The RF MEMS used are copla-

nar capacitive shunt switches. The fabrication technology and the model of 

1.2 mm

3.
2 

m
m

IN

MEMS

MEMSup

I0, 60 Ω

I0,+ ΔI, 60 Ω

OUT

 5.24      Scanning electron microscope (SEM) picture of the Laboratoire 

d’Analyse et d’Architecture des Syst è mes (Laboratory) (LAAS) 

W-band switched-line phase shifter realized.  
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 5.23      (a) X-band RF MEMS phased array from Gautier (2010). (b) 

Measured radiation patterns for three different phase shifts.  
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the MEMS RF component are described with more detail in (Puyal  et al ., 
2009). The original SPDT structure that we use takes advantage of the OFF-

state switch (MEMS down ) capacitance to realize a semi-distributed quarter 

wave line. This provides a transformation from the closed switch short  circuit 

to an open circuit at the input.      

 The impedance inverter is constituted of a short high characteristic imped-

ance line. This impedance acts as a semi-distributed inductance surrounded 

by two MEMS capacitors which satisfy these two equations (Dubuc  et al ., 
2003):  

      Z = Z   0    / sin θ    [5.17]       

       ω C   MEMSup    = (1/Z   0   ) cos θ    [5.18]      

 In these expressions,  Z  0  is the characteristic impedance of the quarter-

wavelength line, Z is the characteristic impedance of the shortened line,   θ   
is the electrical angle of the shortened line and   ω   is the angular frequency. 

Under these conditions, a 60  Ω  characteristic impedance for line ( l ) has 

been adopted. 

 A 1-bit switched-line phase shifter with a phase shift of 225 °  has been 

designed. The measurement results of this phase shifter show a low inser-

tion loss (see S21 in Fig. 5.25): 2.3 dB ( l  0 ) and 3.5 dB ( l  0  +  Δ  l ) at 83.5 GHz. It 

is between 2.1 dB and 4.3 dB in the entire 81–86 GHz band. The return loss 

level (see S11 in Fig. 5.25) is around 20 dB for the two phase states at 83.5 

GHz (19.4 dB for  l  0  way and 20.2 for  l  0  +  Δ  l  way). Also, the fi gure shows the 
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Frequency (GHz)
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 5.25      Insertion loss (S21) and return loss (S11) of the phase shifter for 

 ΔΦ  = 0 °  ( l  0 ) and  ΔΦ  = 225 °  ( l  0  +  Δ  l ) from 75 to 95 GHz.  
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broad band performance of the circuit (S11 less than -10dB from 77.7 GHz 

up to 92.9 GHz). In the useful band, the phase error is 12 °  (5%) at 60 GHz, 

20 °  (9%) at 81 GHz and 5 °  (2%) for 86 GHz (Fig. 5.26).           

 Compared to other W-band RF MEMS phase shifters (Table 5.12), this 

phase shifter presents a good FoM of 76.8 ° /dB  ±  15.8 ° /dB for a high resistiv-

ity silicon substrate based architecture at these high frequencies.        

  5.9     Conclusion 

 Within this chapter, a global overview of various RF MEMS phase shifter 

architectures has been shown. In Table 5.13, we summarize the different 

properties of each topology to help the reader in choosing the best option 

for a given application. To begin, the easiest design is a switched-line phase 

shifter with ohmic series switches, whereas it is more complex to design 

a DMTL phase shifter. If you want a large phase shift, the switched-line 

or the distributed-line are good choices. For compact designs, it is more 

appropriate to use loaded-line or refl ection-line phase shifters. One of 

the key parameters for a phase shifter is the amplitude variation between 

the different phase states ( S  21  mismatching), which must be minimized, to 

assure a good coherent radiation pattern. In this case, the distributed-line 

topology is the best. For reliability issues, the loaded-line or refl ection-

line is more interesting because of the small number of switches used. 

For high frequencies, no universal rule exists: all topologies can be used; 

as for the switch element, the capacitive shunt MEMS switches often 

result in excellent performance. Finally, you can combine different types 

of phase shifters to trade off different properties and obtain a balanced 

performance.      
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 Most of the recent research works described in the literature tries to dem-

onstrate the advantage or the need to integrate RF MEMS on the phased 

array systems at high frequencies. Indeed, all state-of-the-art RF MEMS 

phase shifter found in recent publications present excellent RF performance 

(low insertion loss, high linearity, high quality factor, etc.) with no DC power 

consumption. However, a certain gap persists with the industry trust. Indeed, 

for the time being, existing market applications for RF MEMS are not wide-

spread: only few RF MEMS small industrial foundries are present, such as 

WiSpry, Omron and Radant. Why this misgiving? Is it objective? 

 Yes and no. Because, despite the current advances, it is true that some key 

issues have still to be solved, such as reliability and actuation voltage. From 

the author’s point of view, three main applications of RF MEMS phase shift-

ers on phased array systems are:

   Power applications (satellite, spatial, military, etc.) where the main objec-• 

tive is to substitute the GaAs MMIC phase shifter to reduce the power 

consumption and the size of the system.  

  Consumer applications (mobile, localization, automotive, etc.) for use in • 

the active Si phase shifter for low-power and low-cost RF applications.  

  Terahertz applications (imaging, high data rate link, etc.) to enable new • 

millimetre wave applications.    

 To conclude, we present, as a paradigmatic example, in Fig. 5.27 a recent work 

using the Innovation for High Performance microelectronics (Laboratory) 

(IHP) CMOS-MEMS technology (Kaynak  et al ., 2010) for applications in 

V-band switched-line phase shifters. A V-band single pole 3 throw (SP3T) 

has been designed and measured in that work and it shows the type of per-

formance than can be expected from optimized MEMS-based phase shifters. 

It presents a 4 dB insertion loss and a 17 dB isolation at 65 GHz. This is an 

excellent example, because this type of technology will allow a perfect inte-

gration with the transceiver chip for future phased arrays.       

 Table 5.13     RF MEMS phase shifter summary 

 Type  Switched-

line 

 Loaded-

line 

 Refl ection-

type 

 Distributed-

line 

 Easy design  +++  ++  +  + 

 Max. phase shift  +++  +  ++  +++ 

 Phase error  +++  ++  +  +++ 

 Insertion loss  ++  ++  +  +++ 

 Amplitude variation  +  ++  ++  +++ 

 Bandwidth  ++  +  +  +++ 

 Size  +  +++  +++  ++ 

 Reliability  ++  +++  +++  + 
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  Abstract : Radio frequency microelectromechanical systems (RF 
MEMS) is an enabling technology for a new generation of intelligent 
antennas capable of dynamically self-adapting their properties and 
providing an improved performance. This chapter analyses the different 
reconfi guration techniques, covering external approaches based on 
tunable feeding networks, and internal approaches which modify the 
antenna radiation mechanism. The chapter also describes the main 
applications of RF MEMS antennas, technological perspectives, design 
considerations and future trends. 
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    6.1     Introduction 

 Wireless communications systems are constantly evolving towards higher 

data rates, longer ranges and improved robustness, together with lower costs, 

a lower power consumption and, in many cases, being part of compact and 

portable devices. Antennas, as radio-waves transceivers, play a fundamen-

tal role in this evolution. Radio frequency micro electromechanical systems 

(RF MEMS) are an enabling technology for a new generation of intelli-

gent antennas with the capability of dynamically self-adapting their proper-

ties in order to maintain performance under operational or environmental 

variations. The tunable characteristics of MEMS can be used, for instance, 

to modify the antenna operation frequency or to continuously steer the 

antenna radiation beam towards favourable directions. 

 There are two main properties that make RF MEMS an excellent tech-

nology for antenna reconfi guration. The fi rst is the superior performance of 

RF MEMS switches and variable capacitors compared to their correspond-

ing semiconductor devices. For instance, a PIN diode can have insertion 

losses of 0.5 dB and a power consumption of 10 mW, while the insertion 

losses of an RF MEMS switch are below 0.1 dB and its actuation requires 

less than 0.1 mW (Rebeiz, 2003a). Therefore, the resulting antenna systems 
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have higher effi ciency, lower power consumption and higher linearity. The 

second is an exceptional integration capability, enabling antennas with bet-

ter performance and lower cost. 

 This chapter describes the main reconfi guration techniques used by RF 

MEMS antennas. These techniques are divided in external solutions, which 

use tunable antenna feeds, and internal approaches, which interact directly 

with the antenna radiation mechanism. The former locates reconfi guration 

elements in an external feeding network, while the latter locates them in the 

antenna surface itself. The advantages and disadvantages of each technique 

are discussed and specifi c designs are presented to illustrate the main archi-

tectures and their performance level. The design considerations are also 

covered, with emphasis on the design fl ow and the main biasing techniques, 

providing also some insight on the effects of the RF MEMS losses, packag-

ing and reliability over the antenna system.  

  6.2     RF MEMS antennas 

 This section provides a global overview of the most common applications of 

RF MEMS antennas as well as the main technological approaches to com-

bine RF MEMS technology with antenna structures. 

  6.2.1     RF MEMS antenna applications 

 RF MEMS antennas can provide the existing wireless systems an improved 

performance by exploiting their tunability properties. The improved system 

performances, such as data rate, range or size, are strongly linked to the dif-

ferent reconfi gurable parameters. 

 Frequency reconfi guration is particularly interesting in situations where 

several communication systems converge. Instead of using multiple single-

function antennas, a single reconfi gurable antenna can accommodate the 

multiple requirements. This is a very attractive approach for actual wireless 

devices which integrate multiple communication systems like Global System 

for Mobile Communications (GSM), Universal Mobile Telecommunications 

System (UMTS), Global Positioning System (GPS), Bluetooth or Wireless 

Local Area Network (WLAN). Frequency reconfi guration can also be used 

in portable wireless devices to implement tunable matching networks that 

dynamically correct frequency shifts produced by a changing environment 

or close-body effects. In some cases, reconfi gurable frequency notches can 

be synthesized to fi lter interferences at antenna level, relaxing the speci-

fi cations of subsequent fi ltering stages. Another important application is 

cognitive radio, which exploits frequency agility to dynamically select the 

operating frequency band according to propagation channel conditions and 

spectrum usage. 

�� �� �� �� �� ��



178 Handbook of MEMS for wireless and mobile applications

© Woodhead Publishing Limited, 2013

 A classical application of radiation pattern reconfi guration is beam-steer-

ing. This consists in modifying the direction of maximum radiation in order 

to maximize the antenna gain and improve data rates and coverage areas. 

Radiation pattern reconfi guration can be used also to fi lter in-band inter-

ference by synthesizing patterns with nulls in the direction of arrival of the 

incoming interference. A recent application of radiation reconfi gurability 

is adaptive multi-input multi-output (MIMO) (Eslami  et al ., 2010) which 

replaces the multiple static antennas of standard MIMO systems by multi-

ple reconfi gurable antennas capable of synthesizing several different radi-

ation patterns. By combining the spatial diversity of MIMO devices with 

the additional degrees of freedom provided by pattern reconfi guration, the 

channel capacity can be signifi cantly increased. 

 Finally, polarization reconfi gurable antennas can be used to reduce polar-

ization mismatch losses in portable devices. The variable orientation of 

portable devices can degrade transmission performance if the polarization 

of the transmitter and receiver are not aligned. In these cases, the use of 

self-orientatable antennas is recommended, especially in linearly polarized 

systems under line-of-sight conditions. If line-of-sight conditions do not 

apply, the communications channel typically presents a high non-correla-

tion between horizontal and vertical polarizations. In this case, polarization 

reconfi gurability can be used to enhance the performance of MIMO sys-

tems in a similar way as pattern reconfi guration.  

  6.2.2     RF MEMS antenna technology 

 The combination of RF MEMS technology with antenna structures follows 

different approaches which vary depending on the antenna size and fre-

quency as illustrated in Fig. 6.1.      

 The fi rst technological approach consists of manufacturing the antenna 

structure in a fi rst step, then adding the RF MEMS devices in subse-

quent steps using wire-bonding and conductive epoxy. This is the main 

Antennas with external
RF MEMS components

Antennas with integrated
RF MEMS components

MEMS-actuated
antennas

Frequency100 GHz10 GHz1 GHz100 MHz

3 m 30 cm 3 cm 3 mm Wavelength

 6.1      Technological approaches for the combination of RF MEMS 

technology with antenna structures.  
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technological approach at lower frequencies, typically up to a few giga-

hertz. The RF MEMS devices used by these antennas are switches and 

variable capacitors. RF MEMS switches can be used to route the RF-signal 

towards different ports and to physically modify the antenna structure. 

These modifi cations lead to a low number of operation modes associ-

ated with strong variations of the antenna properties. On the other hand, 

RF MEMS variable capacitors are used as tunable reactive loads and to 

implement phase-shifters. The resulting reconfi guration ranges are smaller 

than in the previous case but it is possible to perform continuous recon-

fi guration, making variable capacitors very appropriate for fi ne tuning 

capabilities. 

 Although RF MEMS devices maintain a good performance up to fre-

quencies of several tens of gigahertz, the inclusion of external RF MEMS 

elements in the antenna surface becomes problematic as the frequency 

increases. This is due to the losses and parasitic effects of the intercon-

nections and the size constraints imposed by the MEMS individual pack-

age. The preferred approach in this case is to manufacture the antenna 

and the micro electromechanical elements using shared microfabrica-

tion processes. Additionally, due to the higher frequency of operation, 

the antenna sizes are smaller, compatible with standard micromachining 

tools and, in many cases, several prototypes can be fabricated in the same 

wafer. 

 As the frequency approaches a hundred gigahertz, individual RF MEMS 

components lose performance. For a typical phase-shifter design, its inser-

tion loss increases from 0.3 dB/bit at X-band to 1.0 dB/bit at W-band (Rebeiz, 

2003b). However, the antenna size enters into the millimetre range and the 

complete antenna structure can be actuated using MEMS technology. At 

this point, the antenna itself becomes a MEMS device, falling into the group 

of movable antennas. 

 Practical examples of each of these three technological approaches can 

be found in the prototypes presented in the following sections.   

  6.3     Reconfigurable feeding networks 

 The use of RF MEMS components in the feeding network of a single-

antenna or a multi-antenna system is an effective approach to providing 

reconfi guration capability. In systems with a single antenna, tunable feeds 

can be used to adjust the antenna input impedance or to modify its feeding 

point. On the other hand, in multi-antenna systems, the feeding network can 

be used to switch between different antennas or to adaptively combine their 

radiation. These techniques are illustrated in Fig. 6.2.      

 Strictly speaking, the resulting antennas should not be included under 

the label of ‘reconfi gurable antennas’, because reconfi guration elements are 
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external to the antenna surface and do not interact directly with the radia-

tion mechanism. 

  6.3.1     Tunable matching networks 

 Tunable matching networks are used to modify the antenna input imped-

ance, and may be used to provide frequency agility or to mitigate non-

matching during the system operation (Kim  et al ., 2001). These networks 

are composed of two blocks: a tunable impedance transformer and a con-

trol unit. The most common architectures for the impedance transformer 

are LC series circuits, stub lines and distributed MEMS transmission lines. 

 

Z1�

(a)

Z1

Antenna # 1

Port A

(b)

Port B

Antenna # 1

Antenna # 1(c)

Antenna # 2

Antenna # 3

Antenna # 1(d)

Antenna # 2

Antenna # 3

 

 6.2      Tunable feeding networks: (a) tunable matching network; 

(b) multi-port antenna switching; (c) multi-antenna switching; 

(d) phased array.  
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Tunability is provided through the inclusion of RF MEMS variable capaci-

tors. The capacitance value of these elements is determined by the control 

unit which monitors the refl ected signal and takes decisions according to its 

value. 

 Tunable matching networks can achieve frequency reconfi guration 

over frequency ranges up to one or two octaves (Domingue  et al ., 2010; 

Papapolymerou  et al ., 2003). The main limitation in this case is the narrow 

bandwidth obtained after the impedance transformation at frequencies 

where the existing antenna was initially highly reactive. 

 Tunable matching networks can also be used in fi xed frequency systems 

to mitigate variations on the antenna impedance. This is especially inter-

esting for cellular and mobile applications, where the presence of artefacts 

in the near-fi eld region of the antenna has a severe effect over the antenna 

impedance. Figure 6.3 shows the variations over the input impedance of a 

GSM-900 planar inverted-F antenna (PIFA) antenna produced by hand-

effects and mitigated using a tunable matching network (van Bezooijen 

 et al ., 2008).       

  6.3.2     Multi-antenna and multi-port switching 

 The next approach to achieving reconfi guration capability is to use MEMS-

switched networks to switch between several antennas with different 

Open loop

Closed loop

75 j

Typical

Extreme

No-hand-effect

 6.3      Input impedance of a GSM-900 PIFA antenna infl uenced by hand-

effects, with and without using a tunable matching network (from van 

Bezooijen  et al ., 2008). (IEEE ©).  
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frequency and radiation properties. Following this approach, a specifi cally 

designed antenna is used for each operational mode. A MEMS-switched 

network is then used to alternatively transport the RF-signal from the input 

port to the corresponding antenna. Since each operational mode is located in 

a different physical region, the main advantage of this approach is the design 

fl exibility. For the same reason, the main drawback is the large size occupied, 

especially when a high number of operational modes are required. 

 Pattern reconfi guration can be achieved by using a multi-antenna system 

composed of identical antennas with different orientations. Due to the dif-

ferent orientations of the antennas, the produced pattern for each opera-

tional mode is steered in a different angular direction. On the other hand, 

frequency properties are preserved due to the identical structure of the 

antennas. Figure 6.4 presents a switched multi-antenna system composed of 

two printed Yagi antennas orientated in opposite directions and fed through 

a single-pole double-throw (SPDT) MEMS switch (Cheng  et al ., 2009b). 

More complex designs with a higher number of operational mode, such as 

the system presented in Fig. 6.5 (Cetiner  et al ., 2007), can be found in the 

literature. In this design, three coplanar waveguide (CPW) slot-based anten-

nas are used, providing additional degrees of freedom at the expense of a 

more complex feeding network.      

 Switched multi-antenna systems are also capable of providing frequency 

reconfi guration capability. In this case, the architecture and orientation 

are the same for all the antennas, but the dimensions of each antenna are 

different. By applying the appropriate scaling factor, each antenna can 

be designed to cover a different frequency band. In Fig. 6.6, a frequency-

reconfi gurable switched multi-antenna system is presented (Wu  et al ., 2010). 
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 6.4      Switched multi-antenna systems composed of two printed Yagi 

antennas fed through a SPDT switch (from Cheng  et al ., 2009b). (IEEE ©).  

�� �� �� �� �� ��



 RF MEMS antennas for wireless applications 183

© Woodhead Publishing Limited, 2013

Different scaled versions of a dipole antenna are used to provide coverage 

over four different frequency bands.           

 In some cases the multiple antennas required by the previous designs 

can be replaced by a single multi-port antenna. The basic idea is to use an 

25 mm

A2
A3A1

Bias line

Bias line S1

S2

S3

via

 6.5      Switched multi-antenna system composed of three CPW slot-

based antennas (from Cetiner  et al ., 2007). (IEEE ©).  

0
170 mm

95 mm

ETRI-GEDC

A4 A3 A2 A1

Sim
Mea
Gain

Sim
Mea
Gain

10

20
 0.5

0

R
et

ur
n 

lo
ss

 (
dB

)

5

10

15

20
3 3.5 4 4.5

Frequency (GHz)

5 5.5 6 6.5

1 1.5
Frequency (GHz)

2 2.5

2

4

6

8

G
ai

n 
(d

B
i)

R
et

ur
n 

lo
ss

 (
dB

)

10

12

2

4

6

8

G
ai

n 
(d

B
i)

10

12

 6.6      Switched multi-antenna system providing frequency 

reconfi guration over four different bands. The covered bands are 

B1 (800–900 MHz), B2 (1.7 – 2.5 GHz), B3 (3.3–3.6 GHz) and B4 (5.1 – 5.9 

GHz) (adapted from Wu  et al ., 2010). (IEEE ©).  
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antenna structure that supports multiple modes, which are excited depend-

ing on the feed position. A MEMS-switched network is then used to feed 

the antenna through the different ports. These multi-port prototypes lack 

of the design fl exibility of switched multi-antenna system but can achieve 

similar performance with smaller sizes. 

 This technique is well suited for polarization diversity applications. 

Figure 6.7 illustrates a multi-port octagonal patch antenna capable of cre-

ating different linear polarizations through its different ports (Grau  et al ., 
2010).       

  6.3.3     Phased arrays 

 A different approach to achieving pattern reconfi guration capability with 

multi-antenna systems is to combine the radiation from the multiple anten-

nas instead of switching between them. The most common structures based 

on this approach are phased arrays. These consist of an antenna array in 

which the relative phases of the signals feeding each antenna element can 

be individually adjusted. By synthesizing an appropriate phase distribution 

the array pattern can be steered towards specifi c directions. Although this 

structure adds complexity to the feeding network, the potential reconfi gura-

tion capabilities are enhanced and a better control of the radiation pattern 

is obtained. The low insertion losses (between 0.3 and 1.0 dB/bit) and power 

consumption (<0.1 mW) of RF MEMS phase-shifters makes them excellent 

candidates for phased arrays (Chazelas  et al ., 2009; Rebeiz, 2003b). 

 In Fig. 6.8 is shown a phased array composed of four patch antennas using 

distributed MEMS phase-shifters with three bits (Topalli  et al ., 2008). The 

synthesized radiation patterns show beam-steering capability up to angles 

A

C D

B

E

A

B
C D

11.85 m
m

E E

E

 6.7      Polarization-reconfi gurable antenna based on multi-port 

switching and the different linear-polarization modes (adapted from 

Grau  et al ., 2010). (IEEE ©).  
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of 50 º . Other interesting phase-array prototypes using different antenna ele-

ments and MEMS phase-shifter architectures can be found in Kingsley  et al . 
(2008) and Sundaram  et al . (2008).      

 The phase-shifting structures used by RF phase arrays can also be 

implemented in the optical domain. Although these phase arrays require 

additional circuitry, such as electro-optical modulators and photo-detec-

tors, they have signifi cant advantages, such as smaller size, lower losses and 

large instantaneous bandwidth. In these cases, optical MEMS switches are 

excellent candidates to implement optical true time-delay feeders (Shin 

 et al ., 2004).   

  6.4     Reconfigurable antennas 

 A reconfi gurable antenna is an antenna structure that integrates an inner 

mechanism that allows the intentional redistribution of its currents, mak-

ing it possible to modify its frequency or radiation properties (Huff and 

Bernhard, 2008). The variable electrical and mechanical properties of RF 

MEMS components can be effectively used as current-redistribution mech-

anism for reconfi gurable antennas. 

 This approach is conceptually very different from the reconfi gurable-feed 

designs presented in the previous section, where RF MEMS components 

were located outside the antenna surface without interacting directly with 

its radiation mechanism. 

 Reconfi gurable antennas can be classifi ed according to the parameter 

under reconfi guration. This parameter can be the frequency of operation, 

radiation pattern, polarization or a combination of the previous. In the next 

subsections, the main reconfi guration techniques using RF MEMS technol-

ogy are described for each of these parameters. 
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 6.8      MEMS-integrated phased array composed of four patch antennas 

and 3-bit phase shifters (adapted from Topalli  et al ., 2008). (IEEE ©).  
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  6.4.1     Frequency reconfi guration 

 The underlying principle of operation of frequency reconfi guration is the 

variation of the effective length of a resonant antenna. The variations in the 

antenna dimensions produce shifts in the resonant frequency and, as long as 

the current distribution is scaled to the antenna size, the radiation pattern 

remains unchanged. 

 Although there is a common principle of operation for frequency recon-

fi guration, there exist very different mechanisms through which MEMS 

technology can be used to modify the antenna length. These mechanisms 

are illustrated in Fig. 6.9.      

 The fi rst technique consists of using RF MEMS switches to connect or 

disconnect metallic sections to the antenna in order to increase or decrease 

its length. In Fig. 6.10, RF MEMS switches are used to tune the frequency of 

a slot antenna (Van Caekenberghe and Sarabandi, 2008). When the switches 

change to ON-state, the slot length is reduced and the resonant frequency 

increases. In Fig. 6.11, RF MEMS switches are used to tune the resonance 

frequency of a fractal antenna (Kingsley  et al ., 2007). It can be observed that 
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 6.9      Frequency reconfi guration mechanisms: (a) physical length 

modifi cation; (b) electrical length modifi cation and (c) variable 

reactive loading.  
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the sequential activation of the RF MEMS switches shifts the antenna reso-

nance to lower frequencies. This technique has also been applied to tune the 

frequency of an annular slot in Cetiner  et al . (2010).           

 Frequency reconfi guration can also be provided by keeping the antenna’s 

physical length constant but modifying its electrical length. In Fig. 6.12 a 

microstrip patch antenna is presented with a MEMS-actuated ground plane 

which achieves frequency agility using the previously mentioned technique 

(Al-Dahleh  et al ., 2004). The MEMS-actuated ground plane allows the 

adjustment of the patch height, modifying the patch’s effective permittiv-

ity and, therefore, shifting its resonance frequency. A design based on the 
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same principle, using a fi xed ground plane and a MEMS-actuated patch, is 

presented in (Langer  et al ., 2003).      

 Another technique to design frequency-agile antennas is to load the 

antenna with a variable reactive load. This reactive load can be implemented 

using RF MEMS variable capacitors. This technique has the advantage 

of continuously shifting the antenna resonance frequency and, therefore, 

surpassing switched-reconfi guration techniques in fi ne tuning capability. A 

reactive loaded microstrip patch antenna using CPW MEMS capacitors is 

presented in Fig. 6.13 (Erdil  et al ., 2007).      

 Although less common than resonant frequency reconfi guration, MEMS-

reconfi gurable antennas can also be used to provide band rejection capabil-

ities. This is the case with the ultra-wideband (UWB) elliptical monopole 

presented in Fig. 6.14 (Nikolaou  et al ., 2009). This antenna includes a MEMS-
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 6.13      Frequency-tunable patch antenna based on variable reactive 

loading using MEMS capacitors (from Erdil  et al ., 2007). (IEEE ©).  
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switched U-shaped slot in the elliptical monopole surface. When the MEMS 

switch is in ON-state, the antenna behaves as a standard UWB monopole. 

However, when the MEMS switch turns to OFF-state, a band notch is cre-

ated at 5.5 GHz rejecting the IEEE 802.11a band.      

 An indirect application of RF MEMS to frequency reconfi guration is 

reconfi gurable frequency-selective surfaces (FSS). An FSS is a periodic con-

struction that behaves as an electromagnetic wave fi lter. The inclusion of 

RF MEMS in FSSs allows the reconfi guration of the refl ected and transmit-

ted bands. Although reconfi gurable FSSs are not reconfi gurable antennas 

by themselves, they can be used as an enabling structure for other reconfi g-

urable antennas, such as reconfi gurable multiband refl ectors. The interested 

reader can fi nd some interesting designs in Schoenlinner  et al . (2004) and 

Zendejas  et al . (2006).  

  6.4.2     Radiation pattern reconfi guration 

 The radiation pattern of an antenna is determined by its current distribu-

tion through a Fourier transform. Therefore, radiation pattern reconfi gura-

tion can only be achieved by altering the global current distribution. There 

are three basic pattern reconfi guration techniques, which are illustrated 

in Fig. 6.15. The real challenge in this case is to keep the input impedance 

 constant while the main currents over the antenna are modifi ed.      

 The most conceptually simple technique to reconfi gure the antenna pat-

tern is to rotate the complete antenna structure by using movable antennas. 

The rotation of the antenna rotates its radiation pattern and leaves its refl ec-

tion coeffi cient unaffected. In spite of the conceptual simplicity of this tech-

nique, its application often leads to bulky mechanical actuators resulting 

in signifi cant drawbacks with respect to reconfi guration speed and power 

consumption. These disadvantages are strongly mitigated when the anten-

nas are fabricated at microscale. At this point, MEMS technology is ideal to 

fabricate movable antennas with the required micro-actuators. In Fig. 6.16, 

a 2×2 movable patch array is presented (Kim  et al ., 2011). Magnetic actu-

ation is used to rotate the antenna around two orthogonal axes and thus 
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 6.15      (a–c) Radiation pattern reconfi guration techniques.  
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steer the radiation beam in both E-plane and H-plane. Another example 

of a MEMS-actuated movable antenna is presented in Fig. 6.17. In this case, 

push–pull actuators are used to rotate simultaneously the two arms of a 

dipole antenna, rotating its pattern along the E-plane (Chiao  et al ., 1999).           

 A different strategy to reconfi gure the antenna pattern consists in using 

switched or tunable parasitic sections. The coupled currents over these para-

sitic elements have a signifi cant effect over the radiation pattern without pro-

ducing drastic perturbations over input impedance. In antennas with a low 

number of parasitic elements, the parasitic elements need to be located into 

the near-fi eld of the driven element in order to couple strong currents, which 

are necessary to modify the antenna pattern. Typical distances between the 

driven and parasitic elements are between 0.1 and 0.5 wavelengths; this dis-

tance ensures strong currents on the parasitic without damaging severely 

the performance of the driven antenna. In Fig. 6.18, a pattern-reconfi gurable 

dipole antenna with switched parasitics distributed in a Yagi confi guration 

Main beam
direction

Reconfigurable Vee
antenna

0
(b)(a)

–10

–20

–30
–90 –60 –30

Angle (degrees)

No  steering
30° steering
45° steering

0 30 60 90

Pull/Push bar

Actuators

Actuator bias

Transmission
line

 6.17      MEMS-actuated pattern-reconfi gurable Vee-antenna (from Chiao 

 et al ., 1999): (a) schematic of the reconfi gurable Vee-antenna and (b) 

radiation patterns. (IEEE ©).  
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is presented (Petit  et al ., 2006). It can be observed that the radiation pat-

tern can be tilted by individually activating the corresponding switches. RF 

MEMS switches can be substituted by variable capacitors, providing addi-

tional control over the phase of the coupled currents and making it possible 

to fi ne-tune the radiation pattern of the antenna.      

 Parasitic elements can also be located at a higher electrical distance of the 

driven antenna. However, the required number of parasitic elements is much 

greater than in the previous case. This is the approach followed by reconfi gu-

rable refl ect-arrays, transmit-arrays and lenses. In these cases, the location of 

the parasitic elements follows the same distribution as in conventional arrays. 

By controlling the phase of the re-radiated fi eld by each element of the array, 

the direction of the antenna beam can be precisely controlled. It is impor-

tant to note that, despite the evident similarities with phased array antennas, 

this method is conceptually very different. The reason is that the re-radiated 

fi eld by each element of the array is not controlled by an external feeding 

network but by the tunable architecture of the element itself. In Fig. 6.19, a 

reconfi gurable refl ect-array antenna composed of MEMS-actuated patches 

is presented (Gianvittorio and Rahmat-Samii, 2006). Each patch antenna 

composing the refl ect-array controls the phase of its re-radiated fi eld by 

adjusting its height. In Fig. 6.20, the reconfi guration of a horn antenna using 

a lens array is presented (Cheng  et al ., 2009a). In this case, each element of 

the lens is fabricated using a reconfi gurable antenna-fi lter-antenna structure, 

providing beam-steering capabilities as observed in the same fi gure.           

 There exist two additional structures that are also used to provide radi-

ation pattern reconfi guration capability; however, their usage is not as 

wide-spread as the previous designs. These structures are multi-mode and 

leaky-wave antennas. By using several switches strategically located in a 

multi-mode antenna, the different modes can be individually activated. Since 

the radiation pattern associated with each mode can be different, pattern 
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 6.18      Pattern-reconfi gurable antenna using switched parasitic dipoles 

(from Petit  et al ., 2006): (a) picture of the switched parasitic antenna 

and (b) radiation patterns. (IEEE ©).  

�� �� �� �� �� ��



192 Handbook of MEMS for wireless and mobile applications

© Woodhead Publishing Limited, 2013

reconfi guration is accomplished. This concept has been applied to design a 

reconfi gurable spiral antenna in (won Jung  et al ., 2006). On the other hand, 

leaky-wave antennas can be provided with reconfi guration capability by 

controlling the phase velocity of the propagating wave. This can be effec-

tively accomplished using a periodically MEMS-loaded transmission line, as 

presented in Zvolensky  et al . (2011).  

  6.4.3     Polarization reconfi guration 

 The polarization of an antenna is determined by the direction of its electrical 

currents. There are two basic techniques to modify the direction of the antenna 

currents (and its polarization, as a consequence) preserving its operation fre-

quency and radiation pattern. These techniques are illustrated in Fig. 6.21.      

 The fi rst technique uses RF MEMS switches to modify the antenna struc-

ture in such a way that the resulting confi guration is a symmetric version of 
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the original confi guration. In Fig. 6.22 the application of this technique to 

a spiral antenna is presented (Cetiner  et al ., 2006). It can be observed that 

the second confi guration results from applying a symmetry respect to the 

horizontal axis to the previous confi guration. This transformation preserves 

the frequency response, produces minor perturbations to the radiation pat-

tern, and transforms left-hand circular polarization into right-hand circular 

polarization. The main drawback of this technique is that, as occurs in the 

previous design, RF MEMS switches often need to be distributed over the 

whole antenna surface and complex biasing networks are required.      

 Polarization agility can also be achieved without locating switches over 

the whole antenna structure by taking advantage of multi-mode antennas. 

In this case, the different modes of the antenna are simultaneously excited 

and reconfi guration is obtained by introducing minor perturbations that 

affect the way these modes are combined. 

 In Fig. 6.23, a nearly-square patch antenna achieves polarization recon-

fi gurability by combining a horizontal and a vertical mode (Simons  et al ., 
2002). When the switch is in OFF-state the two modes are combined with 

equal amplitude and 90 degrees phase difference, producing circular polar-

ization. However, switching the MEMS device to ON-state breaks the bal-

ance between the two modes and creates linear polarization.      
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 6.21      (a, b) Polarization reconfi guration techniques.  
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 6.22      Polarization reconfi gurable spiral antenna (adapted from Cetiner 

 et al ., 2006). (IEEE ©).  
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 In Fig. 6.24, a CPW antenna uses the same principle to switch between 

linear polarization, right-hand and left-hand circular polarizations (Balcells 

 et al ., 2010). The excitation of the two modes for the circularly polarized con-

fi gurations is evidenced by a double resonance in the refl ection coeffi cient. 

The combination between different modes is very sensitive to frequency 

shifts and, for this reason, a narrow bandwidth regarding polarization is a 

common disadvantage of multi-mode polarization-agile antennas. However, 

this drawback is often overcome by the simplicity of the antenna structure.       

  6.4.4     Compound reconfi guration 

 The ultimate goal of MEMS-reconfi gurable antennas is to provide the 

capability of independently adjust the frequency of operation, the antenna 

pattern and the polarization. The simultaneous tuning of frequency and 

radiation properties is known as compound reconfi guration. 

 While single-parameter reconfi guration is a deeply studied problem, the 

situation is quite different when considering compound reconfi guration. In 
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 6.23      Polarization-reconfi gurable multi-mode antenna with microstrip 

patch structure (adapted from Simons  et al ., 2002). (IEEE ©).  
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this case, the interdependence between the different antenna parameters 

constitutes a much greater obstacle than in the single-parameter reconfi gu-

ration. The main progress towards compound reconfi guration has followed 

two basic approaches, which are depicted in Fig. 6.25.      

 The fi rst approach consists in combining in the same structure different 

single-parameter reconfi guration techniques. A frequency and radiation 

pattern-reconfi gurable patch antenna based on this approach is presented 

in Fig. 6.26. Four switched parasitic patches are included to reconfi gure the 

antenna pattern, and these patches are loaded with slots of tunable length 

to adjust their resonance frequency (Yang  et al ., 2007). By combining para-

sitic elements with frequency tuning techniques, the antenna can steer the 

beam towards three different directions for different frequencies of opera-

tion between 9.3 and 10.9 GHz. However, the three radiation modes are not 

all available for each frequency.      

 Compound reconfi gurable antennas following this approach are relatively 

simple in structure, but their reconfi guration capabilities are signifi cantly 

limited. This is due to compatibility problems between different one-dimen-

sional techniques, leading to small frequency ranges and a low number of 

operation modes. 
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 6.25      (a, b) Compound reconfi guration techniques.  
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 6.26      Frequency and radiation pattern-reconfi gurable Yagi patch 

antenna (adapted from Yang  et al ., 2007). (IEEE ©).  
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 The second approach is based on using structures with an inherent capa-

bility of modifying simultaneously both frequency and radiation proper-

ties. These structures are based on a dense distribution of electrically small 

metallic sections interconnected by switches. The most common architec-

ture is a uniform grid of square metallic patches (Fig. 6.27), known by the 

name of ‘reconfi gurable apertures’ or ‘pixel antennas’. Instead of introducing 

specifi c perturbations over the antenna surface, as is done by other recon-

fi guration methods, pixel antennas reshape the complete antenna surface by 

activating a specifi c switch confi guration. This confi guration is determined 

by discrete optimization algorithms, such as particle swarm optimization or 

genetic algorithms.      

 A 5 by 5 pixel antenna fed through capacitive coupling is presented in 

Fig. 6.28 (Rodrigo  et al ., 2011). The antenna can operate at 9 and 10 GHz, 

being capable of switching at each frequency between three patterns steered 

to different angular directions.      
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Ground planeFeed point
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 6.27      Pixel reconfi gurable antenna with planar monopole 

architecture. (a) Broadband, bidirectional, broadside confi guration. 

(b) Narrowband, unidirectional, end-fi re confi guration (adapted from 

Pringle  et al ., 2004). (IEEE ©).  
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 Pixel antennas are extremely fl exible from reconfi guration perspective 

due to the possibility of synthesizing a rich variety of antenna shapes. On 

the other hand, they involve an extremely large complexity, typically requir-

ing beyond a hundred switches, and producing severe impacts over the 

antenna cost and effi ciency. Recently some advances have been reported in 

the complexity minimization by using multiple-sized pixels (Rodrigo and 

Jofre, 2012).   

  6.5     Design considerations 

 RF MEMS devices have excellent circuit characteristics regarding insertion 

losses, isolation and linearity. However, the non-idealities of RF MEMS 

produce noticeable effects over the antenna performance that need to be 

taken into account during the design phase. In this section, design guidelines 

for RF MEMS antennas are provided. Additionally, the different biasing 

techniques for antenna applications are presented and the effects of losses, 

packaging and reliability over the antenna performance are evaluated. 

  6.5.1     Design fl ow and simulation 

 During the fi rst steps in the design and optimization of a RF MEMS antenna, 

a numerical simulation model with ideal switches is usually used. A fi rst deci-

sion is taken about the antenna structure and the location of the RF MEMS 

devices. To validate the frequency and radiation parameters of the antenna, 

hard-wired prototypes implementing the different confi gurations are fabri-

cated and measured. These prototypes replace MEMS variable capacitors 

by equivalent lumped capacitors, and MEMS switches are replaced by wires 

or gaps depending on status. 

 In the next step, the exact parameters of the RF MEMS device are 

included in the antenna numerical model. It is important to notice that elec-

tromagnetic simulators cannot capture the complete circuital parameters 

of the MEMS device. For instance, in the case of a MEMS switch, electro-

magnetic (EM) simulators typically provide accurate values of its isolation 

but fail in simulating its insertion losses, which involve metal-contact phys-

ics at microscale. For this reason, the parameters of the RF MEMS device 

have to be determined independently, either using multi-physics software or 

through direct measurements. Taking into account these values, an equiva-

lent circuit model is adjusted and included in the antenna model in order to 

perform the necessary fi ne tuning in the design. 

 There are different ways to include the MEMS circuit model in EM simula-

tion. For example, in simulators based on the fi nite element method, MEMS 

can be modelled using impedance boundaries. For other methods, such 

as methods-of-moments (MoM) or fi nite-differences in the time-domain 
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(FDTD), a general technique consists of replacing each MEMS device by 

a port. By computing the complete S-parameter matrix and the radiation 

pattern associated with each port, the antenna parameters can be computed 

in a post-processing step (Mehmood and Wallace, 2010). In antennas with 

a high number of confi gurations, this method can reduce signifi cantly the 

simulation time. Indeed, just a single electromagnetic simulation is required, 

while the post-processing step, which is executed as many times as there are 

different confi gurations, has a low computational complexity. 

 A fi nal step prior to the fabrication of the RF MEMS antenna is the design 

and modelling of the biasing lines and circuitry. These structures need to be 

designed properly in order to minimize mutual coupling with the radiating ele-

ments of the antenna. By accurately modelling the biasing network and per-

forming the corresponding full-wave simulations, their effect over the antenna 

performance can be assessed and fi nal adjustments can be performed.  

  6.5.2     Biasing network 

 A clever design of the switch biasing network is of great importance in 

antenna applications. Since electromagnetic radiation enhances coupling, 

the perturbations produced by the induced currents over the biasing lines 

are much more intense in antenna elements that in other devices, such as 

amplifi ers, where electromagnetic fi elds are confi ned. These effects are espe-

cially important in MEMS-reconfi gurable antennas where MEMS elements 

are literally inside the antenna structure. The different coupling mitigation 

techniques are depicted in Fig. 6.29.      

 The fi rst approach is to use quarter-wavelength radial stubs to force an RF 

high-impedance condition at the intersection points between the antenna 

and the biasing lines. This technique is effective in microstrip antennas; how-

ever, this is a narrowband solution and the radial stubs often occupy a pro-

hibitively large area. 

 An alternative to radial stub are high-resistive lines. Since the DC-current 

consumption of MEMS devices is almost negligible, the high-resistance of 

biasing lines does not affect the MEMS performance but attenuates signif-

icantly the RF coupled currents. High-resistive materials, such as tantalum 

Radial stubs

(a) (b) (c)

High-resistive lines Multiple lumped inductors

DC bias
pad

RF-MEMS
λ /4

λ /4

 6.29      (a–c) Coupling mitigation techniques for biasing lines.  
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nitrate (TaN) or silicon chrome (SiCr), require specifi c deposition processes 

(sputtering or evaporation, typically) which makes them suitable for micro-

fabricated antennas but hard to implement in designs with external individ-

ually packaged MEMS. 

 The preferred approach in antennas with non-integrated MEMS is the loca-

tion of several lumped inductors uniformly distributed over the biasing lines. 

These inductors, which have low impedance for DC currents, split the biasing 

lines into small non-resonant sections, thereby mitigating RF currents. 

 Although all the previous methods are effective in reducing the effects of 

biasing lines over the antenna performance, a clever biasing design is still 

fundamental to ensure the good performance of the antenna. Some useful 

guidelines for the bias design are the minimization of the length of the bias-

ing lines and the reduction of the number of required lines by using common 

grounds or taking advantage of existing antenna parts for biasing. The loca-

tion and orientation of the biasing lines is also important. It is preferable to 

choose locations with a less intense near-fi eld, such as behind ground planes, 

and orienting the biasing lines orthogonally to the existing electric fi eld.  

  6.5.3     Insertion losses, packaging and reliability effects 

 In this section an initial insight is given about the effect of the RF MEMS 

insertion losses, packaging and reliability over the antenna performance. 

Although the exact quantization of the perturbations produced by the MEMS 

non-idealities requires a case-by-case analysis, the presented results provide 

an initial insight useful for the proper design of RF MEMS antennas. 

 The insertion losses of the MEMS device affect the antenna effi ciency and, 

as a consequence, its gain. The gain reduction depends on the number of RF 

MEMS and, more importantly, on the current driven by these devices. An 

exact quantization of the gain reduction for a reconfi gurable aperture is shown 
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in Fig. 6.30 (Brown, 2001). It can be observed that the gain reduction can be 

much higher than the switch insertion losses and, actually, this is the typical 

situation when several switches are serially interconnected. In the example 

presented, the low-frequency confi gurations interconnect a higher number of 

RF MEMS switches per dipole and, for this reason, the impact of the switch 

losses over the aperture gain is more pronounced than in high-frequency con-

fi gurations. For typical values of insertion losses in RF MEMS switches (below 

0.2 dB), the gain reduction is relatively small, usually less than 1dB reduction.      

 The effects of RF MEMS packaging have also been studied in the litera-

ture (Huff and Bernhard, 2006). External individually packaged RF MEMS 

devices are usually fabricated over a different substrate than that used by the 

antenna, and interconnections are usually made using wire-bonding, which 

has a parasitic inductive effect. It has been observed that these characteristics 

produce a small mismatch at the interconnection point and a virtual lengthen 

of the RF path. Simple matching networks and minor size readjustments of 

around one-twentieth of a wavelength can mitigate the previous effects. 

 Another property of RF MEMS devices, which has a major impact on 

antenna performance, is their reliability and fabrication yield. For instance, 

the fabrication yield of MEMS switches is often around 95% and, although 

RF MEMS switches performing over a hundred billion cycles have already 

been reported, their life expectancy can be much shorter depending on 

the package hermeticity or on the operational conditions. To mitigate the 

effects of fabrication yield and reliability, some added redundancy is some-

times included in the antenna design to keep the antenna operative even 

when one or more MEMS fail. Interesting analyses of antenna performance 

degradation depending on the redundancy level and the MEMS reliability 

have been carried out for refl ect-arrays (Salti  et al ., 2010) and phased arrays 

(Teti and Darreff, 2004). Figure 6.31 presents a refl ect-array cell optimized 
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to maximize robustness against MEMS breakdown. The performance deg-

radation in terms of the refl ected wave phase error is evaluated for differ-

ent redundancy and reliability levels. For instance, the refl ect-array cell with 

eight MEMS can tolerate up to one breakdown without exceeding a phase 

error of fi ve degrees. However, if two additional MEMS are included, this 

cell can tolerate an additional breakdown for the same error levels.        

  6.6     Conclusion and future trends 

 Wireless communications are evolving towards multi-application systems 

where multiple communication protocols, such as WiFi, WiMax, GPS, 

Bluetooth or DVB-H, converge. The future trend is toward the implemen-

tation of fl exible systems capable of accommodating multiple applications 

and protocols, and providing scalability for future changes (Chun, 2010). 

Progress towards system-level fl exibility requires the development of recon-

fi gurable antennas, in which RF MEMS technology plays a fundamental role. 

Some of the future trends in RF MEMS antennas are described below. 

 The increasing demand for fl exibility in multi-application systems will 

require reconfi gurable antennas to provide strong reconfi guration capabili-

ties over both frequency and pattern properties. New reconfi gurable antenna 

architectures would be required in order to provide rich compound recon-

fi guration. MEMS-reconfi gurable pixel apertures can effi ciently serve this 

purpose. Additionally, the natural redundancy of these structures mitigates 

the effect of RF MEMS reliability and makes these structures compatible 

with medium-yield fabrication processes. 

 The possibility of providing strong reconfi guration capabilities while 

keeping a low cost will require the application of antenna-level packaging 

techniques. Since individually packaged RF MEMS devices are prohibitively 

costly for high-volume applications, the complete antenna would need to be 

packaged using wafer-level packaging. For this reason, future RF MEMS 

antennas will need to take this packaging into account and even improve 

the antenna performance by taking advantage of its presence, for example 

by applying superstrate-loading concepts. 

 The continuous improvement of the antenna reconfi guration capabilities 

would also require exploring new technological approaches beyond com-

mon electrostatic or thermal RF MEMS actuation. In this direction, some 

initial work has been already developed using different actuation mecha-

nisms, such as microfl uidic actuation. These antennas are partially composed 

of liquid metal and can be mechanically reconfi gured through the actuation 

of micropumps or electrodes. An example of a microfl uidic reconfi guration 

is illustrated in Fig. 6.32, where a circular Yagi antenna rotates its pattern 

using movable liquid-metal parasitics controlled by a micropump actuator 

(Rodrigo  et al. , 2012).      
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 According to these observations, the natural evolution of RF MEMS 

antennas is toward structures with rich multi-parameter reconfi guration 

capabilities, taking advantage of antenna-level packaging materials and 

applying improved actuation mechanisms.  

  6.7     Sources of further information and advice 

 The interested reader can fi nd information about the theory, design and 

technology of RF MEMS in Rebeiz (2003a). A comprehensive library of 

RF MEMS devices is also provided, together with equivalent circuit models 

useful for RF MEMS antenna design. 

 Basic concepts about general antenna structures can be reviewed in 

Balanis (2005) and Krauss and Marhefka (2001). 

 Further information about the basics of antenna reconfi guration can be 

found in Bernhard (2007) and Huff and Bernhard (2008), which provide 

additional reconfi gurable antenna examples using both electromechanical 

and electronic components. 

 Further prototypes and details of RF MEMS antenna elements, arrays 

and feeding networks, as well as antenna micromachining, are presented in 

(Pan  et al ., 2008).  
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 RF MEMS-based wireless architectures 

and front-ends   
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  Abstract : Future demands for increasing capacity, increasing complexity, 
miniaturization and cost reduction of mobile communication devices are 
driving radio frequency (RF) technology towards the use of MEMS-based 
components to replace standard RF components currently used. MEMS 
is a technology that readily lends itself to be integrated into modules 
or even directly on to the RF-chips of silicon or other materials suited 
for the active RF components. New innovative transceiver architectures 
will be made possible when MEMS components are available for 
integration. Ultimately, MEMS technology could enable the design and 
manufacturing of a complete transceiver on a chip. 

  Key words : RF MEMS, mobile communication, transceiver, 
RF technology, RF-switch. 

    7.1     Introduction 

 All cellular telephones use one or more parts of the radio frequency (RF) 

spectrum. The particular frequency band in use locally is determined by 

international standards and sometimes by historical or protectionist rea-

sons. The result is more or less local ‘standards’ determining where in the 

world the telephone can be used. Cellular telephones are evolving towards 

the use of more and more frequency bands so that more and more true 

global mobility is achieved. This of course increases the complexity of the 

RF circuitry in the telephone, making the use of new technologies such as 

MEMS desirable in order to keep the physical size and power consumption 

of the mobile device at a reasonable level.           

 On top of these existing frequencies additional bands for 4G are being 

introduced. 

 Some of these frequency bands are shared with other services, such as 

television, Wi-Fi and Bluetooth. The television bands are in some regions, 

such as the UK, Germany and Japan to mention a few, being at least in part 

transferred to cellular use. The reason is the system change from analogue 
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to digital television transmissions in these countries requiring less spectrum 

space, which frees up parts of the spectrum. 

 The large number of bands is mostly due to historical reasons. The fre-

quencies used for cellular networks differ between the Americas, Europe, 

Africa and Asia. More precise information on regional frequency use is 

 provided by standardization bodies, such as ETSI, FCC and ITU. 

  7.1.1     Frequency bands: brief historical review 

 The fi rst commercial standard for mobile communication in the United 

States was AMPS, which was in the 800 MHz frequency band. In the Nordic 

 Table 7.2     The UMTS (3G) system uses these frequencies 

 Region  Band  Uplink (MHz)  Downlink (MHz) 

 I  2100  1920–1980  2110–2170 

 II  1900  1850–1910  1930–1990 

 III  1800  1710–1785  1805–1880 

 IV  1700  1710–1755  2110–2155 

 V  850  824–849  869–894 

 VI  800  830–840  875–885 

 VII  2600  2500–2570  2620–2690 

 VIII  900  880–915  925–960 

 IX  1700  1749.9–1784.9  1844.9–1879.9 

 X  1700  1710–1770  2110–2170 

 XI  1500  1427.9–1447.9  1475.9–1495.9 

 XII  700  698–716  728–746 

 XIII  700  777–787  746–756 

 XIV  700  788–798  758–768 

 Table 7.1     At present, the GSM system uses these frequencies 

 System  Band  Uplink (MHz)  Downlink (MHz) 

 T-GSM-380  380  380.2–389.8  390.2–399.8 

 T-GSM-410  410  410.2–419.8  420.2–429.8 

 GSM-450  450  450.6–457.6  460.6–467.6 

 GSM-480  480  479.0–486.0  489.0–496.0 

 GSM-710  710  698.2–716.2  728.2–746.2 

 GSM-750  750  747.2–762.2  777.2–792.2 

 T-GSM-810  810  806.2–821.2  851.2–866.2 

 GSM-850  850  824.2–849.2  869.2–894.2 

 P-GSM-900  900  890.0–915.0  935.0–960.0 

 E-GSM-900  900  880.0–915.0  925.0–960.0 

 R-GSM-900  900  876.0–915.0  921.0–960.0 

 T-GSM-900  900  870.4–876.0  915.4–921.0 

 DCS-1800  1800  1710.2–1784.8  1805.2–1879.8 

 PCS-1900  1900  1850.2–1910.2  1930.2–1990.2 

�� �� �� �� �� ��



 RF MEMS-based wireless architectures and front-ends 209

© Woodhead Publishing Limited, 2013

countries of Europe, the fi rst widespread automatic mobile network, the 

NMT-450, was as the name suggests in the 450 MHz band. As mobile tele-

phones became affordable for everyone and increasingly popular, service 

providers soon encountered a capacity problem. This created a need to 

develop existing networks and to introduce new standards to keep a back-

ward compatibility and the possibility for the new standards to coexist with 

the old ones (Fig. 7.1). The new standards are often based on new frequency 

bands which are added to the communication standards system. 

 The GSM standard, which appeared in Europe as a successor to NMT-

450, initially used the 900 MHz band. As demand grew, providers acquired 

licenses in the 1800 MHz band, which is mostly used in urban areas with 

high capacity demands (Table 7.1). The frequencies used by the UMTS (3G) 

system are shown in Table 7.2. Higher frequencies have a shorter physical 

range, and each base station cell covers a smaller area, creating the possibil-

ity of building denser and higher capacity networks. 

 In a multiband handset receiver there is a fi xed bandpass fi lter needed for 

each frequency band. To switch the single antenna and often single input to 

the receiver chip, an antenna switch is used. At present PIN-diode or fi eld-

effect-transistor (FET) switches are used, which can, for size and practical 

reasons, accommodate a maximum of about fi ve frequency bands. The use 

of more frequency bands requires a more compact and complex antenna 

switch, and this is one requirement where MEMS comes into use. MEMS 

RF switches will be discussed further in the following sections.   

  7.2     Communication standards      

 In the USA, the analogue AMPS standard that used the 800 MHz band was 

replaced by a number of digital systems. Initially, systems based upon the 

Is-136 HS-indoor
Double-EDGE

UWC-136
TDMA6IS-136

US TDMA

GSM GPRS
EDGE

TDMA-EDGE
IS136 HS

8-PSK
MIMO/
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HSDPA

CDMA2000
3G3X

UMTS
UTRAN
3GPP

ARIB

Orig. UMTS

IS95
ABC 3GPP2

CDMA2000
3G1X

3G1XEV 3G1XEVDO 3G1XEVDV

Wireless
LAN

GERAN

Interoperability
3G2

 7.1      This rather complex fi gure shows a small part of the mobile 

standards evolution.  
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AMPS mobile phone model were popular, including IS-95 – often known as 

CDMA after the radio technology it uses – and IS-136, known as D-AMPS, 

Digital AMPS, or time division multiple access (TDMA) – after the radio 

technology it uses. Eventually, IS-136 on these frequencies was replaced 

by most operators with GSM (GSM is also a TDMA system). GSM had 

already been running for some time on the US PCS band on 1900 MHz. 

 Some NMT-450 analogue networks have been replaced with digital net-

works reusing the same frequency band. In Russia and some other coun-

tries, local carriers received licenses for 450 MHz frequency to provide 

CDMA mobile coverage. In the Nordic countries the 450 MHz band and 

existing base station locations from the NMT-450 network are reused as 

a wireless broadband network for lightly populated areas, giving fairly 

good bit rates of up to 3.1 Mbit/s and transparent coverage throughout the 

Nordic countries. 

 Many GSM-only phones support three bands (900/1800/1900 MHz or 

850/1800/1900 MHz) or four bands (850/900/1800/1900 MHz), and are usu-

ally referred to as triple band and quad-band phones, or ‘world phones’. 

Users with such a phone can travel internationally and use the same hand-

set. This portability is not as extensive with IS-95 phones however, as IS-95 

networks do not exist in most of Europe. 

 Mobile networks based on different standards may use the same fre-

quency range; for example, AMPS, D-AMPS, N-AMPS and IS-95 all use 

the 800 MHz frequency band. Moreover, one can fi nd both AMPS and 

IS-95 networks in use on the same frequency in the same area and they 

do not interfere with each other. This is achieved by the use of different 

channels to carry data. The actual frequency used by a particular phone 

can vary from place to place, depending on the settings of the carrier’s 

base station. 

 Often the requirements for different standards are such that physically 

different receivers and transmitters are needed, one for each standard. For 

example, some systems require a highly linear receiver and transmitter, 

while others can use a class C transmitter and a less linear receiver. This 

increases the complexity of the antenna and RF paths, further increasing the 

need to switch to MEMS technology in the antenna switch and RF compo-

nents such as fi lters.  

  7.3     Receivers, transmitters and transceivers: 
basic architectures 

 There are two basic types of receiver architectures used in mobile phones, 

heterodyne and homodyne, which will be discussed, together with transmit-

ters, antenna switches and fi lters.                
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  7.3.1     Heterodyne receiver 

 In a heterodyne receiver (Fig. 7.2) the incoming (antenna) frequency is 

mixed to a usually lower intermediate frequency (Fig. 7.3) where the entire 

RF signal processing and fi ltering is performed. This signal processing can 

be either analogue or digital. In the digital case the signal is digitized and 

fed into a signal processor, which extracts the desired information and sup-

presses the unwanted information. Digital signal processing will not be dis-

cussed in this chapter. In the analogue case the processing takes place with 

Desired band Image

cos ωLOt

LPF
ωI ωIm

ω

ω IF ωω
ωIF

ωLO

ωIF

 7.2      Basic principle of heterodyne receiver.  
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 7.3      Typical example frequency spectrum received by the antenna of a 

handset.  
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 7.4      Frontend of a heterodyne receiver with fi lter to suppress the 

image frequency.  
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channel-wide bandpass fi lters (Fig. 7.4) and additional mixing to extract the 

I and Q quadrature signals. Most radio sets are of the heterodyne type.  

  7.3.2     Homodyne receiver      

 In a homodyne receiver (Fig. 7.5) the incoming signal is mixed with the signal 

carrier frequency directly down to the baseband. This technique eliminates 

the image frequencies and the intermediate frequency bandpass channel fi l-

ter. Instead a simple low pass fi lter with the knee frequency of the channel 

width can be used. This lowpass fi lter can be realized either integrated on 

chip or as a software digital fi lter. However, there is a very high isolation 

between the input signal and the local oscillator (LO). This requirement is 

most pronounced in the mixer between the RF input and the LO input. With 

modern RF chip technology, this is not an impossible problem to overcome 

and has been in use in high volume handsets since the late 1990s. Even in sin-

gle chip RF transceivers, including both the low power transmitter circuits, 

mixers, LOs and low noise amplifi ers (LNA), by providing the LO in quadra-

ture the I and Q baseband signals can be extracted in the receiver, yielding a 

much simpler (and cheaper) receiver chain. 

 In Fig. 7.6, the lower box shows a module containing the power amplifi ers 

(PA) and its matching networks, the antenna switch, and a diplexer to con-

nect the low- and high- frequency bands to the antenna.      

 To the left outside the boxes are the four receiver band bandpass fi lters. 

This shows a quad-band mobile device. The upper box shows the LNAs, the 

mixers, and the baseband amplifi ers. The frequency synthesizer and voltage 

controlled oscillator (VCO) for receiving, and the VCO for transmitting, 

are also shown, together with the buffers that drive the PAs. The circuits in 

the upper box have been realized as a single chip. The receivers are of the 

homodyne type.   
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 7.5      (a) Frontend of a homodyne receiver and (b) quadrature frontend 

of a homodyne receiver.  
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  7.4     Conventional component technology 

 There are several components in a receiver front end that can benefi t from 

being realized using MEMS technology when the complexity increases. 

Even at lower complexity levels MEMS competes with conventional 

technologies. 

  7.4.1     Antenna switches 

 In a conventional antenna switch, active elements such as PIN-diode 

switches or GaAs FET switches are used. As mentioned above, the antenna 

switch which, in addition to the switching between different receive band-

pass fi lters, must switch the handset’s single antenna also to the transmitter 

as GSM, is a TDMA system where the handset switches between receiving 

and transmitting with a period of a little less than 5 ms. 

 In Fig. 7.7, a conventional antenna switch using PIN diodes and quarter 

wave chokes is shown to the right. Only one RX/TX branch is shown. For a 

multiband antenna switch at least one branch is needed for each frequency 

RF front end
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Anti-allasing
filters

To mixers

RX VCO
LB TX

90° 0°
RX synth

feedback divider

HB TX TX VCO

Power
amplfier

Antenna

+ 2

+ 2

 7.6      Example of a complete RF front end in a handset.  
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band. The data shown are typical values for a two-band switch with ports for 

one antenna and two receiver chains and two transmitter chains. Note that 

the PIN-diode is ‘on’ when DC current is fl owing through it. That is why the 

switch consumes current when operating. A MEMS switch can operate vir-

tually without any power consumption.       
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4.5 � 3.2 � 1.5 mm

824.869 MHz 1.2 dB max
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2fo 35 dB min
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1710..1785 MHz 1.4 dB max

869..894 MHz 1.1 dB max

925..960 MHz 1.1 dB max

1805..1880 MHz 1.3 dB max

1930..1990 MHz 1.3 dB max

1850..1910 MHz 1.4 dB max

2fo 30 dB min

3fo 30 dB min

Switching
device

Current
consumption

(a)

Dimensions

TX1 loss

TX1

attenuation

TX2

attenuation

RX1 loss

RX2 loss

TX2 loss

PIN diode

chokePhase shifter

ANT

(b)

PIN diode

Rx

Vc
Current limiting
resistorRF GNDVc

+V

0VRx mode

Tx mode

Tx

λ/4λ/4

 

 7.7      Conventional antenna switch in a cell phone. (a) Example 

specifi cation. (b) Simplifi ed schematic of one branch.  
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  7.4.2     Band select fi lters 

 Until recently the dominant technology for band select fi lters has been 

surface acoustic wave (SAW) fi lters (Fig. 7.8), based on the principle of an 

acoustic (mechanical) wave travelling on a structure on the surface of a chip 

made of a piezoelectric material. This makes the SAW structure rather large 

and the SAW chip technology differs signifi cantly from normal semiconduc-

tor chip technology, which makes it almost impossible to integrate into a 

silicon or GaAs radio chip. 

 In Fig. 7.9, note the rather large area used by the SAW fi lters and their 

matching components. If replaced by bulk acoustic wave (BAW) fi lters (see 

Section 7.5.2) using MEMS technology the fi lters could be integrated into 

the transceiver chip saving a signifi cant amount of printed circuit board 

(PCB) area.             

Output transducer

Input transducer

Absorber

Bonding wire

Cross-sectional view:

AI electrodes Electric field lines

Plezoelectric substrate

Mechanical
displacement

 7.8      Example of a SAW-fi lter structure.  
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 7.9      Radio part of a triple band GSM phone.  
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  7.5     MEMS-based technology: filters, duplexers, 
switches, tunable devices and architecture 

 We now look at examples of how MEMS technology can be applied to wire-

less communication. 

  7.5.1     RF MEMS switches           

 A basic switch element in MEMS technology (Fig. 7.10) is the single-

pole single- throw (SPST) switch. There have been lines of research trying 

to achieve metallic contact switches, but the tendency of the switch con-

tacts to stick is diffi cult to overcome, especially if some RF power, such as 

in the transmit branch, is to be passed through the switch. Other lines of 

research have come up with a capacitive switch, where a change in capaci-

tance between a fi xed and a moving plate is used (see Fig. 7.11b). Since the 

plates are covered with a thin isolating layer there is no direct current pass-

ing through the switch and there is less tendency to stick. The actuation of 

a capacitive switch can be done in various ways but the most common and 

simple is to apply a DC voltage exceeding the maximum peak signal volt-

age across the switch element. This causes the moving plate to be attracted 

by electrostatic force to the fi xed plate and the switch element is closed. It 

is important to design the switch and its control circuitry in such a way that 

the actuation voltage is at all times greater than the signal voltage, since self-

actuation by the signal could otherwise occur. 

Tx
GSM

Rx
GSM 900

Rx
GSM 850

Tx
DSC/PCS

Quad-band antenna

Rx
PCS

Rx
DCS

 7.10      Schematic of a quad-band antenna switch to be realized with 

MEMS.  
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 The easiest way to make a single-pole double-throw (SPDT) switch when 

using MEMS technology is using SPST switches are shown in Fig. 7.11a. 

Figure 7.11b shows a MEMS switch from the side. At the top, the switch is 

inactive, at middle the switch is moving, and at bottom the switch is closed. 

On this particular switch there is an oxide layer on top of the fi xed elec-

trode to prevent stiction. Stiction is a phenomenon whereby the two switch 

surfaces stick to each other, even after the actuation is removed. Since this 

particular switch is designed for RF, the oxide layer will act as a dielectric 

layer and the movement of the switching electrode will vary the capaci-

tance between a very low value of less than a pF and a high enough value, 

in the range of a few pF, to provide a low impedance path for the RF.      

 Figure 7.12 is an example of the layout of an early prototype MEMS 

antenna switch developed in an EU project together with imec and 

KU-Leuven. Each triangle shape is one switch element. Image courtesy of 

Jeroen De Coster, imec. 

 

(a)

(b)

 

 7.11      (a) An SPDT switch made out of two SPST switches and (b) a 

sketch of a capacitive membrane MEMS SPST switch.  
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 A properly designed MEMS switch works as a completely linear device, 

since there are no PN-junctions in the signal path and thus no non- linearities 

that generate harmonics and distortion to the switched RF signal. This 

reduces the need for low pass fi ltering to remove harmonics. The MEMS 

switch also has very low insertion loss of typically 0.1–0.5 dB compared to 

a PIN-diode switch, which has about 1.5–2.5 dB insertion loss. The isolation 

is also better in a MEMS switch, typically 20–35 dB compared to 15–25 dB 

for a PIN-diode switch.  

  7.5.2     Band select fi lters using MEMS 

 BAW fi lters are classifi ed as MEMS devices. Just as in SAW fi lters, an elec-

trical signal is converted to a mechanical vibration in a mechanically reso-

nant structure. The BAW fi lter contains the vibration in the bulk of an AlN 

layer, whose shape and thickness sets the frequency and bandwidth of the 

fi lter. The mechanically vibrating AlN layer is mechanically isolated from 

the bulk of the silicon chip by layers forming a   λ  /4 Bragg refl ector acting as 

a mirror (Fig. 7.13). 

 The BAW fi lter can rather easily be integrated onto a silicon chip with just 

the addition of a few extra processing steps.      

 Let us now compare a thin fi lm bulk acoustic resonator (FBAR) fi lter 

with a conventional SAW-fi lter resonator (Table 7.3).       

 7.12      Example of layout of an early prototype MEMS antenna switch 

developed in an EU project together with imec and KU-Leuven. Each 

triangle shape is one switch element. Image courtesy of Jeroen De 

Coster, imec.  
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  7.5.3     Transmitter matching 

 Maximum power transfer to the antenna requires matching of the transmit-

ter output impedance to the complex conjugate of the impedance of the 

antenna. 

 Present technology using fi xed low Q matching of the transmitter, in 

such devices as a mobile phone, to the antenna over a whole transmission 

frequency band gives a power effi ciency of roughly 47% in a class C PA, 

resulting in a total transmission power effi ciency of about 35% in the mobile 

phone. Thus 65% of the DC power drawn from the battery during transmit 

becomes heat losses inside the mobile phone. 

 To minimize the current consumption of a transmitter we need to maxi-

mize its effi ciency. This can be done by having a relatively high Q in the 

LC-network matching the transmitter’s transistors (typically 2 ohms) to the 

antenna (50 ohms), making it necessary to tune the circuit inside the trans-

mit frequency band to the actual frequency channel in use at the moment. 

The matching network must also be able to quickly change its frequency, 

Vibrating
plezo layer of AIN

insulation layer

λ/4 mirror layers
Silicon

Aluminium electrodes

 7.13      Example of physical design of a BAW, bulk acoustic fi lter. The 

thickness of each layer is about 1  μ m. The   λ  /4 layers constitute a 

Bragg refl ector.  

 Table 7.3     Comparison of FBAR and SAW fi lters 

 FBAR fi lter  SAW-fi lter 

 Frequency range of technology  

 10 MHz–10 GHz 

 Frequency range of technology  

 10 MHz to ~3 GHz 

 Passband loss < 1 dB  Passband loss ~ 2 dB 

 Out of band attenuation > 50 dB  Out of band attenuation ~ 35 dB 

 High power handling > 2 W  Limited power handling capacity ~ 

100 mW 

 Can be manufactured in a RFIC 

compatible process with a few 

added process steps. 

 Manufactured in a dedicated non-

silicon compatible process 

 Fairly small area on chip  Large area, often several mm 2  
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usually in less than about a millisecond, since the mobile device must sup-

port roaming between different base-stations which operate at different 

frequency channels. This can be done by using low loss MEMS switches 

switching in or out high Q MEMS-inductors and/or capacitors, or by having 

continuously adjustable low loss capacitors, or a combination of these. 

 A MEMS switch of the capacitive type (Fig. 7.11) consists of a fi xed elec-

trode and a spring-loaded moveable electrode. A variable MEMS capac-

itor is very similar in construction. By changing the separation between 

the electrodes, the capacitance is varied. The distance can be controlled 

by electrostatic forces created, for instance, with a DC voltage across the 

capacitor. 

 Using an RF MEMS tunable high Q channel bandwidth matching net-

work the power effi ciency in a class C PA can approach the theoretical value 

of 80%, giving a total power effi ciency in the phone of about 60%. This 

almost doubles the talk time compared to using a low Q fi xed matching 

network covering the whole frequency band, without increasing the battery 

capacity.      

 A tunable channel bandwidth RLC network can be integrated onto the 

PA chip or incorporated into a PA module (Fig. 7.14). To be able to select 

channels the high Q network must be tunable. The matching network will 

benefi t greatly from being designed using low loss MEMS components.   

  7.6     Diversity in receivers and transmitters 

 In a mobile communications system, the radio signal path through the air 

is subject to multiple refl ections, and the signal from the transmitter to the 

receiver can travel different distances and thus the same signal can reach 

the receiver with different strengths and delays in time. In addition, both the 

transmitter and receiver can be moving, both with respect to each other and 

relative to the surrounding refl ecting objects. This creates fading. In a faded 

signal, the signal strength can reach almost zero for certain moments in time 

at certain positions in space. This leads to loss of information if a signifi -

cant amount of redundant data is added to the transmitted information. The 

receiver and, to a certain degree, the transmitter architecture determines 

how much fading the communication link can cope with. 

PA
2 ohm

RLC network

50 ohm

 7.14      Between the PA and the antenna an impedance matching 

network is needed.  
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 Antenna diversity, which is the use of multiple antennas and receivers/

transmitters, helps reduce deep fading. The simplest way is just to double 

the antenna and receiver. When the receiver circuitry is doubled all the RF 

circuitry must also be doubled. To cope with this, we need to increase the 

miniaturization level which leads to RF MEMS. 

 In Fig. 7.15a we see two approaches to receiver diversity. 
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 7.15      (a) Approaches to receiver diversity. (b) Example of frontend 

complexity for a quad-band diversity system.  
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 Selection diversity uses only one antenna signal to the receiver at any given 

time. The antenna chosen, however, is based on the best signal-to-noise ratio 

(SNR) among the received signals. This requires that a pre-measurement 

takes place and that all antennas have established connections (at least dur-

ing the SNR measurement). The actual selection process can take place in 

between received packets of information. This ensures that a single antenna 

connection is maintained as much as possible. Switching can then take place 

on a packet-by-packet basis if necessary. This works with slow fading. In a 

switching receiver, the signal from only one antenna is fed to the receiver for 

as long as the quality of that signal remains above some prescribed threshold. 

If and when the signal degrades, another antenna is switched in. Switching is 

the easiest and least power consuming of the antenna diversity processing 

techniques, but periods of fading and desynchronization may occur while the 

quality of one antenna degrades and another antenna link is established. 

 In Fig. 7.15b we see a block schematic of the RF parts of one receiver/

transmitter for a quad-band system. For each added diversity channel, all 

the blocks shown must be added to the system.       

  7.7     Multi-input multi-output (MIMO) systems 

 A multi-input multi-output (MIMO) system uses many signal paths between 

transmitters and receivers to create a type of spatial multiplexing. The sys-

tem measures the transfer parameters of the various channels  α  11,   α  12  and 

so on to create a matrix  H  that describes the system transfer function. This 

is an expansion of the diversity concept but, in addition, the transfer matrix 

allows the system itself to optimize the transfer capacity of the transmission 

system. In an ideal MIMO system with high separation between the signal 

paths in the system, the diagonal elements of the matrix  H  will dominate and 

it is desirable to strive towards this in the design of a real world system. The 

more orthogonal the matrix  H  is, the more decoupled the MIMO channels 

are from each other and the higher the system transfer capacity will be.      

 The signal from each transmitter antenna is received slightly differently 

by each receiving antenna. How the signal from a transmitter antenna Tx 1  

is received by a receiver antenna Rx 1  is described in  α  11 , the signal from a 

transmitter antenna Tx 1  to a receiver antenna Rx 2  is described in  α  21 , and so 

on, making up the transfer matrix  H . 

 In a well-designed and well-functioning MIMO system (Fig. 7.16) the 

capacity can reach N (or M, whichever is smaller) times the capacity of a 

single channel system. Normally N = M and the matrix  H  is quadratic. 

 To cope with the high number of receivers and transmitters in a MIMO 

system, RF MEMS is needed to provide necessary miniaturization of 

RF-fi lters, antenna switches, matching networks for the transmitters, and so 

on, as described in Section 7.5.  
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  7.8     Systems-on-a-chip 

 When systems become more and more complex, physical space needs to be 

used more and more effi ciently in order to hold more components in the 

available space without making the mobile device impracticably large. To 

integrate all RF components on a single chip or in a module increases the 

component density signifi cantly. To do this, RF MEMS is a most useful and 

perhaps even necessary technology. Figure 7.17 shows an example of what 

could be a large block of the communication parts in a mobile telephone. It 

is worth mentioning that MEMS is already used in the form of an acceler-

ometer in many mobile devices to sense the orientation in which the device 

is held, for example, to be able to show the image on a smart phone display 

in the correct orientation.       

  7.9     Conclusion 

 Future demand for increasing capacity, miniaturization and cost reduction of 

mobile communication devices are driving the RF technology towards the 

use of MEMS for RF components. It is a technology that readily lends itself 

to be integrated into modules or even directly onto the RF-chips of silicon 

or other materials suited for the active RF components. Some devices, such 
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 7.16      (a) Array of transmitters and receivers and (b) the resulting 

transfer matrix  H .  
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as BAW fi lters, are already in production and packaged as discrete com-

ponents or to be inserted in modules as bare chips. RF MEMS and other 

MEMS devices help signifi cantly to achieve the performance needed from 

high functionality devices and to keep cost and size at a manageable level, 

so that these devices can be in everybody’s hands.  
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  Abstract : This chapter discusses the use of microelectromechanical 
systems (MEMS) technology for the realization of next-generation 
microwave devices for wireless communications. This technology 
allows the fabrication of both improved performance lumped elements 
and newer tunable or reconfi gurable complex networks, adding extra 
functionality in modern wireless systems. After an overview, the salient 
technological features of lumped element components, such as ohmic 
and capacitive switches, as well as variable capacitors and inductors, 
are presented. A technological platform for the fabrication of complex 
networks is then illustrated in detail, together with some examples of 
fabricated devices. 

  Key words : radio frequency microelectromechanical systems (RF MEMS) 
technology, RF passive components, RF MEMS switches, variable 
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    8.1     Introduction 

 In modern wireless and telecommunication applications, the requirements 

for high-performance radio frequency (RF) components and sub-systems 

are becoming more and more demanding, as the remarkable characteristics 

of such basic elements represent a critical key-point in enabling the inte-

gration of more functionality implemented in the same hardware, as well 

as in boosting their quality. Given such a scenario, microelectromechanical 

systems (MEMS) technology fi nds room as a valuable and real solution, 

enabling the manufacture of RF passive components and networks, charac-

terized by very high performance and remarkable characteristics that can-

not be achieved with the currently diffused solutions based, for instance, on 

standard semiconductor technology platforms (e.g. complementary metal 

oxide semiconductor (CMOS)). Beside the very high performance enabled 

by MEMS devices for RF applications, referred to as RF MEMS, another 

important characteristic makes them very interesting for application in 
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wireless and telecommunication systems, namely their reconfi gurability. 

Networks and components based on RF MEMS technology indeed enable 

the implementation of a signifi cant number of different states and confi gu-

rations, as well as tuning one or more of their characteristics within wide 

ranges and with a typically pronounced linearity. These characteristics, 

namely large reconfi gurability and tunability, represent the  Holy Grail  in 

modern and next-generation wireless applications, as the trend followed in 

the design and realization of new RF platforms and devices is clearly ori-

ented towards the integration of more and more functionalities in the same 

hardware. In synthesis, RF MEMS technology possesses the critical features 

of both high performance and reconfi gurability, making it a very good can-

didate for reaching a wide and capillary exploitation in next-generation 

wireless systems, on a mass market production basis. The exploitation of 

RF MEMS technology in wireless and telecommunication systems can be 

framed at two different levels. On one level, such a technology enables the 

manufacture of lumped components with very high performance. The most 

relevant lumped elements enabled by RF MEMS technology fall into the 

categories of switches (or relays), variable capacitors (also referred to as 

varactors), and inductors. The most relevant characteristics they show are 

good isolation, low losses and very high quality factor (Q factor), wide tun-

ing range, good linearity and very low (virtually zero) power consumption. 

By following an increasing complexity trend, these basic elements can be 

exploited for the realization of RF networks, sub-blocks and functional 

circuits, of which they represent the constitutive bricks. Consequently, by 

putting together micro-switches, varactors and inductors, it is possible to 

assemble impedance matching networks, fi lters, phase shifters, switching 

matrices, RF power splitters, and so on, entirely based on RF MEMS tech-

nology. On the other level, these devices are also characterized by a very 

wide reconfi gurability, making them critical components for the integration 

of additional functionalities in modern wireless systems. Given all these 

considerations, it is straightforward to understand that RF MEMS technol-

ogy holds the potential to make the difference in next-generation wireless 

communication systems. However, some relevant aspects related to such a 

technology are still limiting its diffusion into large volume market applica-

tions, and can be summarized in three key words: reliability, packaging, and 

integration. RF MEMS devices, being characterized by movable micro-parts 

and membranes, are subjected to several sources of malfunctioning and fail-

ure that are typical of mechanical structures, and nearly totally unknown, on 

the other hand, for standard semiconductor components. The most relevant 

are fatigue, creep, plastic deformation, ageing, and delamination. 

 The presence of electrical fi elds and RF signals also affects MEMS oper-

ation, such as malfunctioning of RF MEMS electrostatically controlled 

switches caused by the stiction, which is the non-release of the movable 
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structure when the biasing voltage is removed, due to the charge entrapped 

in the dielectric layer, as well as caused by the micro-welding of metal con-

tacts. The latter phenomenon is more frequent in the case of large RF signals 

(power handling). Besides the critical failure due to stiction, the malfunc-

tioning of an RF MEMS switch has to be identifi ed also in the performance 

drifts, as happens with the charge entrapment phenomenon. In this, the 

unwanted potential caused by the charge acts as a spurious direct current 

(DC) bias, causing the shift of the actuation (pull-in) and release (pull-out) 

voltages, also referred to as screening phenomena. Finally, RF MEMS struc-

tures are rather sensitive towards the conditions of the environment where 

they are operating. To this end, moisture, dust particles, and contaminants in 

general, are common sources of partial malfunctioning as well as of irrevers-

ible failure. Several strategies are available and pursuable to mitigate and/or 

eliminate one or more of these failure mechanisms, making, in turn, the RF 

MEMS devices more robust and reliable. Indeed, it is possible to act at the 

technology level by developing materials and processes that are less prone 

to induce failure. For example, insulating layers of better quality, in which 

the charge entrapment is less pronounced can be tested and employed. 

Moreover, it is also possible acting at design level, by appropriately shaping 

the structural MEMS parts, as well as the contacts, in such a way as to miti-

gate mechanical and electrical device failure, for example, by avoiding stress 

concentrations. Another possible strategy to improve reliability is to act at 

operation level, controlling the MEMS devices by keeping them in a safe 

regime of functioning. For instance, an appropriate shaping of the waveform 

applied to the device, in order to actuate it, can prevent abrupt contacts with 

the movable parts and their mechanical degradation. The second additional 

aspect is the packaging, which is closely related to the issue of reliability. RF 

MEMS devices, because of their mechanical fragility, cannot be included as 

they are within an RF circuit or system, but need to be encapsulated at fi rst. 

The package is a protective lid applied to RF MEMS devices, ensuring their 

mechanical protection from shocks, as well as their isolation from contami-

nants, dust particles, moisture, and so on. Besides, the package has also to be 

carefully designed and realized, in order to ensure the redistribution of the 

electrical signals, from the RF MEMS devices to the external world. 

 The goal of this chapter is to provide the reader with useful informa-

tion about the critical aspects that must be addressed in order to reach 

the outstanding performance of RF MEMS devices mentioned above, as 

well as about their solutions at technology and design level. The chapter 

is arranged as follows: Section 8.2 gives a brief overview. Section 8.3 pres-

ents the salient features of electrostatically activated devices and of lumped 

RF MEMS components, such as ohmic and capacitive switches, varactors 

and inductors, as well as some of the most relevant issues at manufacturing 

level. Section 8.4 presents the fabrication process developed at Fondazione 
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Bruno Kessler (FBK), to give the reader a detailed example of a technolog-

ical platform for the fabrication of both lumped components and complex 

RF circuits. The chapter is concluded by Section 8.5, where some examples 

of high- performance devices, such as single-pole double-throw (SPDT) and 

single-pole four-throw (SP4T) switches, switching matrices and phase shift-

ers are presented.  

  8.2     RF MEMS technology 

 MEMS technology is well developed and extensively used for the manu-

facture of sensors and actuators, such as pressure sensors, accelerometers, 

gyroscopes, micro-mirrors, ink jet printers and hard disk-head fi ne position-

ing. The basic fabrication process is derived from monolithic planar technol-

ogy, adding mechanical to electrical functionality and is potentially CMOS 

compatible, even if some materials are incompatible and therefore cannot 

be processed in the same facility. When using MEMS technology to realize 

devices working at high frequency (up to hundreds of GHz) dimensions are 

comparable with the signal wavelength, and interaction between adjacent 

components becomes important. This induces additional constraints, not 

only in the design but also in fabrication. 

 For the realization of RF MEMS devices there is not a well-defi ned 

and standardized fabrication technology as for CMOS, but rather sev-

eral fabrication processes customized for specifi c purposes. Some basic 

fabrication steps are common, despite different materials, deposition 

technologies and patterning methods being used. In order to reduce the 

fabrication cost and to improve the throughput, batch semiconductor 

processing and related equipment are used, adding movable structures 

such as cantilever and clamped-clamped beams obtained by microma-

chining techniques. RF circuits and control electronics can be realized on 

the same substrate, yielding high fl exibility at the expense of an increas-

ing process complexity. 

 The defi nition of the most appropriate RF MEMS fabrication fl ow must 

be done, accounting for the different types of structures that must be manu-

factured, and for the critical aspects they introduce. With regard to this, the 

most common RF MEMS basic elements are fi xed and variable capacitors, 

inductors and switches. Highly conductive RF signal lines connect differ-

ent components, realizing input and output terminations for the intrinsic 

MEMS devices. Additional signal lines, working in DC or low-frequency 

regimes, are required for delivering biasing signals and for controlling, in 

turn, the micro-devices. 

 Switches can be realized in many different confi gurations (Tilmans, 2002). 

The RF signal can be transmitted by a resistive (ohmic) metal-to-metal 

contact, or by the capacitive coupling between two metal plates across an 
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insulating (dielectric) layer. The switch can operate in series when it opens 

or closes a contact on a signal line, or in shunt confi guration when the switch 

connects or disconnects the signal line to ground. The movable parts of the 

switch can be actuated in different ways. The most common is the electro-

static actuation (Rebeiz, 2003) where an attractive Coulomb force is gen-

erated by a voltage drop imposed across a fi xed and a movable electrode. 

Devices can be operated by using negligible power, but they require a high 

voltage that is often not directly available on wireless devices, and therefore 

additional voltage multiplier circuits are needed. The fabrication process is 

relatively simple in concept, because many of the steps used are similar to 

standard integrated circuit (IC) fabrication. 

 Other diffused actuation mechanisms are piezoelectric, electro-thermal 

and electro-magnetic (Lisec, 2010). In piezoelectric devices, a piezoelectric 

fi lm and a top electrode are deposited on the movable structure. By apply-

ing a voltage, the piezoelectric material deforms, inducing beam bending. 

 The piezoelectric actuation requires low actuation voltage and allows fast 

response and reasonable power consumption, but the fabrication technol-

ogy is more complex and frequently the deposition temperature required to 

Ground

Ground

RF signal
Metal cantilever

Dielectric

Substrate

Actuation electrode

Metal contact

 8.1      Schematic of a cantilever-based series ohmic metal-to-metal 

contact switch. In the rest (up) position, represented in the fi gure, 

the signal line is open. When a voltage is applied to the actuation 

electrode, the electrostatic force moves down the suspended 

cantilever realizing an ohmic metal-to-metal contact closing the signal 

line.  
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obtain good quality piezoelectric material is high and not compatible with 

the high-conductivity metal layers needed for RF circuits. 

 In electro-thermal devices the actuation is induced by the heat produced 

by the current fl owing in a resistor. The thermal expansion generated by the 

change in temperature induces a movement or displacement (Blondy  et al ., 
2001). It requires a simple technology and low actuation voltage, but the 

response is slow and thermally ineffi cient (all the heat is not converted into 

actuation) and the high actuation power required is not suitable for wireless 

communications. 

 In electro-magnetic switches (Tilmans  et al ., 1999) the current fl owing in 

coils will induce a magnetic fi eld that can actuate the switch. Typically, the 

fabrication is quite complex and the power consumption can be high. 

 Among all the possible confi gurations, the most widely used and the 

most suitable for wireless applications is represented by electrostati-

cally actuated series ohmic and shunt capacitive switches (Tilmans  et al. , 
2002). The schematic of the two kinds of switches is presented in Figs 8.1 

and 8.2.           

Substrate

Ground Ground

RF signal

RF signal line + Vbias

Metal bridge

Dielectric

 8.2      Schematic of a capacitive shunt switch. In the rest (up) 

position the RF signal fl ows through the signal line under the 

grounded suspended bridge. When the bias voltage is applied to 

the bottom electrode, the bridge is pulled down by the electrostatic 

force, touching the dielectric over the underpass line and the 

high-capacitance shorts to ground the RF signal opening, in turn, 

the line.  

�� �� �� �� �� ��



 RF MEMS technology for wireless communications 231

© Woodhead Publishing Limited, 2013

 The main difference is in the frequency behaviour. In ohmic switches the 

isolation reduces with increasing frequency, being very high from DC to 

a few GHz and still acceptable up to tens of GHz. On the contrary, shunt 

capacitive switches are not effective at DC and low frequency and start 

working at some GHz. The isolation increases with frequency up to a max-

imum, depending on the device capacitive and inductive behaviour, which 

has to be suitably dimensioned at design level.  

  8.3     RF MEMS technology for high-performance 
passive components 

 This section reports about the relevant technological features for the fabri-

cation of high-performance passive lumped components. For each device, 

namely electrostatically actuated switches, capacitors and inductors and 

their basic parts, the main technological requirements and the materials to 

be used are analysed. 

  8.3.1     Electrostatically actuated devices 

 In electrostatically actuated switches a voltage is applied between two elec-

trodes, one of which is movable, generating an attraction force that defl ects 

the beam (Rebeiz, 2003). When the voltage is removed the beam returns 

to the rest position, due to the elastic restoring force. The actuation voltage 

depends on the electrode confi guration, beam geometry and material, as 

well as on the distance between the electrodes (Rebeiz, 2003). By reduc-

ing the switch stiffness it is possible to design switches that can be actuated 

using a low voltage, despite this implying a low restoring force that increases 

the probability of stiction. Considering actuation speed (decreasing the 

spring constant will increase the switching time), repeatability of the con-

tact and reliability, it is usually necessary to use a high actuation voltage; 30 

to 50 V is common, but it can be up to 100 V. Because the current involved in 

the operation is very low the dissipated power is minimal, allowing the use 

of electrostatic actuated devices in battery-powered systems. The required 

actuation voltage can be obtained by a charge pump circuit (Aaltonen and 

Halonen, 2009). 

 Many different RF MEMS switch confi gurations have been demon-

strated, but from the fabrication point of view there are some features and 

technology solutions in common between them, such as the movable mem-

brane with contacts, suspended structures (air bridges), dielectric layers for 

isolation and, to realize capacitors, highly conductive metal lines for RF sig-

nal transmission, including the underpass lines, that is, the part of signal line 

under the movable membrane, actuation electrodes and biasing lines.  
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  8.3.2     RF signal lines and biasing lines 

 The RF signal lines, either in coplanar waveguide (CPW) or microstrip 

confi guration, are usually made of aluminium, aluminium-based alloys or 

gold, although in some cases copper has been used (Morris  et al ., 2003). 

To have low resistance, high thickness is required, usually a few microns. 

Aluminium is deposited by sputtering and dry etching, while gold and cop-

per are usually deposited by electroplating inside a photoresist moulding 

mask. To reduce losses it is important to minimize coupling with closer 

structures and substrate. In particular on high-resistivity silicon substrate, 

the charging phenomenon at the interface between the silicon surface 

and the insulating silicon oxide can induce a conductive channel that can 

introduce a few dB of losses in the signal lines. To avoid this effect, differ-

ent solutions have been considered, such as high temperature annealing 

after thermal oxidation, or the deposition of a layer of non-doped poly-

crystalline silicon (Gamble  et al ., 1999) or amorphous silicon (Rong  et al ., 
2004) before oxide deposition. Ion implantation of the Si–SiO 2  interface, to 

create traps in order to reduce mobility of charges, has proven to be useful 

too (Jansman  et al ., 2003). 

 The underpass line is the part of signal line that runs beneath the sus-

pended structures, and it consists of electrodes and contacts as well. To avoid 

or reduce non-planarization effects on the movable membranes above, due 

to vertical steps on buried layers, the underpass lines must be thin. Moreover, 

they have to be fl at and smooth in order to realize a good contact when 

the switch is actuated, particularly in the case of capacitive contact where 

an intimate contact between electrodes is necessary to achieve the desired 

high-capacitance value. In ohmic switches it is preferable to have a hard 

surface to reduce the wear of the contacting surfaces. On the other hand, in 

capacitive contact switches the underpass has to be covered by a dielectric 

fi lm and therefore its material must not be negatively affected by the dielec-

tric deposition temperature avoiding roughness increase. Sometimes the 

underpass is fabricated by depositing a thinner layer of the same material 

used for the signal line, but frequently a different material is used to opti-

mize the contact area. Because the underpass is relatively short, resistivity is 

not so critical and refractory materials such as W, Mo, Ru and Pt have been 

used for their thermal stability. 

 To apply the actuation voltage to the electrodes, biasing lines are 

required. Because they are very close to, or cross, the RF lines, coupling 

effects can induce signifi cant loss. High resistances are required to decou-

ple the RF from the AC/DC signals. The biasing lines can be either fabri-

cated by high-resistivity materials such as polysilicon or, most commonly, 

realized by Al or Au metal lines adding lumped resistors to realize the 

decoupling.  
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  8.3.3     Movable structures 

 The movable structures are the key parts of the switches and have both elec-

tric and mechanical functions. They must be highly conductive to transmit 

the RF signal, elastic in order to deform, and stiff enough to provide the 

restoring force when the actuation voltage is removed. The structures have 

to be fl at and present a low internal stress and stress gradient to reduce dis-

tortion. Both the fabrication process and the design have to be tailored to 

meet these specifi cations. 

 Either clamped–clamped beam or cantilever confi guration are used, pos-

sibly with suitably designed anchoring parts to reduce the effects of stress 

accumulation and temperature gradients. Cantilevers are very compact and, 

because they are free on one side, can deform to compensate the stress, despite 

inducing a change in the air gap, thereby modifying the actuation voltage. 

 Double-clamped beams are more robust and present higher restoring 

force, reducing stiction problems, but their stiffness can be strongly infl u-

enced by residual stress that can signifi cantly change the actuation voltage. 

Moreover, they are more sensitive to temperature, due to the difference in 

thermal expansion coeffi cients between beam and substrate. Careful design 

of the anchoring system and bridge geometry will reduce these effects 

(Nieminen  et al ., 2004), but the fabrication process has to provide a low, 

uniform and repeatable tensile stress. 

 Usually the same high-conductivity metal of the signal lines, such as 

gold, aluminium or aluminium alloys, is used, but copper (Balaraman  et al ., 
2002) and nickel (Pacheco  et al ., 2000; Zavracky  et al ., 1997) have been used 

too. Palego  et al . (2009) used molybdenum membrane because, due to its 

reduced thermal expansion coeffi cient, it is less sensitive to temperature 

changes. In some cases the movable membranes are realized in silicon or 

polysilicon, or by using dielectric fi lms, such as silicon nitride, with metal areas 

for contacts and actuation electrodes. WiSpry used three-layer gold- silicon 

oxide-gold to obtain a stress-compensated bridge (Morris  et al ., 2003). 

 The movable and suspended structures are generally fabricated by surface 

micromachining, that is, they are deposited over a sacrifi cial layer that is later 

removed to release the membrane. To facilitate the process, a matrix of uni-

formly distributed holes is typically realized on the movable membrane. This 

contributes to increase the actuation speed too, by reducing the air viscous 

damping. Many combinations of membrane materials, sacrifi cial layer and 

release technique are reported in the literature. One of the simplest tech-

nological solutions is to use photoresist or other polymers, such as polyim-

ide, and deposit over it a metal layer by sputtering or electroplating. Oxygen 

plasma can easily remove the polymer. The process is simple and compatible 

with standard microelectronic technology, but there are limitations to the 

maximum temperature that can be used, and planarization can be diffi cult. 
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 Aluminium and copper (Zavracky  et al. , 1997) have also been used as sac-

rifi cial layers and removed by wet etching. To avoid sticking problem during 

liquid evaporation, supercritical drying is required. Copper allows obtaining 

very fl at structures by planarization using chemical mechanical polishing 

(CMP). Silicon oxide is frequently used in MEMS sensors and sometimes 

in RF MEMS too, and it can be easily removed by hydrofl uoric acid (HF) 

vapour or dry etching.  

  8.3.4      RF MEMS ohmic metal-to-metal 
contact switches 

 Ohmic switches (Fig. 8.3) are based on a resistive metal-to-metal contact. 

In the actuated state the signal is transmitted through the ohmic contact. At 

low frequency the insertion loss is mainly due to the contact resistance. On 

the other hand, at higher frequency parasitic capacitance and inductance 

contribute to the losses and have to be minimized by proper design. In the 

non-actuated state the contact is open and the isolation is very good both 

in DC and low RF frequency. Increasing the frequency, the capacitance of 

the switch in the up-position, and other residual capacitance and inductance 

contributions, play a role in transmitting some signal and reducing, in turn, 

the isolation. The isolation is still good enough for practical applications up 

to a few tens of GHz.      

 The metal-to-metal contact is the critical part. It should be highly conduc-

tive to have low insertion loss, and it must be highly reliable. Wear, corrosion 

and contamination can deteriorate the RF performance, and adhesion and 

stiction phenomena can lead to device failure. In the simplest confi guration 

the contact is made directly between the movable structure and the under-

pass line. Consequently, materials and deposition process have to be chosen 

in order to have a good contact. In some cases to optimize performance 

a dedicated metal layer has been deposited under the bridge or over the 

underpass line. As an example, Almeida  et al . (2006) presented a laterally 

actuated switch with 20  μ m electroplated Ni as structural material, covered 

by electroplated gold to improve the contact resistance. 

 Oxidation of the surface of the materials in contact will lead to a poor con-

tact and therefore such metals as aluminium and copper, frequently used in 

microelectronics, are not appropriate. Gold is a good candidate and is largely 

used, due to its high conductivity and its chemical inertness, but it is expen-

sive and quite soft. If the contact is not well designed it can deform and wear 

after a relatively small number of actuation cycles and micro- welding can 

induce failure by permanent stiction, particularly in the case of ‘hot switch-

ing’. Contact between two hard metals, or between gold and a hard metal such 

as tungsten or ruthenium (Broue  et al ., 2010), has been shown to enhance 

mechanical resistance, but at the expense of an increased contact resistance. 
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To improve hardness and Young’s modulus, gold alloys were tested, adding 

other metals such as ruthenium, rhodium (Lee  et al ., 2006), nickel (Yang 

 et al ., 2009), palladium and platinum (Chen  et al ., 2007). 

 Another possibility is to use multi-layered structures (Mulloni  et al ., 2012), 

stacking many alternate layers of gold and a harder metal and inducing partial 

alloying by controlled thermal treatment. The presence of interfaces is a bar-

rier for mechanical dislocation migration and induces further hardening. Gold 

can be left on external surfaces to preserve its low resistance characteristics. 

 The contact resistance depends not only on the materials in contact but on 

the contact force (the higher the force the lower the resistance) and area too. 

Internal stress induces distortion of movable structures and the contact area 

can be not reproducible from device to device. A good solution to have a 

well-defi ned contact area despite bridge distortion is to design small contact 

dimples, either on the fi xed or the movable part. To better control the contact 

force, the movable part can be constituted of parts with different rigidities, 

either by design or by changing the thickness. As an example concerning 

the FBK ohmic switches, in order to have a reproducible contact force and 

position, the area is defi ned by small diameter 600 nm thick polysilicon dim-

ples under the metal signal line. As shown in Fig. 8.3 the central part of the 

movable membrane over the actuation electrode is made thicker, in order 

to be rigid and remain fl at during displacement, while the part close to the 

contact area is thinner, in order to have a controlled defl ection. The contact 

force is defi ned by the dimple thickness and by the elastic constant of the tip 

(Farinelli  et al ., 2007). 

Anchor

Metal bridge Side wing

Up

Down

Substrate

Actuation padGND

GND

RF

polySi dimple

 8.3      Picture and schematic cross-section of an electrostatic 

actuated ohmic switch. The metal-to-metal contact is obtained by 

a movable clamped–clamped beam. The contact force is controlled 

by the defl ection of side wings over the contact dimples.  
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 An image of a cantilever ohmic switch is shown in Fig. 8.4a. The switch 

is 170  μ m long, 110  μ m wide, and has an air gap of 3  μ m. The cantilever is 

anchored on the left side while the right side is free to move and touches 

the metal underpass line in correspondence to the contact dimples. The cen-

tral part, over the actuation electrode, is made more rigid by thicker gold, 
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 8.4      (a) Picture of an electrostatically actuated cantilever ohmic switch. 

The cantilever is anchored to the signal line by two narrow legs on 

the left side, while it is free to move on the right side. (b) Typical 

transmission parameters: isolation in the OFF state and insertion loss 

in the ON state of a cantilever ohmic switch.  
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in order to reduce stress-induced distortions. Figure 8.4b reports the typical 

behaviour of a cantilever switch with the isolation in the OFF state decreas-

ing with frequency. In the actuated state the insertion loss is less than 0.2 dB 

up to 20 GHz, and better than 0.5 dB up to 40 GHz. The contact resistance 

is 0.9 ohms.       

  8.3.5     RF MEMS capacitive contact switches 

 On capacitive shunt switches the movable armature is connected to ground 

(Fig. 8.5). In the non-actuated position it is separated from the signal line by 

an air gap realizing a small capacitance, that is, high impedance, and the RF 

signal fl ows through the line with a minimum loss. When the movable mem-

brane is actuated, the two metal electrodes are ideally separated only by the 

thin dielectric fi lm covering the bottom contact, realizing a high capacitance 

that induces a low impedance path, and the RF signal fl ows from the line to 

ground through the capacitor.      

 In contrast to an ohmic device, in a capacitive switch there is no metal 

contact between the termination, and the RF signal passes through a (var-

iable) capacitive coupling. This means that a shunt capacitive switch in the 

ON state shorts to ground RF signals (i.e. open switch), but passes to the 

output termination DC and low-frequency signals, regardless of the state 

GND

GND

RF

Floating electrode

Actuation pad

Silicon
Oxide

Poly-Si
LTO

Gold
Metal

CPW central line

 8.5      Picture and schematic cross-section of a capacitive shunt switch 

using separated electrodes for contact and actuation (four-terminal 

confi guration). Electrostatic actuation is obtained by applying 

a voltage to the lateral electrodes while the capacitive contact 

is realized between the movable bridge and the isolated metal 

underpass constituting the central line of a CPW. A gold fl oating 

electrode is deposited over the dielectric on the lower contact 

in order to have a well-defi ned and repetitive capacitance value 

independently of stress-induced distortions of the movable bridge.   
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of the MEMS micro-switch. In the DC and low-frequency regimes, indeed, 

the capacitive coupling to ground is not suffi cient to create a low impedance 

path to ground. 

 The higher isolation is obtained at the LC series resonant frequency 

(Rebeiz, 2003) defi ned by  

    f
LC

=
1

2

1

π
on

       [8.1]   

 where  C  on  is the capacitance in the actuated state and  L  is the inductance 

of the switch. These types of switches are therefore suited only for high 

 frequencies, and the working frequency range can be defi ned by design, 

as indicated in Fig. 8.6. From the graph it appears clear that to obtain the 

desired RF performances the capacitance in the actuated state has to be 

accurate and reproducible from device to device.      

 Due to the presence of the dielectric, it is also possible to use the contact 

as the actuation electrode (Fig. 8.2). The biasing signal is applied directly to 

the RF signal line, realizing a two-terminal confi guration (Tilmans, 2002). 

Decoupling capacitors and/or choke inductors, either external or on-chip, 

are required to avoid the biasing signal from fl owing along the RF lines. A 

four-terminal confi guration with separate electrodes for contact and actu-

ation, as in Fig. 8.5, is more bulky and requires a longer fabrication process 

but adds much more design fl exibility. 
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 8.6      Simulated isolation parameters of a capacitive shunt switch in the 

actuated position. The value of capacitance in the actuated position 

(Con) strongly infl uences the frequency behaviour, and therefore it 

is important that the fabrication process allows obtaining a highly 

repeatable and uniform value.  
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 The main parameter to consider for the fabrication of capacitive switches 

is the ratio between the capacitance in the actuated and non-actuated posi-

tions. To obtain low capacitance in the up-position, small electrodes and 

high electrode distance (air gap) are required. Because the actuation volt-

age depends on the initial air gap (Rebeiz, 2003), it has to be limited. Typical 

values of the air gap are in the range from 1.5 to 4  μ m. To have high capac-

itance in the actuated position, large electrodes and a thin dielectric with 

high relative dielectric constant (  ε   r ) are needed. The minimum thickness of 

the dielectric is limited because it must provide DC isolation without break-

down. Typical values are 100–200 nm, depending on the characteristics of 

the material used. 

 A critical aspect for reliability is the dielectric charging that modifi es the 

actuation voltage and induces switch sticking. Therefore, this aspect must 

involve careful consideration in the choice of the dielectric material and 

its deposition method. The charging effects are strongly correlated to the 

dielectric structure. Stoichiometric fi lms with low crystallographic defects 

exibit reduced charging phenomena, but to obtain this kind of fi lm, usu-

ally high deposition temperatures, not compatible with the fabrication, are 

required. 

 Many different dielectrics can be used, the most common being silicon 

oxide (  ε   r   ≈  4) and nitride (  ε   r   ≈  7–8), which can be easily deposited, even 

at the low temperature required for the MEMS fabrication, by using stan-

dard microelectronic process such as low temperature oxide (LTO) chem-

ical vapour deposition and plasma-enhanced chemical vapour deposition 

(PECVD). The fi lm obtained at low temperature presents a high number of 

defects and lower quality. The PECVD silicon nitride has higher dielectric 

constant but usually, due to the high hydrogen content and defects in the 

fi lm, it suffers from higher charging effects that reduce reliability. 

 High-   ε   r  dielectrics, such as lead zirconium titanate (PZT) (  ε   r  = 150–200), 

barium strontium titanate (BST) (  ε   r  > 200) and tantalum oxide (Ta2O5) (  ε   r   ≈  

25) (Lisec  et al ., 2004), have been tested but deposition of good quality fi lm 

at low temperature is diffi cult and high charging is frequently found. A prom-

ising material seems to be sputtered AlN (  ε   r   ≈  10); a deposition process has 

been developed using dedicated equipment allowing densely packed grains 

with reduced defects to be obtained (Lisec  et al ., 2004). 

 To reduce charging phenomena and improve reliability it is possible to use 

the dielectric-less approach (Blondy  et al ., 2004; Mardivirin  et al ., 2009). By 

placing stoppers, either on the movable bridge or on the underpass, direct 

contact is avoided and a thin air layer remains acting as a dielectric. The air 

layer must be thick enough to avoid breakdown and, therefore, the obtain-

able capacitance is limited. 

 On the four-terminal confi gurations, where the electrodes for elec-

trostatic actuation and the RF contacts are separated, it is possible to 
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optimize separately the dielectrics. A thin dielectric layer on the contact is 

optimized for RF performance while, on the actuation electrode, it is pos-

sible to use the dielectric-less confi guration or a thicker dielectric to better 

sustain the actuation voltage reducing the electric fi eld and the charging 

phenomena. 

 Due to surface roughness, internal stress that deforms the movable mem-

brane, and topological problems, the contact of the two electrodes is not 

perfect and a residual equivalent air gap remains, reducing the capacitance 

in the actuated state with respect to the designed value. This effect is not 

uniform, and the capacitance changes from die to die modifying the perfor-

mance and the working frequency band. To mitigate the problem, both smart 

design and accurate control of the fabrication process to reduce roughness 

and stress are required. 

 A good solution was developed at imec, by adding a fl oating metal elec-

trode over the dielectric. The value of the capacitance is defi ned by the 

overlap of fl oating electrode and the signal line underpass, and not by the 

movable membrane. It is therefore possible to obtain a uniform capacitance 

close to the theoretical value. The movable membrane has just to touch the 

fl oating electrode to realize an ohmic metal-to-metal contact. The dimen-

sions of the membrane can be strongly reduced obtaining a much smaller 

capacitance in the non-actuated state and therefore a much higher capaci-

tance ratio in the so-called boosted confi guration (Rottemberg  et al ., 2002). 

Figure 8.7 represents a boosted capacitive switch fabricated at FBK. The 

movable membrane is modifi ed in order to have just three narrow bars over 

the contact area, touching the fl oating electrode on contact dimples. The 

capacitance ratio is close to 200, but it can be easily increased by acting at 

design level. The RF measured behaviour results to be very close to the sim-

ulated one and repeatability from device to device is quite high.       

  8.3.6     RF MEMS variable capacitors 

 Capacitors are a key element in RF circuits. Fixed capacitors can be easily 

realized by interposing a dielectric, either an insulator (MIM) or air (MAM) 

between two conductive metal layers. Because there are no moving parts, 

charging is not an issue and high   ε   r  dielectrics can be used. 

 RF MEMS technology allows changing the capacitance by realizing either 

switchable capacitors (Palego  et al ., 2006) or tunable varactors. Furthermore, 

it is possible to use switches to connect or disconnect any element of a fi xed 

capacitor bank. Brank  et al . (2001) and Entesari and Rebeiz (2005) pre-

sented tunable fi lters realized by using capacitive switches to connect series-

fi xed capacitors. WiSpry is fabricating antenna tuners for cell phones with 

digital capacitors (Natarajan  et al ., 2011). 
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 Parallel-plate capacitive contact switches are basically variable capacitors. 

By applying or removing a fi xed voltage the capacitance switches between 

two values. The higher one in the actuated state is defi ned by the dimension 

of the contact electrodes and the thickness and dielectric constant of the 

dielectric material. When the switch is released the air gap that is in series 

with the dielectric defi nes the lower value of capacitance. 

 Tunability can be obtained by applying an analogue control voltage. By 

increasing the applied voltage the force induced by the electric fi eld defl ects 
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 8.7      (a) Picture of a capacitive shunt switch in ‘boosted’ confi guration. 

In the actuated position the movable membrane touches the fl oating 

metal realizing a high capacitance defi ned by the fl oating metal-

dielectric-underpass line MIM capacitor that is independent of bridge 

distortions or surface roughness, and therefore highly repeatable. 

In the up-position only three narrow bars overlap the underpass 

inducing a very small metal-air-metal (MAM) capacitance. (b) The 

measured isolation parameter is similar to the simulated one, 

indicating that the capacitance in the actuated state is close to the 

designed value.  
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the beam, reducing the air gap and therefore increasing the capacitance. 

When the displacement is one-third of the initial gap the electrostatic force 

becomes higher than the elastic force induced by the deformation, and 

the beam snaps down (Tilmans, 2002). The theoretical tunability range is 

therefore limited to a maximum increase of 50% with respect to the low 

capacitance value in the up-position. In fabricated devices fringing fi eld and 

parasitic capacitance introduce other limitations, and capacitance ratios in 

the range 1.42–1.27 were reported (Rebeiz, 2003). 

 A higher capacitance ratio can be obtained by using a four-terminal con-

fi guration with the air gap between contact electrodes smaller than the air 

gap between actuation electrodes, in order to reach the full excursion before 

the actuation electrode reaches the one-third limit (Nieminen  et al ., 2002). 

Zou  et al . (2001) fabricated devices on Pyrex glass using evaporated gold as 

the bottom electrode. The sacrifi cial layer was made from evaporated cop-

per in two steps in order to obtain the 2 and 3  μ m variable height spacer. The 

movable membrane was realized by electroplated Permalloy. Afterwards 

copper wet etching supercritical carbon dioxide dryer was used to avoid 

stiction. 

 Three-plate variable capacitors were also reported by Dec and Suyama 

(2000), using a process with three layers of polysilicon separated by silicon 

oxide. The oxide was removed by HF wet etching followed by supercritical 

carbon dioxide drying. Gold was deposited over the top polysilicon layer to 

reduce resistance. 

 Variable capacitors can also be obtained by modifying the electrode-

overlap area. Rockwell demonstrated interdigitated structures where a 

movable suspended electrode is moved on the plane by electrostatic forces 

modifying the overlapping area with respect to a fi xed electrode, obtaining a 

tuning ratio of 3 (Yao  et al ., 1998). The devices were made of silicon, starting 

from silicon on insulator (SOI) wafer having 30  μ m of silicon over a silicon 

oxide interlayer. The interdigitated structure was obtained by deep reactive 

ion etching (DRIE) stopping on the oxide. To reduce parasitic losses the 

substrate was removed selectively on the back side of the device by a second 

DRIE step. The silicon oxide was removed by HF and supercritical drying. 

 By using an adhesive bonding process and design improvements, per-

formances were further enhanced. After deposition and patterning of the 

aluminium layer on the back side of the device, the SOI wafers were epoxy-

bonded to a carrier glass wafer and the silicon substrate and buried oxide 

completely removed. Aluminium was deposited and patterned on the top 

side and the silicon etched by DRIE. The structures were released by iso-

tropic etching of the epoxy in oxygen plasma (Borwick  et al ., 2003). Due to 

DRIE process improvements it was possible to increase the thickness of the 

capacitor fi nger up to 80  μ m. A capacitance ratio of 8.4 was obtained with a 

voltage of 8V.  
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  8.3.7     RF MEMS inductors 

 Inductors integrated in the substrate are required for many RF circuits, but 

losses and parasitic capacitance induced by the substrate can reduce the 

Q factor and the maximum frequency. This effect can be quite high on low 

resistivity silicon. 

 Meandered ribbon inductors (Fig. 8.8a) can be easily fabricated in pla-

nar technology by using just a metal layer. Spiral inductors present higher 

 

(a)

(b)

 

 8.8      Pictures of air-suspended inductors (a) meander ribbon, and 

(b) spiral based. The inductors, realized by surface micromachining, 

present 5 μm thick gold lines suspended in air over the substrate, 

after removing 4,5 μm thick sacrifi cial photoresist. On spiral 

inductors, a metal underpass connects the spiral central point to the 

output.  
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inductance and therefore are preferable, but the need to connect the central 

point to the outside requires a second metal layer to realize either an air 

bridge crossover or an underpass line (Fig. 8.8b). To obtain low resistance, 

thick layers of high-conductive metal are required and therefore electro-

plated copper or gold are frequently used.      

 Different approaches have been used to reduce the substrate infl uence 

and to obtain higher Q inductors, either increasing the distance to substrate 

or removing the substrate. 

 By using DRIE or anisotropic wet etching with potassium hydroxide 

(KOH) or tetramethylammonium hydroxide (TMAH), the Si substrate can 

be completely removed by bulk micromachining from the back side, leaving 

the device suspended on a thin dielectric membrane (Chi and Rebeiz, 1995; 

L ó pez-Villegas  et al ., 2000). As an alternative, a deep hole in the silicon can 

be realized from the front side under the spiral (Sun  et al ., 1999). 

 A frequently used solution is to fabricate the inductor over a very thick 

dielectric layer or suspended in air. Sun and Miao (2005) fabricated induc-

tors over a 20  μ m thick oxide layer obtained by DRIE etching an array of 

2  μ m spaced 2  μ m wide trenches inside the silicon substrate and then oxidiz-

ing the remaining Si. A more common and simple procedure is to use a thick 

polymer-like polyimide or benzocyclobutene (BCB) (Pieters  et al ., 2000). 

 Spiral inductors suspended in air on two very thick signal posts were 

realized by KAIST using three-dimensional (3D) lithography (Yoon  et al ., 
2002). A very thick resist, up to 100  μ m, was spun over the bottom Cu elec-

trodes and exposed twice with different masks and exposure times. With a 

reduced time, only the top part of the resist was exposed defi ning the mould 

for the suspended coils, while with a full time exposure the holes for the 

posts were realized. The posts were then fi lled by Cu electroplating and a 

Cu seed layer was deposited. After removing the topmost seed metal by 

mechanical polishing, the coil was realized with 10  μ m thick electroplated 

Cu. The sacrifi cial resist layer was removed with acetone. 

 With a similar process, tridimensional solenoid structures were also fabri-

cated (Yoon  et al ., 2003). Thick posts were realized over each end of parallel 

Cu lines on the substrate, while a second series of Cu lines were electro-

plated over the sacrifi cial resist to complete the solenoid spirals. Leblond 

 et al . (2006) realized 3  μ m thick gold suspended inductors over a 10  μ m thick 

resist sacrifi cial layer.   

  8.4     Technology platform for the fabrication of RF 
MEMS complex circuits 

 After introducing and describing the salient features of lumped RF MEMS 

components, such as varactors, switches and inductors, as well as some of 

the most relevant issues at manufacturing level, a technology platform 
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suitable for their fabrication is next discussed. The specifi c process is the 

surface micromachining technology available at FBK, specifi cally opti-

mized for the fabrication of RF MEMS lumped components and complex 

networks. 

 For frequencies up to 40 GHz, high-resistivity silicon substrates are used. 

For higher frequencies, quartz (fused silica) wafers are preferable, because 

they present lower substrate losses. Quartz is very brittle and must be han-

dled with care, particularly when thin substrates (300  μ m) are needed for 

microstrip structures. To reduce the number of wafers broken during fabri-

cation, the internal stress is reduced by a preliminary thermal treatment at 

1050 ° C, followed by a very slow cooling. 

 The movable and suspended structures are realized by means of 1.8  μ m 

electroplated gold, while the thicker (>5  μ m) signal line and the anchor-

ing structures are realized by adding a second electroplated gold layer. 

Underpass lines are made by a multilayer composed of Al 1% Si alloy and 

Ti–TiN diffusion barrier and capping layer to avoid diffusion of Al in poly-

silicon and the formation of hillocks during the subsequent deposition of 

silicon oxide (LTO). 

 Biasing lines and actuation electrodes are realized using high-resistivity 

polysilicon to reduce RF losses. Polysilicon allows high temperature process-

ing and therefore good quality silicon oxide (TEOS) can be deposited over 

it. The actuation electrodes can be isolated by using both TEOS and LTO 

to sustain the actuation voltage without breakdown, while on the capaci-

tive contacts only the thinner LTO is used, to have higher capacitance. As 

an alternative, it is possible to realize dielectric-free actuation electrodes 

removing all the dielectric over the polysilicon and building some posts that 

prevent the movable bridges from touching the electrode (short circuit). In 

this way it is possible to drastically reduce the pull-in voltage shift induced 

by charging (Solazzi  et al ., 2011). 

 A scheme of the process fl ow is illustrated in Fig. 8.9. The fabrication 

process starts on high-resistivity silicon wafers with the realization of an 

insulating layer consisting of 1  μ m of silicon oxide grown by wet thermal 

oxidation at 975 ° C. The charges trapped at the silicon oxide interface can 

induce a conductive channel that increases the losses on the substrate by 

capacitive coupling. Annealing at 975 ° C for 50 min in nitrogen atmosphere 

is performed in order to reduce the trapped charge. On quartz wafer those 

steps are obviously not required.      

 To realize the electrodes for electrostatic actuation and the correspond-

ing DC signal bias lines as well as resistors, a 630 nm thick layer of polysili-

con is deposited by low pressure chemical vapour deposition (LPCVD) at 

630 ° C. The polysilicon layer is used also to create small dimples (usually 4  ×  

4  μ m) to defi ne exactly the number and position of contact points between 

the movable membrane and the underpass line (Fig. 8.9a). 

�� �� �� �� �� ��



© Woodhead Publishing Limited, 2013

(a)

(b)

(c)

(d)

(e)

(f)

(g)

 8.9      Schematic of the FBK RF MEMS fabrication process fl ow: (a) 

silicon substrate thermal oxidation and polysilicon deposition and 

patterning, (b) TEOS deposition and contact opening, (c) metal 

deposition and patterning, (d) LTO deposition, vias opening and 

fl oating metal deposition, (e) spacer deposition and backing, (f) seed 

layer and fi rst gold ‘bridge’ electroplating and (g) second gold ‘CPW’ 

electroplating and release of suspended structures. The picture 

represents the fabrication of a capacitive contact switch. To realize 

ohmic switches the dielectric (LTO) over the metal underpass is 

removed allowing a metal-to-metal contact.  
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 To obtain the required resistivity the polysilicon layer is implanted with 

boron ions (BF 2 ) at energy of 120 keV. Typically a 6.2 × 10 14  B/cm 2  dose 

is used to obtain a sheet resistance of about 1600 ohm/sq. If a different 

resistivity is required the corresponding dose can be easily calculated. 

The fi rst lithography step will defi ne the polysilicon structures that are 

obtained by dry etching using Cl based chemistry plasma. After removing 

the photoresist layer with oxygen plasma, the implanted B ions are dif-

fused and electrically activated by annealing at 925 ° C for 1 h in nitrogen 

atmosphere to obtain the required doping profi le. A 300 nm thick insulat-

ing layer of SiO 2  is deposited by LPCVD using tetra-ethyl-ortho-silicate 

(TEOS) at 718 ° C. 

 When devices, such as phased array antennas or microstrip lines, require 

a backside conductive layer, an aluminium fi lm is sputtered on the back 

side, defi ned by lithography (using a front side alignment) and dry etched. 

A PECVD silicon oxide or silicon nitride is used for isolation and to protect 

from scratches and corrosion. 

 The process continues on the front side with a lithography step and a dry 

etching (using F-based chemistry) to defi ne the opening in the TEOS for the 

contacts between polysilicon and metal (Fig. 8.9b). 

 To realize the underpass line and other conductors a metal layer (Al 

1%Si) is then deposited by sputtering. A diffusion barrier (Ti/TiN) is used 

to avoid spiking by Al diffusion at the polysilicon interface and hillocks 

formation on the top during dielectric deposition. The resulting multilayer 

is composed of 30 nm Ti, 50 nm TiN, 410 nm Al 1%Si, 60 nm Ti and 80 nm 

TiN. The thicknesses of the multimetal underpass and of the polysilicon 

actuation electrodes have to be the same in order to avoid distortion in the 

actuated bridge. The metal layer is defi ned by lithography and dry etched 

(Fig. 8.9c). 

 A 100 nm thick SiO 2  dielectric layer LTO is deposited by LPCVD at 

430 ° C using silane. It is used both to isolate the metal from other conduc-

tors and as a dielectric for capacitive contacts. 

 Holes in the LTO are defi ned by a lithography step and dry etched 

(Fig. 8.9d) to realize the vias that contact the metal underpass with the gold 

signal line and to prepare the areas of metal-to-metal contacts for ohmic 

switches. If dielectric-less actuation electrodes are required, the same step 

is used to remove both LTO and TEOS over the polysilicon electrodes by 

increasing the etching time. 

 In this case, to avoid short circuits, a matrix of mechanical stoppers is dis-

tributed over the electrodes (Fig. 8.10), designed by superimposing TEOS, 

metal, LTO and fl oating metal in order to obtain an air gap of 550 nm, thick 

enough to ensure isolation at the actuation voltage levels normally used.      

 5 nm Cr–150 nm Au layer is deposited by electron beam gun to be used 

both to realize electrically fl oating metal layer for capacitive contact switches 

and to realize the bottom part of the gold-to-gold contact for ohmic switches. 
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The Cr is used as adhesion layer because gold has very poor adhesion over 

silicon oxide. The fl oating metal is defi ned by a lithography step and wet 

etched (Fig. 8.9d). 

 Photoresist was chosen as sacrifi cial layer (spacer) for the fabrication of 

movable membranes and suspended air bridges, because it can be easily 

removed by oxygen plasma. The drawback is that only a partial planariza-

tion of the underlying structure’s topography is obtained, and the top sur-

face is not completely fl at. The standard thickness is 3  μ m but, depending 
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 8.10      Picture (a) and schematic of pillars (b) used as stoppers to 

avoid short circuits between electrodes and movable membranes in 

dielectric-free actuation electrodes.  
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on device requirements, different thicknesses are used, ranging from 1.6 to 

4.5  μ m. Photoresist is spun over the wafers and the sacrifi cial spacers are 

defi ned by lithography (Fig. 8.9e). The resist is backed at 200 ° C, a tempera-

ture much higher than the usual one, in order to round the edges by refl ow, 

and to improve step coverage, as well as to increase the photoresist chemical 

and mechanical resistance. After this treatment the resist is not dissolved 

by the solvents used in the next steps, and further lithography can be per-

formed without damaging the spacer. 

 The conductive seed layer, required for the electroplating process, is then 

evaporated all over the wafers. This layer is composed of 2.5 nm of Cr, to 

have good adhesion to the substrate, 25 nm of Au as conductive layer and a 

sacrifi cial top layer of 2 nm of Cr, to increase the adhesion of the photoresist 

mask during electroplating. A lithography step, using a 6  μ m thick AZ 4562 

positive resist, defi nes the pattern where the fi rst Au fi lm, called the ‘bridge’, 

will be grown. After wet etching of the top Cr layer, a 1.8  μ m thick Au fi lm 

is electroplated using cyanide-based chemistry (Fig. 8.9f). The deposition 

parameters have been chosen in order to obtain a slightly tensile residual 

stress. After photoresist removal, a further lithography step defi nes the pat-

tern of a second thicker (3.5  μ m) Au layer called the ‘CPW’, which is also 

grown by electroplating. The thinner ‘Bridge’ layer is used mainly to fabri-

cate the suspended and movable structures while low resistance RF signal 

lines, ground areas and the anchor points of movable structures, are fabri-

cated by superimposing both the gold layers. Frequently, the ‘CPW’ layer 

is deposited over selected areas of movable bridges in order to have stiffer 

parts that move rigidly while deformation is localized on thinner suspension 

spring legs. 

 The seed layer is removed by wet etching, and gold sintering at 190 ° C is 

performed to increase the gold adhesion to substrate and the bondability of 

pads for external connections. In addition, this step leads to a more homo-

geneous and reproducible (tensile) stress in the gold membranes. The last 

process step is the release of suspended structures by removal of sacrifi cial 

resist with oxygen plasma (Fig. 8.9g). The process temperature and the etch-

ing parameters were optimized in order to reduce the structural deforma-

tions induced by stress and the stress gradient along the thickness of the 

fi lms (Mulloni  et al ., 2010).Using a process variant, it is possible to remove 

locally the Si substrate to realize devices such as inductors and interdigitated 

capacitors on very thin suspended dielectric membranes. Before removing 

the seed layer on the front side, holes are realized on the silicon oxide on 

the back side, and the substrate is selectively removed either by deep RIE 

or by anisotropic Si etching using TMAH in a wafer holder that protects the 

front side. With the same technique it is possible to realize vias through the 

wafer that can be fi lled with copper by electroplating to electrically connect 

the front and backside of the wafer.  

�� �� �� �� �� ��



250 Handbook of MEMS for wireless and mobile applications

© Woodhead Publishing Limited, 2013

  8.5     Some examples of high-performance devices 
enabled by the RF MEMS technology 

 As a concluding section of this chapter, a brief overview of some of the rel-

evant realizations of lumped elements and complex networks in RF MEMS 

technology will be discussed. 

 Single switches are used to open or close a signal line but in many appli-

cations it is required to connect an input to different outputs, such as to 

switch between different antennas or insert different fi lters. This can be eas-

ily obtained by combining more switches, as in the SPDT devices presented 

in Fig. 8.11 (DiNardo  et al ., 2006). In this case to obtain isolation better than 

30 dB up to 40 GHz, a combination of ohmic series and capacitive shunt 

switches is used on each arm. The ohmic switch alone (upper curve with 

shunt not actuated in Fig. 8.11b) gives high isolation on the lower frequency 

range, starting from DC. The shunt switch was designed to have a maximum 

isolation at about 18 GHz and when actuated (lower curve) it increases the 

isolation at higher frequency. The insertion loss is higher than using a single 

switch, reaching 1.5 dB at 40 GHz, of which about 0.4 dB due to the input 

and output lines that are longer than in the case of a single switch.      

 When more connections are required, other switches can be added as in 

the SP4T shown in Fig. 8.12, where the incoming signal is split into the four 

output lines oriented at 60° (Casini  et al ., 2010). To obtain a compact device, 

series ohmic cantilever switches have been used due to their small dimen-

sion. The shape and dimensions of the junction area have been optimized 

to minimize mutual coupling. In the working frequency band from DC to 6 

GHz, the return loss is better than 20 dB and the insertion loss better than 

0.5 dB, while the isolation between ports is better than 30 dB. To increase 

the frequency range and isolation, it is possible to cascade a second cantile-

ver switch in shunt confi guration.      

 When many input and output lines have to be connected together inde-

pendently, reconfi gurable switching matrices are required (Braun  et al ., 
2008; Daneshmand and Mansour, 2011). One of the easier solutions is to 

use a modular approach, connecting together some building blocks like the 

2  ×  2 matrix shown in Fig. 8.13. The two input and the two output ports 

are perpendicular, in order to avoid crossing of signal lines, which reduces 

insulation. Depending on the switch confi guration, the signal on each input 

line can be independently connected to one or both of the output termina-

tions, or can be disconnected. To obtain non-blocking higher-order matri-

ces, the switching elements have to be assembled in a confi guration that 

always allows each input port to be connected to each output port by a 

smart routing of the signals. Increasing the number of the elements increases 

the complexity of the signal lines network and many crosses are required. 

The fabrication of cross-overs integrated on the same substrate is possible 
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but requires additional levels of metals, with insulating dielectric layers in 

between, increasing the process complexity. Moreover, the coupling between 

crossing lines can be non-negligible. Assembling the switching elements on 

a separate board, such as by using low temperature cofi red ceramics (LTCC) 

technology, allows to realize the RF connection on different highly conduc-

tive layers connected by vias and separated by ground planes. A further 

conductive layer can be used to realize the complex DC biasing network for 

the independent actuation of each switch (DiNardo  et al ., 2005).      

 Switches are also the key element to fabricate reconfi gurable or tunable 

circuits by selectively connecting components such as capacitors, varactors, 

inductors or delay lines. Many examples are reported in literature about 
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 8.11      Picture (a) and measured isolation parameters (b) of an 

SPDT switch realized by combining series ohmic and shunt 

capacitive switches to increase the high isolation frequency band.  �� �� �� �� �� ��
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 8.13      Building block for switching matrices. By assembling together 

two input–two output switching elements, high order non-blocking 

matrices can be realized.  

 8.12      SP4T switch obtained by using compact cantilever ohmic 

switches.  
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impedance matching tuners, phase shifters, couplers, power splitters, recon-

fi gurable LC tanks to tune oscillation frequency, and tunable fi lters (Rebeitz 

 et al ., 2009). 

 Figure 8.14 shows a programmable 0–360° 5-bit K-band phase shifter 

(Farinelli  et al ., 2009). Depending on the switches position, a shift from 0° to 

360 °  in steps of 11.25 °  can be obtained. The less signifi cant bit, on the right, 

is obtained by a microstrip line loaded by a shunt capacitive switch having a 

capacitance ratio of 5, while the other four bits are obtained by alternately 

connecting microstrip lines of different appropriate length by ohmic cantile-

vers disposed in an SP4T confi guration. To have the appropriate impedance 

of the microstrip lines, the substrate is 200  μ m thick high-resistivity silicon 

with a metal layer on the back side.       

  8.6     Conclusion 

 This chapter has discussed the exploitation of MEMS technology for the 

realization of next-generation microwave devices for wireless communica-

tions, taking as technology reference the RF MEMS surface micromachin-

ing process available at the micro-fabrication facility of FBK in Italy. First of 

all, the main functional and technological characteristics of electrostatically 

driven RF MEMS based lumped components, such as ohmic and capaci-

tive switches, varactors and inductors, have been mentioned and reviewed. 

Subsequently, a comprehensive description of the FBK fabrication fl ow, 

including specifi c features, issues, and on-purpose developed technol-

ogy modules, was presented, providing the reader with a deep insight into 

manufacturing of RF MEMS devices and components. Finally, the chapter 

was completed with a review of a few signifi cant examples of RF MEMS 

lumped components and complex networks.  

 8.14      Picture of a 5-bit switchable phase shifter. The cantilever 

switches in SP4T confi guration connect alternatively microstrip lines 

of different lengths.  
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  Abstract : This chapter discusses the wafer-scale packaging technology for 
radio frequency microelectromechanical systems (RF MEMS) devices. 
First, the need for the wafer-level packaging of RF MEMS devices and 
the electrical effect of the packaging cap are assessed. This chapter shows 
examples of different types of packaging techniques, with emphasis on 
wafer-level bonding using hard cap materials, such as silicon and glass, 
and polymer cap materials, based on benzo-cyclobutene and PerMX. 

  Key words : wafer-level packaging, polymer, BCB, PerMX, RF MEMS. 

    9.1     Introduction 

 As microelectromechanical systems (MEMS) packaging is being recog-

nized as an essential technique for successful commercialization of MEMS 

products, it is attracting increased interest. It must be cost-effective, because 

packaging is the highest cost within the whole manufacturing and commer-

cialization processes, similar to integrated circuits (IC) packaging in micro-

electronics. Therefore, wafer-level packaging technology becomes a key 

technique to develop, along with wafer-level MEMS release, as has been 

demonstrated. 1,2  For radio frequency (RF)-MEMS devices, packaging faces 

more constraints, due to detuning effects that the packaging materials may 

have on the performance of the packaged RF device. 

 In Section 9.2, the zero-level packaging of RF MEMS is defi ned and var-

ious packaging approaches based on different technologies such as thermal 

wafer-to-wafer bonding, thin-fi lm deposition, polymer capping and nanopo-

rous materials are introduced. Section 9.3 presents an analytical solution for 

the packaging cap illustrating the detuning effect on the packaged coplanar 

waveguide (CPW) using conformal mapping and the partial capacitance 

method. The effective dielectric constant and characteristic impedance 

before and after packaging are investigated as a function of air-cavity 

height. Section 9.4 deals with the packaging method using hard materials 

such as silicon and glass caps. These packaging caps are bonded through 
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metal-to-metal bonding and polymer sealing ring bonding. The measured 

S-parameters before and after packaging are compared, to investigate the 

packaging effect on performance characteristics. Section 9.5 presents poly-

mer cap packaging. The different capping methods using benzo-cyclo-butene 

(BCB) caps and PerMX (PerMX TM  of DuPont TM ) caps are explained, and 

the S-parameters before and after packaging are measured to evaluate the 

packaging effect.  

  9.2     Wafer -level zero-level packaging 
for RF MEMS 

 RF MEMS components contain movable fragile parts that should be 

encapsulated and protected during wafer handling, wafer dicing or plastic 

moulding. The packaging technique that is carried out at wafer-scale, or 

wafer-level packaging is preferred in the aspects of manufacturability and 

cost-effectiveness. According to the defi nition, zero-level packaging iden-

tifi es non-repairable parts, such as ICs, transistors, resistors, and so forth. 

Therefore, the encapsulation of the (RF-) MEMS components is also cat-

egorized as zero-level packaging. Figure 9.1 shows examples of different 

methods of zero-level packaging. There exist two major approaches; ther-

mal wafer-to-wafer bonding and thin-fi lm deposition/growth bonding. 3–5  

The thermal wafer-to-wafer bonding is realized through wafer bonding 

between a cap wafer and a device wafer. The conventional packaging cap 

materials are Si, 6  glass, 7  and low-temperature co-fi red ceramic (LTCC) 8  

due to their compatibility with the wafer-to-wafer bonding process. 

Frequently used bonding techniques are anodic bonding, 9  metal-to-metal 

bonding, 10  glass frit bonding 11  and polymer bonding. 12  Polymer bonding 

is attracting an increased interest because polymer materials have excel-

lent electrical properties, such as low dielectric constant, and mechani-

cal properties, such as low moisture uptake, and minimal outgassing. Also, 

the polymer bonding process is basically performed at lower temperature 

than the other processes. For thin-fi lm packaging, the packaging caps are 

poly-Si 13  or nitride/oxide fi lm. 14  The process temperature for the thin-fi lm 

packaging is higher than wafer-to-wafer bonding because the deposition 

temperature is 1000 ° C for poly-Si and 850 ° C for low pressure chemical 

vapour deposition (LPCVD) nitride fi lm. Some channels are needed for 

a sacrifi cial etch release of MEMS structures inside the packaging caps. It 

should be noted that the process temperature is a critical parameter for 

RF MEMS packaging because RF MEMS devices are generally realized 

using metallic materials. Therefore, wafer-to-wafer bonding, using a poly-

mer sealing ring and a metallic sealing ring, has been frequently used for 

RF MEMS devices packaging. As a new thin-fi lm package, nanoporous 

packaging caps with alumina and chromium materials have been recently 
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reported. The maximum process temperature is approximately 350 ° C. 15,16  

Both metallic sealing ring and metal-sealed nanoporous cap need to be 

grounded to minimize their parasitic effect on the packaged RF MEMS 

components. Finally, polymer cap encapsulation, combining the merits of 

wafer-to-wafer bonding and thin-fi lm packaging, has been reported. 17–21  It 

consists of a polymer membrane as a packaging cover and a polymer seal-

ing ring. The polymer caps can be implemented through sacrifi cial etch-

ing and a wafer-level transfer technique. The effect of the polymer cap 

on the packaged device is regarded as minimal due to its low dielectric 
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 9.1      Examples  of zero-level packaging: (a) hard material cap 

packaging; (b) porous material cap packaging; (c) dielectric material 

packaging and (d) polymer material cap packaging.   
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constant and the polymer capping reduces the need for a deep cavity (as 

required for Si capping) to minimize its effect on the packaged devices. 

Also, its optical transparency is helpful for the optical inspection of pack-

aged MEMS devices.      

 As mentioned earlier, it is important to take the effect of the capping 

materials on packaged RF devices into account. Figure 9.2 shows a cross-

sectional drawing of a typical RF MEMS package. The packaging cap has 

three different regions for electrical-design consideration:    input and 

output port    packaging cap part with sealing ring on RF line, and    

packaging cap with air-cavity housing the RF MEMS. The transmission 

line under the sealing ring has to be carefully designed for impedance 

matching depending on the sealing ring material. In the case of a metallic 

sealing ring, the dielectric layer between the sealing ring and the RF line 

should be also considered. The packaging cap with a housing cavity has a 

detuning effect on the packaged RF MEMS devices due to its proximity. 

This will be explained later in more detail using the partial capacitance 

technique.       

  9.3     Electrical effects of the packaging 
material on the packaged devices 

 It is important to study the effect of the packaging cap on the packaged 

devices. As mentioned earlier, the packaging cap has some electrical infl u-

ence on the packaged RF elements, including the microstrip line, the CPW, 

fi lters and resonators, etc. It is known that the characteristic impedance 

Z  c  and effective dielectric constant   ε   eff  of the CPW transmission line can 

be expressed in closed form expressions derived from conformal mapping 

techniques as shown below. It assumes a quasi-static transverse electromag-

netic (TEM) mode of propagation along the line, and the partial capaci-

tance technique is used to fi nd the corresponding capacitances. 22   

    εefε fff
CPW

air

=
C
C

         

Cap

RF MEMS

Device substrate

Sealing ringDielectric

321 2 1

 9.2      Cross-section of RF MEMS package.  
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 where c is the velocity of light in free space,  C  CPW  is the total capacitance of 

the CPW and  C  air  is the partial capacitance of the CPW in the absence of all 

the dielectric layers. 

 Similarly, the infl uence of the packaging cap materials can be also investigated 

in terms of the characteristic impedance  Z  c  and effective dielectric constant 

  ε   reff  of the packaged CPW. The packaged CPW is divided into separate par-

tial regions based on the partial capacitance method to fi nd the corresponding 

capacitance  C  CPW  and  C  air  of the packaged CPW. For comparison, three different 

test structures are used, as shown in Fig. 9.3: (a) CPW on Si, (b) Si cap-packaged 

CPW and (c) PerMX cap-packaged CPW. The 50  Ω  CPW is designed to have a 

central conductor width of 85  μ m and a slot width of 15  μ m. The dielectric con-

stants are 12 for Si and 3 for PerMX, respectively. Also, it is assumed that the 

I/O interfaces at the bonding area are suitably designed to be 50  Ω . The packag-

ing cap thicknesses are assumed to be 100  μ m for the Si cap and 50  μ m for the 

PerMX cap.      

 Figure 9.4 shows the characteristic impedance and effective dielectric 

constant as functions of cavity depth for the three different structures. As 

a reference, the unpackaged coplanar is designed to have characteristic 

impedance of 50.3  Ω  and effective dielectric constant of 6.45. The silicon 
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 9.3      Test structures: (a) CPW, (b) Si cap-packaged CPW and (c) PerMX 

cap-packaged CPW.  
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capped CPW gives the impedance of 40.5  Ω  and 46.4  Ω  at 10  μ m and 50  μ m 

cavity depth, respectively, while the PerMX capped has 48.7  Ω  and 50.3  Ω  

at each depth. It is found that the silicon cap must have higher cavity depth 

to minimize its infl uence on the packaged device, due to its relatively high 

dielectric constant. It needs more than 50  μ m cavity depth to reach the 

impedance of the unpackaged CPW. Also, it is found that the Si cap and 

the PerMX cap result in impedance change per cavity depth of 0.15  Ω / μ m 

and 0.04  Ω / μ m, respectively. As seen in Fig. 9.4, the effective dielectric con-

stant of the Si capped CPW is higher than that of the PerMX capped; the 

Si packaged CPW has 9.96 at 10  μ m cavity height and 7.59 at 50  μ m, while 

PerMX packaged line has 6.88 and 6.45 at each cavity height. In conclusion, 

a package cap with low dielectric constant has better RF transparency in 

terms of characteristic impedance and effective dielectric constant of the 

packaged CPW.       

  9.4     Packaging with hard cap materials 

 As a capping material, silicon and glass are the most frequently used mate-

rials because they are widely used as a substrate for semiconductor and 

MEMS devices. In this section, silicon-cap packaging with metal-to-metal 

bonding 23  and Si cap (or glass-cap) packaging with BCB polymer bonding 7,24  

will be described. Also, Si cap packaging with a PerMX sealing ring 25  will be 

presented. Additionally, the difference in package design between a metallic 

sealing ring and a non-metallic sealing ring will be assessed. 
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 9.4      Zc and   εeff as a function of cavity depth.  
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  9.4.1     Si cap packaging with a AuSn sealing ring 

 Figure 9.5 shows the concept of the Si cap packaging using the gold–tin–

gold bonding technique. It consists of the Si cap wafer, the AuSn sealing 

ring, and the nitride/oxide passivation layer between the sealing ring and 

CPW. A 508  μ m-thick high resistivity (2 k Ω  · cm) silicon is used for both 

the cap and the device substrate. A 50  Ω  CPW on the Si substrate wafer 

is designed to have a centre conductor width of 98  μ m and a gap of 55  μ m. 

The thickness of the AuSn sealing ring is 7  μ m after the bonding process 

and its width is 50  μ m. The sealing ring is connected to the CPW ground 

to avoid possible parasitic resonances, and the Si cavity height of 60  μ m is 

made to minimize the packaging effect to the packaged transmission line. 

The packaged CPW lines on 6 inches of wafer after pad opening are shown 

in Fig. 9.6. Figure 9.7 shows the fabricated sealing ring before the packaging. 

As mentioned earlier, the CPW line under the sealing ring is redesigned 

to minimize capacitive coupling with the RF signal; the conductor width is 

20  μ m and the gap is 60  μ m.      

Cap wafer
HRSi

Etched cavity AuSn sealing
ring

Oxide

Copper

Gold

Nitrid
MEMS
wafer

 9.5      Concept of Si cap packaging with AnSn sealing ring.  

 9.6      Packaged CPW lines.  
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 The measured S-parameters before and after packaging are shown in 

Fig. 9.8. The insertion loss has resonances at certain frequencies, and it can 

be suppressed with more contacts between the sealing ring and the ground. 

The average measured packaged insertion loss is about 0.2 dB higher than 

the unpackaged one. The return loss of the package is mainly determined by 

the gold ring transition and is better than 15 dB from direct current (DC) 

up to 30 GHz.                 

  9.4.2     Glass-cap packaging with a BCB sealing ring 

 This consists of Pyrex glass cap, BCB sealing ring, and Pyrex glass substrate 

as shown in Fig. 9.9. The Pyrex glass has been widely used as a packaging 

 9.7      Fabricated sealing ring before packaging.  
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 9.8      Measured S-parameters before and after Si cap packaging with 

AnSn sealing ring.  
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material for other MEMS devices, such as gyroscopes and accelerometers. 

Also, it is known that Pyrex glass has good RF characteristics and hence it is 

used as a packaging cap and a RF substrate.      

 The conventional BCB coating process suffers from a topography prob-

lem due to housing cavities and hence a BCB sealing ring has been defi ned 

before glass wet etching. It makes it possible to get a fl at BCB sealing ring 

that is essential to the quality of the bonding. 

 The packaging process is shown in Fig. 9.10; (a) a 0.1  μ m thick poly-sili-

con was deposited by LPCVD on 525  μ m-thick Pyrex glass – BCB 4020–40 

was coated and patterned by a conventional photo-lithography process 

and then 1.2  μ m thick photoresist (AZ1512) was coated to pattern poly-Si 

and to protect the BCB sealing ring when hydrofl uoric acid (HF) etching 

the glass-cap wafer, (b) AZ1512 was patterned and then poly-Si was dry-

etched, (c) Pyrex glass was wet-etched to make a cavity for MEMS devices 

and pad access, (d) AZ1512 was removed by acetone and plasma O 2,  (e) 

residual poly-Si outside the sealing ring was removed by dry etching, and 

(f) after bonding with another glass substrate, a dicing was performed to 

make pad accesses. Figure 9.11a shows the fabricated glass cap with the 

BCB sealing ring and additional rectangular BCBs at each corner after 

step (e).      

 BCB bonding has been performed using Karlsuss SB6 bonder at the con-

dition of 250 ° C bonding temperature and 2 bars applied pressure. Additional 

rectangular BCBs are used to increase BCB bonding strength. The BCB 

sealing ring is 45  μ m in width and 5.14  μ m in thickness after fabrication. A 

CPW on a glass wafer has been also encapsulated using the packaging pro-

cess. It has a entre conductor width of 85  μ m and gap of 15  μ m. The glass cap 

thickness is 200  μ m and the cavity is 80  μ m. The packaged CPW line and the 

measured  S -parameters before and after the packaging are shown in Figs 

9.11b and 9.12, respectively. The insertion loss change from the packaging 

was not observed up to 40 GHz, while the return loss of the packaged CPW 

was always better than 20 dB up to 60 GHz.            

Pyrex glass cap

Pyrex glass substrare

cpw poly-siBCB

 9.9      Concept of glass-cap packaging with BCB sealing ring.  
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Pyrex glass
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Pyrex glass

(c)

Pyrex glass

(d)

Pyrex glass
(e)

Pyrex glass
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Pyrex glass

 

 9.10      Packaging process fl ow: (a) etch masks formation, (b) AZ1512, 

poly-silicon patterning, (c) glass wet etching, (d) removal AZ1512, 

(e) removal of poly-silicon, and (f) bonding and dicing.  
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 9.11      Fabricated glass cap and glass-cap packaged CPW: (a) glass cap 

with BCB sealing ring, (b) glass-capped CPW.  
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 9.12      Measured S-parameters before and after glass-cap packaging 

with a BCB sealing ring.  
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  9.4.3     Si cap packaging with a BCB sealing ring 

 The package concept and the designed BCB sealing ring are shown in 

Fig. 9.13. The BCB ring consists of two layers; the fi rst is hard-cured at 250 ° C, 

and the second one is soft-cured at 110 ° C. Similar to the previous glass-cap 

packaging, a fl at BCB sealing ring is defi ned before Si cavity dry etching to 

accomplish uniform bonding and high bonding strength. The ring width on 

the RF signal line is 100  μ m to minimize the infl uence of the dielectric mate-

rial at higher frequencies, and the sealing ring on the ground (GND) plane 

is 200  μ m wide to increase the bonding strength of the package. The second 

BCB ring is designed to be slightly narrower than the fi rst. The thickness of 

both the Si cap and the Si substrate is 530  μ m, and the cavity height is 65  μ m. 

The CPW has a centre conductor width of 100  μ m and gap of 80  μ m.      

 Figure 9.14 shows the packaging process with photosensitive BCB poly-

mer; (a) the fi rst BCB sealing ring is patterned on the Si cap wafer using the 

 

Si cap

cpw

(a)

BCP

Si

100 μm

(b)

160 μm200 μm

60 μm

 

 9.13      Concept of silicon-cap packaging with a BCB sealing ring: (a) 

cross-sectional view and (b) top view of BCB sealing ring on CPW.  
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lithography process, and then it is hard-cured at 250 ° C – the second BCB is 

patterned on top of the fi rst BCB layer, and then it is soft-baked at 110 ° C, 

(b) Si is deep-etched for the cavity with SPR220 etching mask, (c) the Si cap 

wafer is bonded to the CPW target wafer, and (d) the pad access is obtained 

through dicing.      

 The fabricated package is shown in Fig. 9.15a. The scanning-electron 

microscopy (SEM) pictures of the cross-section of the package are shown 

in Figs 9.15b and c. The sealing widths bonded to the RF signal path and 

the GND plane are 50  μ m and 155  μ m, respectively, and its thickness is 

 

Si cap

BCB(a)

Si cap

SPR220(b)

Si cap

Si

CPW

(c)

Si cap

(d)

cpw

Si

 

 9.14      Packaging  process fl ow: (a) BCB ring patterning; (b) ICP Si etch 

with PR protection of BCB ring; (c) wafer bonding and (d) dicing.  
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(a)

(b)

(c)

 

 9.15        Si cap-packaged CPW with BCB ring: (a) Si capped CPW; (b) 

cross-section of the package (RF signal path) and (c) cross-section of 

the package (ground plane).  
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13.5  μ m. Also, the conformal bonding on gold ground plane is as shown in 

Fig. 9.15b.      

 The packaged CPW line is measured to fi nd the infl uence of the devel-

oped packaging. The measured S-parameters before and after packaging are 

shown in Fig. 9.16. The insertion loss change of the packaged CPW is less 

than 0.1 dB up to 67 GHz, while the return loss is better than 15 dB at the 

measured frequency range.       

  9.4.4     Si cap packaging with a PerMX sealing ring 

 The two packaging methods explained earlier have the BCB sealing ring 

coated and patterned on packaging cap wafers with housing cavities, and 

thus they need a specifi c process to get fl at sealing rings. The photosensitive 

fi lm-type PerMX polymer can be a solution for the sealing ring on a high 

topographic cap wafer because it can be processed through lamination. It is 

of interest for RF applications, due to its low dielectric constant of 3.2. The 

commercially available PerMX fi lms from Dupont Company are PerMX 

3014, PerMX 3020 and PerMX 3050, having thicknesses of 14  μ m, 20  μ m 

and 50  μ m, respectively. 24  PerMX 3050 is selected for the Si cap packaging. 

The packaging process is shown in Fig. 9.17; (a) PerMX is laminated on the 

Si cap wafer and photo-lithographically patterned. The process condition of 

PerMX patterning is detailed in Table 9.1, (b) the Si cap wafer is bonded to 

a target Si substrate at 150 ° C – note that the PerMX bonding temperature 
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 9.16      Measured S-parameters before and after Si cap packaging with a 

BCB sealing ring.  
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is less than that of the BCB bonding, and (c) the Si cap is diced to get pad 

access, and then the Si substrate is diced to separate the packaged chips.           

 The fabricated package is shown in Fig. 9.18a. The CPW has a centre con-

ductor width of 100  μ m and gap of 80  μ m. The metal pattern on top of the 

Si cap is for the dicing process. It does not have a hosing cavity in the Si cap, 

because the 50  μ m-thick PerMX sealing ring provides enough space to avoid 

the detuning effect of the cap for the packaged CPW. Also, a PerMX sealing 

ring is implemented on an Si cap with a cavity as shown in Fig. 9.18b.      

 

PerMX ring (t=50 mm)(a)

Si (t=200 μm)

Si (t=500 μm)

(b)

Si (t = 500 μm)

(c)

 

 9.17      Process  fl ow of Si cap packaging using a PerMX sealing ring: (a) 

PerMX ring patterning; (b) Si cap bonding and (c) Si cap dicing.  

 Table 9.1     PerMX 3050 process conditions 

 Step  Conditions 

 Lamination  Hot roll at 65 ° C 

 Soft bake  4 min at 95 ° C 

 Expose  400 mJ 

 PEB  10 min at 60 ° C 

 Develop  PGMEA, 5 min 

 Hard bake  30 min at 150 ° C 
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 Figure 9.19 shows the measured S-parameters of the CPW before and 

after packaging. The insertion loss change is less than 0.1 dB up to 30 GHz, 

while the return loss is better than 25 dB for both cases.        

  9.5     Packaging with a polymer cap 

 Polymer cap packaging has been reported to have a negligible infl uence 

on the packaged device, the so-called RF transparent cap, due to its low 

dielectric constant and low loss tangent. In addition, its optical transparency 

makes it possible to perform optical inspection after the packaging process. 

Polymer cap packaging can be implemented through sacrifi cial etching as a 

thin-fi lm package, 21  wafer-level transfer technique, 17,18  or fi lm-type polymer 

lamination. 19,20,25  Both the wafer-level transfer technique and fi lm-type poly-

mer lamination technique will be described in this section. This packaging 

technique is different from the ones reported ones in References 26–30. 
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PerMx 3050 bonding ring

Si structure
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on non-planar Si substrate
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 9.18      (a,b) Si cap-packaged CPW with a PerMX ring.  
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 9.19      Measured S-parameters before and after Si cap packaging with 

PerMX sealing ring.  

  9.5.1     BCB cap packaging 

 The concept of BCB cap packaging is shown in Fig. 9.20. The height of 

the BCB cap is limited to approximately 30  μ m because of its polymeric 

properties and its residual stress issues. The housing cavity of the BCB 

cap is 15  μ m. As mentioned earlier, the cavity depth is a critical parame-

ter for the packaging effect on the packaged devices. Therefore, the BCB 

cap deformation based on ANSYS modelling is fi rst investigated to fi nd 

the BCB cap defl ection due to the BCB residual stress. 25,31  The three 

principal parameters of the BCB cap are the BCB sealing ring width, 

the BCB sealing ring height, and the BCB membrane height. BCB cap 

defl ection and chip defl ection have been monitored as a function of each 

parameter and the ambient temperature effect on the BCB cap defl ec-

tion has been also studied, as shown in Fig. 9.21. It is found that the BCB 

cap defl ection is proportional to the BCB sealing ring height and the 

BCB cap

CPW

Device substrate

 9.20      Concept of BCB cap packaging.  
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9.21        ANSYS  modelling results on BCB cap defl ection and chip 

defl ection: (a) cap and chip defl ection vs BCB ring width; (b) cap 

and chip defl ection vs BCB ring height; (c) cap and chip defl ection 

vs BCB membrane height and (d) maximum cap defl ection vs 

temperature.  

BCB membrane height, and inversely proportional to the BCB sealing 

ring width. Also, the BCB cap defl ection can be signifi cant to the per-

formance of the packaged device below zero temperature rather than 

higher temperature.           
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 The BCB cap packaging can be fabricated through sacrifi cial etching and 

the wafer-level BCB cap transfer technique. The wafer-level BCB cap trans-

fer technique with photosensitive BCB32 provides an opportunity to realize the 

packaging after the release of the (RF-) MEMS devices. In general, it uses an 

Si carrier wafer to transfer the BCB cap to a target wafer using the BCB poly-

mer bonding technique. The packaging process is completed when the Si carrier 

wafer is removed, using grinding process and the Si dry or wet etching process. 

The Si carrier wafer removal is a signifi cant barrier to a high success rate for the 

packaging process. Therefore, a wafer-level BCB cap transfer technique based 

on an anti-adhesion layer assisted bonding–debonding has been reported. 
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 The packaging process is shown in Fig. 9.22; (a) the Si carrier wafer is 

surface-modifi ed with a monolayer for easier debonding after packaging, 

(b) the BCB caps are fabricated on the Si carrier wafer through the conven-

tional photo-lithography process, (c) the BCB cap wafer is BCB-bonded to 

the device wafer at 250 ° C, and (d) the Si carrier wafer is released from the 

BCB cap after the bonding process through blade insertion between the 

two wafers.      

 

Anti-adhesion layer(a)

Si carrier wafer

BCB cap
(a)

Si carrier wafer

Si carrier wafer

(c)

Device substrate

Device substrate

(d)

 

 9.22      Process  fl ow of BCB cap packaging: (a) anti-adhesion coating 

of Si carrier wafer; (b) BCB cap formation; (c) wafer bonding and (d) 

peel-off Si carrier wafer.  
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 The BCB cap-packaged CPW wafer and the diced BCB-capped CPW 

chip are shown in Fig. 9.23. Three differently sized BCB caps of 1.4 × 1.1 mm 2 , 

2.1 × 2.1 mm 2  and 5.1 × 5.1 mm 2  have been successfully implemented. The 

measured BCB cap profi les are shown in Fig. 9.24. The S-parameters of 

the CPW before and after the BCB cap packaging have been measured 

and compared, as shown in Fig. 9.25. The insertion loss change of the CPW 

before and after packaging is negligible up to 67 GHz, while e return loss is 

better than 20 dB.            
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 9.23      BCB cap-packaging results.  
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 9.24      Measured BCB cap profi les.  
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  9.5.2     BCB cap packaging with vertical interconnect 

 A fl ip-chip compatible BCB cap packaging has also been implemented using 

an electroplating gold plug as a vertical interconnect RF line. The packaging 

process is shown in Fig. 9.26; (a) gold plugs were electroplated using a thick 

photoresist (AZ9260) mould, (b) the photoresist (PR) mould was removed 

after the electroplating process, (c) the BCB cap was fabricated through a 

multi-layer BCB coating process, (d) the thermo-compressive BCB  bonding 

was performed, (e) the silicon carrier wafer was removed and (f) the pack-

aging was completed after the seed metal layer etching.           

 The fabricated prototype BCB polymer packaging and the SEM photo-

graph of electroplated gold plugs are shown in Fig. 9.27.      

 Test patterns, a gold-plugged CPW line, and a gold-plugged CPW covered 

with a BCB sealing ring, as shown in Fig. 9.28, have been prepared to inves-

tigate the effect of the gold plug interconnect.      

 The measured S-parameters with the test patterns are shown in Fig. 9.29. 

The measured insertion losses of the 50  Ω  CPW and the gold-plugged CPW 

are compared with HFSS (high frequency structural simulator) simulation 

results in Fig. 9.29a. Insertion losses of 0.35 dB/mm at 80 GHz were mea-

sured for both the CPW line and a gold-plugged CPW line. Return losses 

of less than 20 dB at the same frequency were obtained for both lines. The 
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 9.25      Measured S-parameters of BCB-capped CPW.  
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 9.26      Packaging process fl ow of fl ip-chip compatible BCB cap 

packaging: (a) gold plug electroplating, (b) removal of PR mould, 

(c) formation of the BCB cap, (d) bonding with device wafer, 

(e) removal of the carrier wafer and (f) removal of e layers.  
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resonant frequency of the gold-plugged CPW line was decreased due to 

the series inductance from the gold plug. The effect of the BCB polymer 

on the gold-plugged CPW has been also measured, as shown in Fig. 9.29b 

and the insertion loss does not change up to 80 GHz. From 80 to 110 GHz, 

the insertion loss increased by 0.1 dB. The return loss increased by a few 

dB over the whole frequency range and the resonant frequency was also 

increased by a few GHz due to increased shunt capacitance from the 

BCB ring.       

  9.5.3     PerMX cap packaging 

 The PerMX cap packaging is fabricated based on a multi-layer lamination 

of the fi lm-type PerMX polymer. The packaging has been implemented 
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 9.27      Fabrication results: (a) fabricated fl ip-chip compatible BCB 

package and (b) gold plugs for vertical interconnection.  
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with PerMX 3050 polymer. The packaging process is shown in Fig. 9.30; (a) 

the PerMX sealing ring formation, (b) lamination PerMX on the patterned 

sealing ring, (c) photo-lithography and PEB, (d) develop and hard bake. 

The thickness of PerMX at step (a) and (b) is 50  μ m. One of the signifi cant 

advantages of the PerMX polymer is the low process temperature. The pro-

cess condition of the PerMX is given in Table 9.1. The PerMX fi lm is fi rst 

laminated on a substrate at 65 ° C and then it is soft-baked at 95 ° C for 4 min. 

The laminated PerMX is patterned by a conventional photo-lithography 

process. The exposure energy was 400 mJ, developed using PGMEA after 

10 minutes PEB. Finally, it is hard-baked for 30 min. The maximum process 

temperature is 150 ° C. Figure 9.31 shows the wafer-level PerMX cap packag-

ing result on 3-inch Si substrate. The packaging cap sizes are 1.4 × 1.1 mm 2 , 

2.1 × 2.1 mm 2 , and 5.1 × 5.1 mm 2 . The measured profi les of the fabricated 

PerMX caps are shown in Fig. 9.32. The cap height is 100  μ m. The maximum 
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 9.28      RF test patterns: (a) CPW with gold plug and (b) gold-plugged 

CPW with BCB sealing ring.  
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defl ection of the PerMX cap is approximately 6.2  μ m for 5.1 × 5.1 mm 2  at its 

centre, due to the residual stress effect.      

 To estimate the PerMX cap packaging effect on the transmission line, a 

50  Ω  coplanar on high resistivity silicon (HRS) was measured before and 

after packaging. Figure 9.33 shows the PerMX cap-packaged test copla-

nar lines. The insertion loss change was negligible up to 67 GHz while the 

return loss was better than 20 dB at the whole frequency range, as shown in 

Fig. 9.34. Note that the proposed PerMX cap packaging has a competent RF 

performance with the earlier BCB cap packaging.                       
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 9.29        Measured S-parameters of RF test patterns: (a) HFSS simulation 

and measurement of CPW and a gold-plugged CPW and (b) S-Parameter 

measurement of a gold-plugged coplanar with/without BCB sealing ring.  
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  9.6     Conclusion 

 Wafer-level packaging of RF MEMS plays a major role in MEMS develop-

ment and commercialization, because all MEMS devices are extremely sen-

sitive to such environmental conditions as humidity and particles etc. Also, 

hermetic packaging is preferable, to protect MEMS devices from these envi-

ronmental conditions. Such a packaging can be realized by using thermal 

wafer-to-wafer bonding and thin-fi lm deposition/growth bonding. Wafer-to-

wafer bonding adopts Si, glass and LTCC as packaging caps that are gener-

ally bonded by using anodic bonding, metal-to-metal bonding, and polymer 

bonding. For thin-fi lm packaging, poly-Si and nitride/oxide fi lm caps are 

used as packaging caps. The high process temperature is one of the biggest 

drawbacks of these packaging methods. Concerning RF MEMS packag-

ing, the effect on the packaged device from the packaging materials and 
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 9.30      PerMX packaging process: (a) PerMX sealing ring formation, (b) 

lamination PerMX on the sealing ring, (c) photo-lithography and PEB 

and (d) develop and hard bake.  
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 9.31      PerMX packaging results: (a) PerMX cap-packaged wafer and 

(b) enlarged view of PerMX caps.  

100

50

0

0 1000 2000

Distance (μm)

3000 4000 5000

0 1000 2000 3000 4000 5000

0 1000 2000 3000 4000 5000

100

H
ei

gh
t (

μm
)

50

0

100

50

0

 9.32      Measured PerMX cap profi les.  
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the sealing ring should be taken into account. In other words, the parasitic 

effect of the sealing ring and the detuning effect of the packaging cap in the 

proximity are the main design issues of the RF MEMS package. Therefore, 

whole polymer cap packaging provides the great advantage of a negligible 

cap effect, due to its low dielectric constant. BCB, SU8 and PerMX can be 

realized as a packaging cap-using wafer-level transfer technique, sacrifi cial 

etching and lamination process, respectively. The packaging is performed 

at a temperature lower than 250 ° C, which is also good for the packaging of 

MEMS components integrated with complementary metal oxide semicon-

ductor (CMOS) or monolithic microwave integrated circuit (MMIC) cir-

cuits. RF characterization of the polymer cap packaging has been shown to 

 9.33      PerMX cap-packaged coplanar.  
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have an insertion loss change less than 0.01 dB up to 70 GHz, while return 

loss is better than 20 dB. The weakness of the polymer cap packaging is 

its non-hermeticity. Hermetic package is signifi cant for the packaged (RF-) 

MEMS devices. It can be improved using dielectric passivation or metallic 

material overcoat, at the cost of process complexity and loss of optical trans-

parency of the cap in the case of metallic overcoat. Furthermore, environ-

ment and reliability tests are required for commercial products.  
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  Abstract : After a brief overview of possible failure mechanisms and 
failure defects that can occur in radio frequency microelectromechanical 
systems (RF MEMS), this chapter focuses on three specifi c reliability 
issues: charging, because it remains the most important problem for 
capacitive RF MEMS; electrostatic discharge, because it is less known as a 
possible failure cause for MEMS; and package hermeticity, because this is 
an often underestimated problem for RF MEMS. 

  Key words : reliability, failure mechanisms, MEMS, RF MEMS, switches, 
charging, ESD, hermeticity. 

    10.1     Introduction 

 Microelectromechanical systems (MEMS) or nanoelectromechanical sys-

tems (NEMS) can only take their place on the market if their reliability is 

proven. For RF MEMS, this is one of the main hurdles that are still to be 

taken. Not only do the devices themselves suffer from seemingly unavoid-

able failure mechanisms, such as unintended electrical charging, but also 

the reliability of the package required for keeping the MEMS in a well-

controlled, stable environment is far from established. There are various, 

mostly product dependent, packaging solutions for MEMS. Because of this 

large variation, reported numbers on the percentage cost the package takes 

within the entire manufacturing also vary, from 30% up to 95%. This cost 

can be reduced substantially by developing the MEMS package together 

with the MEMS. At the same time, such a co-development would result in 

better reliability. The specifi cations on pressure and pressure stability are 

defi ned for most applications, but it is not clear how to test these, that is, how 

to qualify the reliability of the MEMS package. 

 Reliability can be defi ned as ‘ the probability that an item will perform 
a required function under stated conditions for a stated period of time ’. It 

involves both short term (early failures) and long term (wear-out) MEMS 
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stability studies. A 100% reliable MEMS device probably does not exist, not 

only because reliability can only be ‘predicted’, but also because some failure 

mechanisms cannot be avoided, only delayed. As a consequence, it is impor-

tant to fabricate devices that are ‘just reliable enough’, that is, that remain 

within specifi cation during their intended life for a certain application. For 

a mobile phone application, this would be shorter than for an automotive 

application. It is also important to realize that some component-level reli-

ability issues can be suppressed at system level. Design for reliability should 

not only address the device and the package, but also the complete system 

around it. For example, the effect of electrical charging in capacitive RF 

MEMS switches, which leads to an increase in pull-in voltage and eventually 

to stiction, can be reduced by alternating between two RF MEMS, allow-

ing for one that is not being used to discharge (a kind of redundancy), or 

by using bipolar actuation or discharging the device regularly by applying 

actuation with the opposite polarity. In any case, in order to have an optimal 

design for reliability and to be able to make ‘reliable-enough’ RF MEMS, it 

is mandatory that the physics underlying the failure mechanisms affecting 

them is understood. 

 In this chapter, we fi rst list a number of possible failure mechanisms, 

or ‘failure defects’ that can occur in RF MEMS. Most of these have been 

already extensively addressed in De Wolf (2010). For this reason, we focus 

in the remainder of the chapter on only three specifi c reliability issues:  char-
ging , because it still remains the most important problem for capacitive RF 

MEMS;  electrostatic discharge  (ESD), because it is less well known as a pos-

sible failure cause; and  package hermeticity , because this is an often underes-

timated problem for RF MEMS, especially for resonators, and there do not 

exist clear test methods or standards.  

  10.2     Overview of failure mechanisms in RF MEMS 

 There are many possible failure mechanisms in MEMS, and specifi cally in 

RF MEMS. The major known ones are as follows. 

  10.2.1     Dielectric charging 

 Dielectric charging appears in a capacitor when strong electric fi elds are 

applied across the thin dielectric layer, or when it is exposed to ionizing 

radiation. In RF MEMS switches containing a dielectric, charging of this 

dielectric constitutes a major problem, especially when the capacitive 

RF MEMS switch is in the down position, that is, touching the dielectric. 

Charging results in a shift of the pull-in and pull-out voltages, and eventu-

ally in stiction of the device. Resonators may suffer from charges that can 

build up near actuation electrodes or in the substrate.  
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  10.2.2     Dielectric breakdown of the dielectric 

 When a large amount of charge is built up in an insulator, it can form a con-

ductive path leading to breakdown of the insulator. Also a very high electri-

cal fi eld can cause breakdown.  

  10.2.3     Dielectric breakdown of the air gap 

 If the gap between two conductors is or becomes small, and a high volt-

age is present between them, breakdown of the air gap can occur. Another 

effect that can take place for small gaps is electron emission from one elec-

trode to the other. When separating contacts under load, electrons and ions 

tend to keep the contact closed and metallic ions are emitted from anode to 

cathode. This phenomenon, called the Townsend arc, is an important wear 

mechanism in micro-relays. All these effects can result in charging, fusion or 

breakdown of the device.  

  10.2.4     Stiction 

 An important problem in MEMS is stiction. Because the structures are so 

small, surface forces can dominate all others, and cause structures to stick 

together when their surfaces come into contact. The most important surface 

forces in MEMS are the capillary force (due to condensed water between 

the surfaces), the molecular van der Waals force, micro-welding, and elec-

trostatic forces (charging). Recently it was shown that the capillary forces 

not only depend on humidity level and the roughness/shape of the devices, 

but also on the applied bias (Zaghloul  et al ., 2011a). It is important to men-

tion that stiction is not necessarily permanent. It can, for example, cause 

small delays in the pull-out voltage (Ling  et al ., 2011a,b).  

  10.2.5     Fatigue 

 Fatigue is crack initiation and growth during cyclic loading. It is a time-

dependent phenomenon that can lead to a drift in device parameters 

and eventually to complete failure of the device due to fracture. Fatigue 

typically starts at locations in the material where a high local stress con-

centration is present, for example at hinges of a bridge or at the anchor 

point. It is probably not a real threat as long as local stresses at these 

points remain relatively small. This is highly dependent on the mechani-

cal properties of the materials used (metals are typically more sensitive 

than, e.g. silicon).  
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  10.2.6     Creep 

 This is a time-dependent deformation of a sample caused by external loads. 

High local stresses or stress gradients may result in microscopic material 

changes through dislocation glide and climb, and diffusion mechanisms. 

Aluminium is often used as a bridge metal in RF MEMS switches, because its 

properties and deposition parameters are well known in the integrated circuit 

(IC) industry and it allows easy processing. Unfortunately, it turns out that 

pure Al has very undesirable creep properties. Creep can manifest in the form 

of a kind of ‘memory effect’ (Douglass, 1998). This may, after a while, result in 

a non-functional device, due to the fact that the restoring force is lowered. In 

addition, it can result in a shift of device parameters, such as the pull-in voltage 

and the capacitance swing. Even if one can assume that at room temperature 

creep is not a major problem, it can become a major reliability problem dur-

ing hot switching of the devices, especially for high-power applications. Creep 

is mostly associated with high mechanical stress and high temperatures. But 

stress-induced plastic deformation can also occur at low temperatures. Due to 

very high CTE mismatches, a MEMS component might experience very high 

loads at low temperatures, causing it to deform plastically or even to fracture.  

  10.2.7     Temperature-induced plastic deformation 

 Every metal has a critical temperature  T  c  above which it deforms plasti-

cally. This can result in a permanent deformation of the metal component, 

for example an RF MEMS bridge. Temperatures higher than  T  c  can occur 

during packaging, be caused by the environment, or be RF-induced in high-

power applications.  

  10.2.8     Temperature-induced elastic deformation 

 Another source of deformation is the temperature itself. Even if the mate-

rial remains elastic and does not change properties, a high temperature 

might cause buckling of the moving element of a MEMS, due to differences 

in CTE between the element and the substrate or package, or even due to 

non-uniform temperature differences within the element. This is especially 

important also for high-power RF MEMS. Internal temperature changes, 

depending on signal power and frequency, can have a severe impact.  

  10.2.9     Micro-welding and wear 

 This only affects metal layers coming into contact. It mainly concerns 

ohmic switches. Depending on the contact force (e.g. shock loading) and 
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temperature (e.g. current-fl ow induced heating), welding or material trans-

port between the two contacting materials (wear) can occur, resulting in 

stiction or surface degradation.  

  10.2.10     Friction 

 Sliding of two materials during contact can cause wear effects, particles, 

increased temperature or even charging. There are not many reports on fric-

tion problems in RF MEMS. The exception, for resonators, is the so-called 

fl y-catching effect: due to friction of the resonating beam with the surround-

ing medium, charging of the beam might occur. This can not only directly 

affect the functioning, but it can also result in attraction of particles from the 

air, with a consequent mass increase and a shift of the resonance frequency.  

  10.2.11     Corrosion 

 The most general defi nition of corrosion is ‘a process in which a metal is 

deteriorated by a chemical or electrochemical reaction with its environ-

ment’. Oxidation is a form of corrosion and is certainly a reliability problem 

for resonators. Small changes in stiffness or mass, due to oxidation, can have 

a high effect on the resonance frequency.  

  10.2.12     Electromigration 

 Electromigration is the movement of ions under the infl uence of an electri-

cal potential difference. At fi rst sight, it is not expected to be a problem for 

RF MEMS and, as such, it is mostly not mentioned in literature. But the RF 

current will not fl ow homogeneously in devices. Due to fi eld concentrations 

at edges, skin effect and resonance nodes, locally high current densities can 

be expected and might cause electromigration effects.  

  10.2.13     Self-biasing 

 Self-actuation is the motion of the MEMS mobile structure leading to an 

actuated state without actuation voltage being applied. This can be due to 

Lorentz forces or due to the RF power. It should be addressed especially for 

high-power RF signals. Devices with a low mechanical stiffness will have a 

higher sensitivity to self-biasing.  

  10.2.14     Fracture 

 Fracture of mechanical parts of the MEMS structure can occur during large 

shock loading combined with local stress concentration. Because MEMS 
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are thin and light, they can be expected to resist large shock and vibration 

tests. But their sensitivity to fracture depends on the fracture strength of the 

used materials. For some applications, it might be an important issue.  

  10.2.15     Electrical short 

 Electrical contact can occur between (movable) conductive layers, leading 

to breakdown, or functional or actuation failures. Temperature, particles, 

shock loadings, ESD, plastic deformation and Lorentz forces can cause elec-

trical shorts.  

  10.2.16     Fusing 

 Fusion is a destructive local evaporation/explosion of a metal line or contact. 

This effect is related to high local power dissipation in the metallic path, for 

example due to a high voltage pulse (e.g. ESD). The high temperatures or 

local high electric fi elds vaporize the metal, creating opens in conductors.  

  10.2.17     Outgassing and adsorption 

 Outgassing of molecules or gases from materials surrounding a packaged 

resonator or from the resonator itself can affect the pressure in the pack-

age or affect the mass of the resonator. These are important reliability con-

cerns, often underestimated and not well studied. They can also affect the 

contact properties in ohmic RF MEMS. On the other hand, adsorption of, 

for example, water can have similar effects and, in addition, affect stiction 

properties.  

  10.2.18     Mechanical or acoustic coupling 

 The resonance frequency of RF MEMS can be, depending on its design, 

highly sensitive to mechanical stress – from the package, for example. If 

this stress changes over time, due to creep or other effects, this will cause a 

drift and, as such, a reliability problem. Acoustic coupling is a well-known 

effect, where the resonating of one device affects a nearby device. There 

might even be coupling with the package. These problems can in general be 

avoided through an optimal design. 

 Most of these failure mechanisms have been described in detail in the 

Chapter ‘Reliability’ in the book ‘Advanced RF MEMS’ (De Wolf, 2010). 

For this reason, in the following we focus on only three reliability issues: 

charging, ESD, and package hermeticity.   
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  10.3     Charging in RF MEMS 

 Charging is recognized as the main failure mechanism for MEMS. Actually, 

any MEMS using electrical actuation can suffer from this problem. In the 

following, this problem is discussed in detail using the capacitive RF MEMS 

switch as an example. 

  10.3.1      The RF MEMS capacitive switch: 
a special-purpose switched capacitor 

 The electrostatically driven capacitive RF MEMS switch is a device fabri-

cated in MEMS technology. The function of the device is to switch (route) 

RF signals. The operation of the switch is based on capacitance changes due 

to motion of the movable armature by an externally applied electrostatic 

force. 

 A typical example of a capacitive switch is shown in Fig. 10.1. A coplanar 

waveguide (CPW) line is fabricated on an insulation substrate, for example, 

high resistivity Si or glass. A beam is suspended above the signal line and is 

anchored in the ground planes of the CPW to form a bridge. An interposer 

dielectric is deposited on the signal line under the bridge. To fi rst order, the 

switch can be modelled as a capacitor between the grounded bridge and the 

signal line. In the RF ON state the bridge is up, hence the switch capacitance 

is small, hardly affecting the impedance of the line. By applying a direct cur-

rent (DC) bias to either bridge or signal line, the switch capacitance charges, 

giving rise to electrostatic forces that tend to close the device. When these 

forces overcome the mechanical stiffness of the bridge, the latter pulls-in 

and contacts the dielectric. The switch capacitance becomes high and the 

switch is OFF or in the isolation state.      

 The interposer dielectric layer has two main functions in a capacitive 

switch. On the one hand, it improves the capacitive contrast between up- 

and down-states, an important fi gure of merit for switches. On the other 

hand, it prevents ohmic contact between the beam and the signal line upon 

device actuation. It is easy to see that this interposer dielectric will be sub-

jected, during the lifetime of a switch, to repeated electrical, mechanical and 

electromechanical stress. 

 As mentioned in the Introduction, dielectric charging is widely accepted 

as the major yield and reliability issue for electrostatically actuated (RF) 

MEMS switches such as that shown in Fig. 10.1 (De Natale  et al ., 2002; 

Goldsmith  et al ., 2001; Lisec  et al ., 2004; McClure  et al ., 2002; Melle  et al ., 
2003; Reid, 2002; Wibbeler, 1998). 

 The physics behind charging in RF MEMS capacitive switches is not 

straightforward. The problem is that many different charging mechanisms 

can take place, and which one dominates depends highly on the dielectrics 
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 10.1      (a,b) Schematics and (c) SEM image of a capacitive 

electrostatically driven RF MEMS switch. (a): © 2007, IEEE. Reprinted, 

with permission, from Rottenberg  et al . (2007b); (b) © 2008, IEEE. 

Reprinted, with permission, from Czarnecki (2008b)).  
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used and on the processing conditions (Zaghloul, 2011; Zaghloul  et al ., 
2011b). Charging mechanisms can be related to surface and bulk charges, 

but also to polarization related charges (Papaioannou  et al ., 2005, 2010). 

Dipole related charging can even occur without direct contact between 

the movable top electrode and the MEMS dielectric. In addition, for a 

small gap and high electric fi eld, electron emission or air gap breakdown 

can also cause non-contact charging (Czarnecki  et al ., 2008b, 2009; Yuan 

 et al ., 2004). 

 The main processes that are identifi ed as responsible for charge injec-

tion in MEMS are the Poole–Frenkel effect and trap assisted tunnelling. The 

fi rst is a thermal emission of charges from traps in the bulk of a dielectric, 

enhanced by an electric fi eld. The second is the motion of charges between 

traps. Mostly these effects can take place in combination (Zaghloul, 2011). 

 Charges trapped or displaced during the processing, during the actuation, 

and by irradiation of the devices can result in a shift of the pull-in and pull-

out voltages, self-biasing or latching. To avoid these problems, not only an 

understanding of the physics behind the charge trapping is required, but 

also the impact of these charges on the functioning of the MEMS has to be 

understood. This is discussed in the next sections, where measurement meth-

ods and experiments are discussed, and analytical models are proposed that 

can be used to predict/understand the observed effects and provide guide-

lines for obtaining optimal reliability.  

  10.3.2     Experimental charging evaluation 

 The study of charging in RF MEMS can be performed in various ways. 

Closest to the real application is the technique that consists in monitoring 

the effect of charging on the S-parameters of the device (Melle  et al ., 2003). 

This is, however, neither the easiest nor the most effi cient technique, as it 

requires fully functional RF MEMS devices as well as expensive and deli-

cate RF measurement equipment. Especially for reliability studies, which are 

in general time consuming, simpler test methods are mandatory. The most 

commonly used approaches consist in monitoring the capacitance–voltage 

(C–V) characteristic of RF MEMS switches, or the resonance frequency and 

Q factor of MEMS resonators, and check for any shift or deformation of 

these characteristic curves. 

 As an alternative to the C–V method for capacitive switches, metal insu-

lator metal (MIM) capacitors can be realized and measured to study the 

charging and breakdown properties of the dielectric used within the actual 

microelectromechanical (MEM) devices. In this case, possible electrical 

measurements include I–V and C–V measurements, charge/discharge cur-

rent transient measurements (C/DCT) and thermally stimulated depolar-

ization current measurements (TSCD). Scanning-probe-based techniques 
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can further be implemented to gain insight in the local reliability of MEM 

switched capacitors. For example, Kelvin probe force microscopy (KPFM) 

can be applied to directly assess local charging either on the dielectric itself 

or through a thin metal fi lm (KPFM-TF) coated on the dielectric. Also 

force–distance curves (based on AFM) can provide important information 

on local charging in MEMS (Zaghloul, 2011; Zaghloul  et al ., 2010). 

 The movement of the MEMS armature and the impact of charging on 

that motion can be monitored by optical methods if the moving surface is 

larger than a few microns. For example, laser Doppler vibrometry (LDV) 

and optical interferometry (e.g. white light interferometry (WLI)) are 

commonly used (Fig. 10.2). LDV uses a focused laser beam and allows for 

fast measurement (the response of the beam in real time), but only at one 

point at a time. Under certain conditions, out-of-plane displacements in the 

pico-scale sensitivity can be measured with this technique, with a bandwidth 

up to 20MHz. Observation of the movement of the whole device is possible 

by scanning the beam across the surface during a sequence of actuations. 

This, however, requires that the MEMS motion is not modifi ed during the 

duration of the scan. In comparison, WLI gives access to a complete height 

map of a (quasi-) static device, but in general does not allow fast measure-

ments and is less accurate, giving out-of-plane displacement at best at nm 

scale. There exist WLI solutions using a stroboscopic LED for the illumina-

tion that allow motion analysis with a frequency bandwidth of the order of 

2 MHz (Chen  et al ., 2007).      

 In this section we focus on capacitance measurements, mainly because 

they are the simplest and cheapest way to study the charging problem in 

RF MEMS capacitive switches. Indeed, from the charging point of view, 

the electrostatically driven RF MEMS capacitive switch is a movable beam 

that responds to the applied actuation voltage. The function of the device, 

switching, is an outcome of the beam displacement. Charge trapped in the 

switch changes the electric fi eld in the vicinity of the beam. Thereupon, it 

Measurement
beam

Measurement
beam path

White light beam

 10.2      Motion measurement of a MEMS beam using either a laser 

Doppler vibrometer in one point (left) or by scanning over the surface 

(centre); or by using WLI (right).  
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infl uences the relation between the applied voltage and the electrostatic 

force actuating the beam. Observations of the changes of the beam response 

to the applied actuation voltage can thus provide valuable information. 

 The capacitance measurement techniques allow obtaining one of the 

most basic characteristic of the device: the C–V characteristic. Observation 

of the changes of the C–V characteristic allows fast and non-invasive study 

of charge trapped in the switch. However, there is one main problem with 

this technique: charging can also occur during the C–V measurement, that 

is, the measurement technique affects the measurement result. To avoid this, 

van Spengen  et al . (2003) presented a dedicated system for testing the reli-

ability of capacitive RF MEMS switches. This electrical lifetime test (ELT) 

system allows acquiring actuation characteristics equivalent to C–V curves. 

It is not the real capacitance that is measured, but the impact of changes 

of the capacitance on an applied high frequency signal. Depending on the 

implementation, the system allows observation of capacitance changes in 

the order of 10 fF with a bandwidth of a few hundreds of kHz; voltages of 

nearly any waveform up to 100 V can be applied. These fast C–V measure-

ments allow observation charging mechanisms and reduce the impact of the 

measurement on the charge trapped during stressing. A typical result of a 

conventional and a fast C–V measurement is shown in Fig. 10.3.      

 Figure 10.4 defi nes some of the main parameters of a C–V measurement 

result: the down- (on) and up-state (off) capacitance and the pull-in and 

pull-out voltages.      
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 10.3      Examples of C–V characteristic measurements. (a) Standard, 

performed with an RLC meter. (b) Fast with the ELT system.  
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  Test structures 

 A reliability study does not always require fully processed devices as these 

are expensive and time consuming. When performing failure-driven reliabil-

ity testing (De Wolf, 2010), often simple test structures can be used. The 

simplifi ed structures have to be representative from the point of view of the 

assessed problem. 

 In the charging studies, MIM capacitors are often proposed. They allow 

testing of the charging properties of dielectrics. However, they do not fully 

represent the MEMS devices. The main difference is in the interfaces. In 

MIM capacitors, both top and bottom electrodes are in physical contact with 

the dielectric layer (Fig. 10.5). The MEMS devices are usually more asym-

metric. The top surface of the dielectric layer is free (exposed to ambient 

gas, vacuum, etc.) and has (limited) contact with the beam. This can allow 

different or additional charging mechanisms (gas breakdown, electron emis-

sion), which are not seen in MIM capacitors.      

 We have proposed a simplifi ed test structure that allows testing the char-

ging properties of dielectric materials in conditions very similar to those 

occurring in the fully processed devices: the movable beam is deposited 

on a non-patterned stack of bottom metal and dielectric layers (Fig. 10.6). 

Actuation of the device requires scratching through the dielectric layer in 

order to contact the metal layer underneath. That metal sheet plays the role 

of one of the actuation electrodes. The second electrode is the beam. This 

test structure requires much fewer processing steps than a fully functional 

RF MEMS capacitive switch, but allows testing of the charging sensitivity of 

the dielectric in conditions very close to those of the real device.       

  Reliability testing techniques for charging assessment 

 Numerous techniques can be implemented to test the sensitivity of a MEMS 

device to charging. The fi rst is based on monitoring the up- and down-state 

C

V

Vc=(Vpi
++Vpi

–)/2

Cdown

Cup

Vpi
–

Vpo
– Vpo

+ Vpi
+

 10.4      Defi nition of  C  down  (the down (on)) and  C  up  (the up-state (off)) 

capacitance and  V  pi  (the pull-in) and  V  po  (the pull-out) voltages. The 

centre of the C–V curve  V  c  can be calculated as  V  c  = ( V  pi  
+  +  V  pi  

− )/2.  
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capacitance of the switch during stressing (cycling) of a device. An actu-

ation waveform (e.g. rectangular) causes actuation of the tested device. 

The changes of the capacitance values refl ect the movement of the beam. 

If charging occurs when cycling a device, its on- and off-state capacitances 

vary from their initial values (Fig. 10.7). Once these values go out of speci-

fi cation, with stiction or not closing in the extreme case, end-of-life (EOL) 
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 10.5      The main difference between the MIM (a) and MEMS (b) devices 

is the different top dielectric interface.  
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 10.6      A simplifi ed MEMS structure allows a charging study in 

conditions similar to those occurring in the fully processed devices. 

Probing the bottom electrode requires scratching through the 

dielectric layer.  
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is reached. This method takes a lot of time, because the effect of charging is 

not always immediately observable in changes of  C  down  or  C  up  and long dura-

tion stressing might be required. It is possible to accelerate the experiments 

by using higher actuation voltages (Goldsmith  et al ., 2001). However, some 

failure mechanisms may be overlooked in this way. It has been shown, for 

example, that for certain devices, different charging mechanisms can take 

place at low or high voltages (Czarnecki, 2010).      

 Since the C–V characteristic can provide information about charge build-

up in the switch, observation of changes of the  complete  C–V curve, so not 

only  C  down  and  C  up , can provide more detailed information on how the charge 

changes in time, for example, during stressing or idling. The simplest case 

would be to measure the C–V characteristics just before and immediately 

after stressing (Fig. 10.8). The amount of charge is related to the voltage shift 

( V  S ) and/or narrowing of the C–V curve.       

  Accelerated testing 

 As mentioned before, the charging mechanism can be accelerated by using 

higher actuation voltages for the MEMS (Goldsmith  et al ., 2001). The life-

time of the switch can be determined from capacitance measurements during 

stressing (e.g. cycling). The EOL is reached when the measured values ( C  up , 

 C  down ,  Δ C,  C  up / C  down ) go out of specifi cation as shown in Fig. 10.7. However, this 

methodology may be time consuming. On top of that, increasing the actuation 
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 10.7      Monitoring of the down-state (full symbols) and up-state (open 

symbols) capacitance of a switch allows distinguishing two failure 

modes: stiction (a) and no closing (no actuation) (b).  
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voltage may not be possible in some cases. The higher actuation voltage may 

trigger additional mechanisms. Observation of the full C–V characteristic evo-

lution is a better alternative, not only before and after as shown in Fig. 10.8. 

The C–V characteristics can be measured during stressing using the fast C–V 

method described before (van Spengen  et al. , 2003) and the pull-in and pull-

out voltages can be extracted (Czarnecki  et al ., 2008b; Herfst  et al ., 2006; van 

Spengen  et al ., 2004). Figure 10.9 shows an example of a result of such an 

experiment. Capacitance measurements during stressing (a) do not show any 

changes after 5000 cycles, however, the C–V curve measurements (b) reveal 

charging, visible as a voltage shift of the pull-in ( V  pi  
+  and negative  V  pi  

− ) and 

pull-out (positive  V  po  
+  and negative  V  po  

− ) voltages. This is even more visible 

when the evolution of the C–V curve is presented as the changes of the centre 

 V  c  (c) (mean voltage between positive  V  po  
+  and negative  V  po  

− ).      

 As mentioned in the introduction on charging, various charging mecha-

nisms can take place at the same time in a MEMS device. Periodical C–V 

measurements performed during stressing (Czarnecki  et al ., 2006; Herfst 

 et al ., 2006; van Spengen  et al ., 2004) can reveal this because they can provide 

insight into the dynamics of the charging mechanisms. Figure 10.10 shows an 

example of a measurement that revealed two co-existing mechanisms with 

different polarities and time constants (  τ   1  and   τ   2 ) (Czarnecki  et al ., 2008b).      

 This monitoring method during voltage stressing of MEMS can be used 

for a relatively fast evaluation and comparison of different devices, different 

processing recipes, composition of materials, design, etc. Figure 10.11 shows 

the evolution of the positive pull-in voltage of two different devices (devices 

1 and 2) during stressing. The goal of the experiment was to evaluate which 

one of the two devices’ processing recipes can provide more reliable devices 

from a charging point of view. Therefore, both devices were stressed under 

the same conditions (amplitude, frequency and duty cycle of the actuation 

voltage, atmosphere, etc.) and the evolution of the C–V characteristic was 

monitored. It was assumed that EOL is reached when the positive pull-in 

changes more than 2 V from the initial value, even though the switch is still 

switching, that is, the  C  down / C  up  ratio is still relatively high. The lifetime of the 

two tested devices obtained with that method is 4500 and 12 000 cycles as 
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 10.8      An example of the voltage shift between two C–V curves 

measured before and after stressing.  
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indicated in the fi gure. This technique allows obtaining detailed information 

on charging in a very rapid way as compared to the conventional  C  down / C  up  

ratio testing. Even more, as the experiment can be set in such a way that it 

lasts only a few seconds, obtaining statistical data does not take a lot of time 

and allows for a statistically relevant evaluation of, for example, different 

processing recipes or materials (Czarnecki, 2010; Gonz á lez  et al ., 2011). In 

conclusion, the observation of the evolution of the C–V characteristic is a 

powerful tool that allows studies of charging mechanisms in the switch in a 

relatively easy and non-invasive way.       
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 10.9      (a) Capacitance measurements showing  C  up  and  C  down  evolution; 

(b) evolution of C–V pull-in and pull-out voltages; and (c) the extracted 

change of the centre voltage,  V  c .  
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  Localization of the charging mechanisms 

 The previous methods allowed distinguishing charging mechanisms in the 

time domain. However, a switch (MEMS) may contain more than one 

dielectric material that can trap charges. In that case, a method to localize 

the most dominant mechanism is needed. It has, for example, been reported 

(Czarnecki  et al ., 2008a; Rottenberg  et al ., 2007a) that not only the inter-

poser dielectric but also the substrate can trap charges. 

 One way to distinguish between these different charging locations con-

sists in a combination of dedicated stressing methods and C–V characteristic 
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 10.10      Two charging mechanisms with two different time constant (  τ   1  

and   τ   2 ) observed with C–V curve measurements performed during 

stressing.  
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 10.11      The shift of  V  c  in function of the number of switching cycles of 

a capacitive RF MEMS. The lifetime of two different devices can be 

compared in a short time: (a) device 1 and (b) device 2.  
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measurements. Figure 10.12 shows an example of such a dedicated biasing 

scheme. Two actuation waveforms,  V  beam  and  V  elec , were applied simulta-

neously to the beam and bottom electrode, respectively. The component 

waveforms ( V  beam  and  V  elec ) and the resulting virtual voltage sources, gen-

erating an electric fi eld across the dielectric and substrate ( V  diel  and  V  sub ), 

are presented in Fig. 10.13. Even though two unipolar (positive or nega-

tive) waveforms are used, the electric fi eld across the interposer dielectric 

is similar to that generated by a single bipolar waveform applied to the bot-

tom electrode and grounded beam. Since the back side of the substrate is 

grounded, the polarity of the electric fi eld across the substrate is constant 

during stressing. It depends on the polarity of the component waveforms. 

Beam

Bottom electrode

Substrate

Vbeam Velec

 10.12      Using two actuation sources allows stressing different 

dielectric materials in the switch at the same time with a different 

electric fi eld.  
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 10.13      Two actuation waveforms applied to both electrodes of the 

switch (bottom electrode and beam) allow obtaining different 

stressing conditions for the interposer dielectric and the substrate.  
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The distribution of the fi eld changes: the potential is switched between the 

bottom electrode and the beam. As a result, the substrate can be stressed 

with either positive or negative voltage. Simultaneously, the interposer 

dielectric is stressed with a bipolar voltage in both cases and, as a result, 

stressed less. A number of devices were stressed using this combination of 

two positive or negative component waveforms. The C–V characteristic was 

observed during idling after the stressing was fi nished. Figure 10.14 shows 

the results of the experiment.                

 The polarity of the voltage shift of the measured C–V curves on the 

switch was always related to the polarity of the used component actuation 

waveforms. That shows that the substrate charge trapping is the dominant 

mechanism in this test. If the voltage shift was dominated by the interposer 

dielectric charging, then the polarity of the voltage shift should not depend 

on the polarity of the component waveforms. In this way, substrate charging 

can be studied independently of interposer dielectric charging, or vice versa 

by choosing different voltage combinations.    

  10.4     Analytical modelling 

 There exist various analytical models describing charging effects and their 

impact on, for example, C–V characteristics of MEMS switches, starting 

from a simple parallel plate system to more complicated deformable plates. 

These models are discussed in the following sections. 

  10.4.1     Uniform charge in parallel-plate approximation 

 Wibbeler  et al.  (1998) described the impact of the dielectric charging on the 

actuation of electrostatic MEMS devices, considering the device of Fig. 10.15a. 
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 10.14      The results of an experiment where two sources of actuation 

waveforms were used. The voltage shift of the C–V curve depends 

on the polarity of the component waveforms ((a) negative and (b) 

positive) pointing to the substrate charging as dominant charging 

mechanism (Czarnecki, 2010).  
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The system can be seen as a fi xed capacitor  C   ε   and a variable air capacitor  C  air . 

They demonstrated that the presence of a uniform charge distribution ( Q ) at 

the surface of the dielectric layer shifts the symmetric C–V actuation charac-

teristic as a whole along the voltage axis as shown in Fig. 10.16. The direction 

of this shift depends both on the sign of the trapped charges and on the way 

the voltage source is connected to the device, that is, top or bottom electrode 

grounded and respectively bottom or top electrode biased.      

 Figure 10.15 sketches the progressive development of Wibbeler’s model 

and clearly expresses the equivalence of a parasitic trapped charge in the 

device with a series parasitic DC-bias in the actuation path. Chan  et al.  
(1998) in particular explored through extensive measurements and simu-

lations the importance of the contact force and progressive zipping of the 

non-ideal MEMS devices on the profi le of their C–V characteristic. They 

further coupled in Chan  et al . (1999) a charging model in their electrome-

chanical simulation and showed the crucial role of the contact time in deter-

mining the built-up charge in the device and thus the shift of the pull-in volt-

age over the lifetime of the device. 

 Reid  et al . (2002) complemented these studies, demonstrating the pos-

sible dynamic latching – stiction – of an electrostatically actuated MEMS 

device due to dielectric charging. Indeed, should a pull-out voltage have 
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 10.15      (a–d) Schematic development of Wibbeler’s model (Wibbeler 

 et al. , 1998), taking into account a uniform surface charge on the 

dielectric coating the actuation electrode of an electrostatic actuator.  
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drifted across the origin of the voltage axis, the successive actuations and 

de-actuations of the MEMS could be too fast compared to the mechanical 

response time of the device for this to release. This situation results in an 

apparent stiction that is switching-time dependent. 

 Besides lowering the actuation voltage in an attempt to minimize the 

stress on the dielectric layer and the resulting built-in charges, various com-

plex actuation schemes, such as shaped actuation-pulses (Goldsmith  et al ., 
2001) and bipolar actuation voltages (Rebeiz, 2003) have been proposed. 

These techniques tend to keep the C–V characteristics more centred on the 

bias origin at 0 V, preserving the normal actuation of the switches. 

 Nevertheless, the shift of the C–V curve does not succeed in explaining, 

among other phenomena, the narrowing of the pull-out window shown in 

Fig. 10.17 and the resulting vanishing of the pull-out bias that leads to an 

irreversible stiction (Czarnecki  et al ., 2005; Melle  et al ., 2003; van Spengen 

 et al ., 2004; Yuan  et al ., 2004).           

 The narrowing of the overall C–V actuation characteristic is often 

observed when using bipolar actuation. It can be explained by the effect of 

non-uniform charging, as is discussed in the following section.  

  10.4.2      Non-uniform charge distribution in parallel-plate 
and generalized distributed plates approximations 

 This section summarizes an analytic description of the actuation of electro-

static devices in the presence of non-uniform dielectric charging. We use 
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(© 2011, IEEE. Reprinted, with permission, from Rottenberg  et al . (2004).)  
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remarkably simple formalisms and concepts to take a fi xed three-dimensional 

(3D) charge distribution into account. Our model, which is described in detail 

in Rottenberg  et al . (2007b) and Rottenberg (2008), extending our work pre-

sented in Rottenberg  et al . (2004), proposes an explanation for the shift of the 

actuation characteristics and the deformation of the C–V curves leading to 

a failure but also to an increase of the up-capacitance without assuming any 

trapping/de-trapping model. We further show the impact of the curvature of 

the electrodes on the deformation of the actuation characteristic. We pinpoint 

the important role played by the spatial covariance of the charge and capaci-

tance distributions. This covariance can break the symmetry of the actuation 

characteristic. In this case, the capacitances and displacements at pull-in or 

after pull-out differ when ramping up or down the bias voltage. 

  Thought experiment 

 Consider the set-up sketched in Fig. 10.18. A fi xed metal plate is covered 

with a dielectric layer split in two parts with equal areas. The two dielectric 

islands have uniform fi xed surface charges of opposite sign (+/ −  Q ). A mov-

able metal plate is fastened with a spring above the dielectric layer. A DC 
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 10.17      Measured fast C–V characteristic before and after 20 million 

cycles of bipolar actuation at +/−35 V under a 1 bar  N  2  atmosphere 

at 25 ° C with 50% duty cycle for an Al-based switch using SiN x  as 

dielectric material (Czarnecki  et al ., 2005).  
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 10.18      Stiction thought experiment. (© 2011, IEEE. Reprinted, with 

permission, from Rottenberg  et al . (2004).)  
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voltage is applied across the two plates. The +/ −  Q  charges shift the local 

voltage-force characteristics, that is,  F  +/ −  ( V ), by +/ −  V  shift , opposite quantities 

for the two dielectric islands.      

 Figure 10.19 describes the electrostatic force  F  el ( V ) exerted on the top 

plate of Fig. 10.18 as a function of the applied voltage  V  and for a given and 

fi xed position. As F F FelFF ( )V ( )V ( )V= +F )V+ −F( )V +F )V     and F −+F / ( )V     defi ne the light and 

dark grey parabolas crossing at  V  = 0,  F  el ( V ) describes another narrower 

black parabola centred on  V  = 0. It shows a simple force offset compared 

to the dashed characteristic, that is, elFF no Q- -o ( )V    , obtained in total absence of 

trapped charge. However, the top plate carries no net charge at  V  = 0; the 

charged dielectric islands induce on this plate charges of opposite polarity 

that produce this force offset  F  el (0).      

 It is thus striking to observe that although the net dielectric charge is zero, 

the resulting electrostatic force  F  el  =  F  +  +  F  −  is not zero, even at zero applied 

voltage.  

  2D+     model description 

 Using what we have learned from the simple thought model of Fig. 10.18, 

we now extend the model to a more realistic situation. Consider the set-up 

in Fig. 10.20, generalizing the model presented in Wibbeler (1998). A fi xed 

non-fl at metal plate of area  A  is covered with a dielectric layer of uniform 

thickness  d   ε  , dielectric constant   ε   r  and volume charge density   ψ (x,y,z) . A 
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10.19      Description of the electrostatic force exerted on the moving 

plate at a given and fi xed position as a function of the applied voltage 

V, in the stiction thought experiment of the fi gure. © 2011, IEEE. 

Reprinted, with permission, from Rottenberg  et al . (2004).)  
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rigid but non-fl at movable metal plate is fastened with a linear spring  k  to a 

fi xed wall above the dielectric layer at a rest position  d  0  (x,y) . A DC voltage 

source of amplitude  V  is applied to the two plates. The set-up is placed in 

vacuum.      

 The equilibrium positions of this system are described by:  

    
2

20 2 2 2 2
ε0 σ σ 22

β ασσ β β
k

A
V2 V

Δ
= +2 2σ 22σσV −( )μα βμ μμ( )Vμ μβμ μμVμ cov( ,α )ββ        [10.1]   

 where   μ  ,   σ   2  and cov denote respectively the mean, variance and covariance 

of the capacitance distribution (subscript   α  ) and the induced charge distri-

bution (subscript   β  ). The capacitance distribution,   α (x,y,  Δ  ) , in the set-up of 

Fig. 10.20 and the charge distribution,   β (x,y,  Δ  ) , induced on the top electrode 

due to the charges trapped in the dielectric in the same set-up (Rottenberg, 

2008), are expressed as  

    α ε
εε

( ,αα , )
( ( , ) )

y,
x( d) ) r

=) ( )
0ε

       [10.2]    

    β
ε ε

ε( ,ββ , ) ( , ) (αα , )y,
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=)
0εε

Ψeq     [10.3]   

 where  

    Ψ
Ψ

eq ( , )
( , , )

y,
y,

d
dzd

dd zdzd

= ∫∫
εχ

χ
0

    [10.4]   

 is an  equivalent surface charge distribution . It is defi ned as the charge distri-

bution located at the surface  z = d   ε  , that would produce the same  F  el  as the 

actual Ψ( , , )y,    . Note that a charge  Q  placed at the surface of the dielec-

tric has an equivalent  Q  eq   = Q , while the same charge placed at the bottom 
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 10.20      Model of a MEMS device with non-uniform trapped charge and 

air-gap distributions. (© 2011, IEEE. Reprinted, with permission, from 

Rottenberg  et al . (2004).)  
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of the dielectric has an equivalent  Q  eq   = 0 . This means that the closer the 

charges are to the free surface of the dielectric, the larger their impact will 

be on the actuation characteristics of the switch. 

 The ‘equivalent charge distribution’, and especially its mean value, Ψeq

,and its variance, σ2σσ ( eqΨ ), are values that play an important role in explain-

ing the observed shift and narrowing, respectively, of the C–V curves of 

capacitive RF MEMS, as will be discussed further on. 

 The details of the model are described in Rottenberg  et al.  (2007b) and 

Rottenberg (2008). The key assumption is that the device can be locally 

described as a parallel-plate capacitor with the electric fi eld everywhere 

aligned with the  z -axis. This is only valid for low capacitance and charge 

gradients in  x  and  y . For the latter, this means that the charge distribution 

is assumed to be locally uniform in  x  and  y  and only distributed in  z . This 

allows analytical expression of the electric fi eld in the system and defi ning 

Ψeq ( , )y,    . As a second consequence, the parallel-plate approximation can be 

locally used to compute the electrostatic force. In particular, the assumption 

becomes more accurate when closing the air gap  d ( x ,  y )  = d  0  ( x ,  y )  −   Δ .  

  Model implications 

 Let us fi rst assume that the movable electrode and dielectric remain paral-

lel, that is, there is a uniform air gap,  d  0  ( x ,  y )  = d  0 ; the equilibrium position 

then simplifi es to  
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 where Ψeq
 and σ2σσ ( )q  are the mean and variance of the equivalent sur-

face charge distribution Ψeq ( , )y, . 

 The electromechanical equilibrium positions of the movable plate are 

thus expressed by  

    V
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d d

r r

= ± +d
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( )d dd0d
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       [10.6]   

 While the mean equivalent surface charge shifts the C–V as a whole, like the 

uniform distribution did in Wibbeler’s case (1998), the variance of Ψeq x y( )    
affects the shape of the actuation characteristics. The non-zero variance has 

the effect of a force offset depending on the air-gap height, but not on the 

polarity of the actuation voltage or on the sign of the trapped charges. Note 
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for example that a non-zero variance forbids the rest position of the spring 

 d = d  0  as an equilibrium position for the system. This case constitutes there-

fore a generalization of our thought experiment where we had just as an 

example considered a very specifi c charge distribution. 

 The pull-out and pull-in voltages,  V  PO  and  V  PI , are obtained from Equation 

[10.6] and given by  

    V
d kd d

A

d

r r r
POVV eq q= ±eq −

Ψ d kd d deq ε ε ε

ε ε ε ε
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ε ε0εε
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 Increasing the variance of Ψeq x y( )   , the two symmetric  V  PO  and  V  PI  shift 

towards each other as shown in Fig. 10.21 in the case of a zero mean charge. 

The pull-out window narrows, as measured and reported in Melle  et al . 
(2003) and Czarnecki  et al . (2005), and vanishes for a variance of Ψeq x y( )   , 
independent of the dielectric layer parameters and given by       

    σ ε
no PO-

2σσ 0 0ε2
=

kd
A

       [10.9]   
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 10.21      Simulated narrowing of the  d–V  curve for the system of 

Fig. 10.20  σ  2 ( Ψ  eq   ) increasing until   σ   2  no_PO ;  k  = 10 N/m,  A  = 10 4   μ m 2 , 

 d  o  = 3  μ m   ε   r  = 5 and  d   ε   = 3  μ m. © 2011, IEEE. Reprinted, with 

permission, from Rottenberg  et al . (2004).  
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 As the movable plate cannot be released anymore, the structure fails by 

stiction on the dielectric, due only to the variance of Ψeq x y( )   . Note that 

the pull-in voltage  V  PI  hardly changes in comparison to  V  PO  when σ 2σσ ( )q     

varies from 0 to σnoσ PO-

2σσ    . 

  V  PI  can also disappear due to the variance of Ψeq x y( )   . The critical vari-

ance for the pull-in is given by  

    σ ε
ε

ε
ε

no PI-

2σσ 0 0εε
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k dε0ε
A

d
dr

       [10.10]   

 Increasing σ 2σσ ( )q     from   σ   2  no_PO  to   σ   2  no_PI , the whole C–V characteristic grad-

ually vanishes. For variances larger than   σ   2  no_PI , there is no more stable posi-

tion for the movable armature. The device fails by self-actuation due only to 

the variance of the equivalent surface distribution. 

 Remarkably, only the variance of Ψeq x y( )    is needed to explain the irre-

versible stiction phenomenon. The dependency of the two branches of  V  PO  

and  V  PI  vs the charging variance is illustrated in Fig. 10.22 from Equations 

[10.9] and [10.10]. As | V  PO |<| V  PI | in absence of charge, the pull-out disap-

pears earlier than the pull-in. Note that imposing   σ   2  no_PI   =  σ   2  no_PO  implies 

 d   ε     = 2 ε   r  d  0  using Equations [10.9] and [10.10]. This condition is equivalent to 

| V  PO | = | V  PI | and to the condition derived in Seeger  et al . (1997) for a contin-

uously stable actuation from  d = d  0  to  d = 0 .      

 All other things being equal, a larger spring constant per unit area  k/A , a 

larger rest air gap  d  0 , a thinner dielectric layer  d   ε  , and a higher dielectric con-

stant   ε    r   make a switching device less sensitive to the variance and mean of 
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10.22      Evolution of VPO and VPI vs   σ   2 ( Ψ  eq   )  . (© 2011, IEEE. Reprinted, with 

permission, from Rottenberg  et al . (2004).)  
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Ψeq ( , )y, . In this view, assuming the equivalent surface charge distribution 

is independent of  k, A, d   ε   ,  ε   r , and  d  0 , large capacitance ratio  ( ε   r  d  0  /d   ε   )  switches 

with large  V  PO  and  V  PI  are expected to be more reliable. 

 This case offers an explanation for all the reported phenomena attributed 

previously to the dielectric charging but lacking until now a comprehensive 

model (Czarnecki  et al ., 2005; Melle  et al ., 2003; van Spengen  et al ., 2004; 

Yuan  et al ., 2004). In particular, this model predicts the irreversible stiction 

failure and the increase of the up-state capacitance during the cycling of 

switched RF MEMS capacitors. 

 Not only shift, narrowing or a combination of both can be observed during 

cycling measurements of switched MEMS capacitors, as shown in Fig. 10.23. 

The actuation characteristic as a whole can eventually deform and lose its 

symmetry, as visible in the fi gure. This phenomenon can be explained by 

extending the model already presented.      

 Indeed, let us as a second, more general, case assume combined gap and 

charge non-uniformities. The model then shows that the C–V and d–V actu-

ation characteristics deform and become asymmetric. As a simple example, 

we assume the non-uniform gap and the charge distribution as shown in 

Fig. 10.24. The resulting C–V characteristic is shown in Fig. 10.25. There is 

a combined shift and deformation: positive and negative pull-in/out events 
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 10.23      Charging induced asymmetry of the C–V characteristic 

observed in case of cycling under bipolar actuation.  
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 10.24      (a,b) Example of corresponding linear variations of air gap and 

equivalent charge distributions; the maximum value of the charge 

distribution, that is,  Q  b , is the only parameter of the family of devices. 

(© 2011, IEEE. Reprinted, with permission, from Rottenberg  et al . 

(2004).)  
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occur at different capacitance, displacements, and voltage values. The cen-

tres of the pull-in and pull-out voltage windows do not coincide and both 

differ further from the voltage of maximum opening. For a given set of 

device parameters, the asymmetry of the actuation characteristics can even 

be strong enough for the device to be continuously tunable until full clo-

sure on one side of its C–V characteristic while preserving its unstable char-

acteristics on the other side of its C–V. Such an extreme case is shown in 

Fig. 10.26.                

 These examples show that not only charge distribution, but also non-fl at 

and deformable actuation electrodes, for example, typical clamped–clamped 

and clamped–free beams with uniform cross-sections, can seriously affect 

the C–V characteristic of (RF) MEMS switched capacitors, varicaps and 

switches. To avoid such effects, it is better to ensure that the actuation gap 

between mobile electrodes and dielectric remains always uniform over the 

whole surface of the structure (Czarnecki  et al ., 2008b). This is often not the 

case. Low-stiffness MEMS bridges especially will typically fi rst touch the 

dielectric in the centre, and only at higher actuation voltages at the edges.    

  10.5     Electrostatic discharge 

 Compared to better-studied reliability issues in MEMS, such as charging, 

stiction and fatigue, one of the newer and less understood problems is the 
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 10.25      Stable C–V characteristics computed for the family of devices 

presented in the fi gure with small and large air gaps at rest,  a  0  and 

 b  0 , respectively equal to 3  μ m and 4  μ m, a total area A = 10 4   μ m ² , 

  ε   r  = 5,  D   ε   = 3  μ m and a spring constant  k  = 10 N/m. Grey, without 

charge; black, with a charge amplitude slightly lower than  Q  b_no_PO . (© 

2011, IEEE. Reprinted, with permission, from Rottenberg  et al . (2004).)  
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impact of ESD. ESD as a reliability threat is very well investigated for com-

plementary metal oxide semiconductor (CMOS) devices (Amerasekara 

and Duvvury, 2002), whereas for MEMS, it only started gathering interest 

among researchers from the year 2000 on (Walraven  et al ., 2000). However, 

the number of studies of the impact of ESD on MEMS is still very small. The 

main MEMS test structures investigated in this context are ohmic (Tazzoli 

 et al ., 2007) and capacitive RF MEMS switches (Ruan  et al ., 2009), elec-

trostatically actuated torsional micromirrors (Sangameswaran  et al ., 2008), 

and a few other similar structures (Walraven  et al ., 2000).There are very 

few ESD solutions for MEMS proposed in literature (Acquaviva  et al ., 
2009; Ikehashi  et al ., 2009), whereas the challenge is expected to become of 

greater signifi cance for smaller low-power MEMS applications with increas-

ing functionalities. 

 ESD, is defi ned as a single-event, rapid transfer of electrostatic charge 

when two objects at a large potential difference come in close proximity or 

into direct contact with each other. Electrostatic charge build-up can occur 

most commonly through ‘triboelectric charging’ (Harper, 1967). 

 Most common existing ESD test models and techniques were devel-

oped for ICs and not for MEMS. They are the human body model (HBM), 

machine model (MM), charged device model (CDM), human metal model 

(HMM) and the transmission line pulsing (TLP) technique (Amerasekara 

and Duvvury, 2002). The HBM test is very commonly used for device qual-

ifi cation and replicates the real life event where a charged human operator 
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 10.26      Stable C–V corresponding to the fi gure in the case where  a   0   and 
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discharges by touching an IC pin (or MEMS in this case) causing a current 

fl ow through the device to the ground and destroying it (ESDA, 2010). 

  10.5.1     The effect of electrostatic discharge on MEMS 

 A MEMS device can typically be subject to ESD during many stages of 

its production, for instance processing, assembly, packaging, shipping and 

handling, and even during normal operation. Since MEMS have movable 

components across air gaps during regular operation, unlike semiconductor 

ICs, two possible effects can occur during an ESD event. The high voltage 

build-up across the air gap during ESD might make the component move, 

causing the air gap to reduce and eventually close. When the gap closes dur-

ing the ESD event, breakdown and resulting thermal damage between the 

electrodes can occur, causing catastrophic failure of the MEMS. When the 

electrical contact remains ‘open’ during the ESD event, air gap breakdown 

or fi eld emission can occur, causing charging of the device or even perma-

nent damage. Which of these effects occurs depend a lot on the robustness/

stiffness of the MEMS. For robust MEMS, an ESD event often results in an 

electrical voltage overstress (EOS) due to the typically high impedance of 

the device. 

 Figure 10.27 shows results from wafer-level HBM ESD tests performed 

on poly-SiGe micromirrors and capacitive RF MEMS switch test devices 

to measure their ESD sensitivity (Scholz  et al ., 2007). Normally, the cur-

rent through the device under test (DUT) is used to monitor the failure, 

as in semiconductor devices, but here the voltage during ESD was used to 

characterize the MEMS because of the electrically open behaviour of these 

devices, as in Fig. 10.27c. Based on electrical measurements which detected 

a change in the DUT resistance during failure, the HBM ESD failure level 

of the micromirrors (Fig. 10.27a) was measured to be 40 V (Sangameswaran 

 et al ., 2008) and that for Al-based switches (Fig. 10.27b) with a 200 nm Si 3 N 4  

dielectric was measured to be 120 to 180 V (Sangameswaran  et al ., 2009). All 

these test devices suffered catastrophic damage upon failure and, if we were 

to follow the same classifi cation as is used for ICs, they could be classifi ed 

as Class 0, that is, extremely ESD-sensitive devices with a failure level < 250 

V (ESDA, 2010).      

 However, since most MEMS exist with different non-electrical func-

tionalities, such as optical, mechanical, motion-based, chemical, thermal, 

etc., the correct point of failure can be determined only by comparing 

their functionality before and after ESD stress of increasing amplitude. 

It was noticed through measurements that RF MEMS switches often suf-

fered functional failure at ESD stress levels lower than the catastrophic 

failure detected electrically (Sangameswaran  et al ., 2010a). It is therefore 

�� �� �� �� �� ��



322 Handbook of MEMS for wireless and mobile applications

© Woodhead Publishing Limited, 2013

recommended to perform functionality tests on MEMS during and after 

ESD to conclusively detect failure. Customized test setups were built for 

this purpose by integrating a portable probe-mountable HBM ESD tester 

with a laser Doppler vibrometer for out-of-plane motion measurements. 

Simultaneous measurements of out-of-plane displacement, current and 

voltage in the MEMS DUT were performed (as in Fig. 10.27c)  in situ  dur-

ing ESD stress using this set-up, which enabled improved failure detection 

and deeper understanding of the failure mechanisms in MEMS during ESD 

(Sangameswaran  et al ., 2010a). The test set-up can also be used, together 

with a pressure-controlled vacuum chamber, to study the effect of pressure 

on the ESD sensitivity, which is of importance when testing, for example, 

resonators which have to function in vacuum. For example, the ESD reli-

ability of capacitive MEMS switches was found to be worse at vacuum as 

compared to atmospheric pressure. 

 Designing ESD protection or adapting from conventional CMOS ESD 

protection structures is challenging in such cases because MEMS operate 

at high voltages and in both voltage polarities, have unique packaging and 
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 10.27      Damage caused by ESD to MEMS: (a) Single micromirror before 

failure, after failure, micromirror array after failure; (b) RF MEMS 

switch before and after failure (functional failure or catastrophic 

damage); (c) HBM voltage across micromirrors showing faster 

discharge during failure and measurements with customized set-up.  
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processing requirements, and impose severe area and cost constraints on the 

ESD protection designer. Moreover, MEMS sometimes operate as stand-

alone devices, without any CMOS circuitry, for which effective ESD pro-

tection is virtually unknown. Thus, it is equally important to understand the 

correct ESD failure level and failure mechanisms for unprotected MEMS 

devices and also to develop strategies to improve the ESD robustness of 

MEMS and implement ESD protection devices. 

 One way to improve the intrinsic ESD robustness of MEMS is by varying 

the design parameters to increase their mechanical stiffness, since a direct 

correlation was found between the mechanical robustness of the MEMS, 

the pull-in voltage, and the ESD failure level (Sangameswaran  et al ., 2010b). 

However, this goes together with an increased pull-in voltage and can reduce 

the performance of the MEMS. Commonly implemented customer require-

ments in industry require at least 2 kV HBM robustness for the shipped 

product in the case of consumer applications. For MEMS integrated in a 

CMOS chip or package to survive this high amount of ESD stress, design 

improvements alone above are insuffi cient. An dedicated ESD protection is 

therefore essential. An example how this can be implemented is shown in 

Fig. 10.28. ESD protection was implemented on a MEMS-on-CMOS process 

by adapting the silicon controlled rectifi er (SCR), commonly used for ESD 

protection in CMOS devices (Ker  et al ., 2005), to a high trigger voltage and 

connected in parallel with a MEMS switch. The fabricated device improved 

the MEMS ESD robustness from 140 V (Class 0) to 5 kV (Sangameswaran 

 et al ., 2011).      

 Other advanced bi-directional ESD protection devices with high turn-

on voltages may be used in a similar manner taking advantage of slower 

turn-on time requirements for MEMS and lower area constraints. However, 

in stand-alone MEMS applications, MEMS-based ESD protection will be 

required.   
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 10.28      DC leakage measurements on unprotected MEMS (failure 

level 140 V) and MEMS with SCR protection (ESD failure level >5 kV) 

performed after every HBM stress show that MEMS can be protected 

with >5 kV HBM robustness with an on-chip SCR.  
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  10.6     Reliability issues of MEMS packages 

 The package is an essential part of any MEMS. It can prevent reliability 

problems, but it can also generate issues. The focus of this section is on one 

important aspect of MEMS packages: hermeticity. A hermetic package is 

essential for the reliable functioning of RF MEMS, especially resonators. 

  10.6.1     Device parameters affected by ambient conditions 

 Many functional parameters of MEMS devices are dependent on ambient 

conditions such as pressure, humidity, presence of chemical compounds, etc. 

(De Wolf  et al ., 2005, 2009). A hermetic package is thus required in those 

cases where a stable operation of the MEMS device is desired, regardless of 

fl uctuations in the ambient. 

 A fi rst example is given in Fig. 10.29, which shows the measured response 

of an RF MEMS switch when the actuation voltage  V  b  is toggled off (at  t  = 0 

 μ s) and on (16 V, at  t  = 250  μ s). Measurements of the displacement  z  were per-

formed using a laser Doppler vibrometer and results are shown for ambient 

pressures of 50, 100, 200, …, 600 mbar. The switch behaviour clearly changes 

with ambient pressure. The closing time obtained from this fi gure is shown as 

a function of ambient pressure in Fig. 10.30. The opening time varies between 

20  μ s and 50  μ s. This shows that maintaining the pressure in the package at a 

constant level is required in order to ensure a predictable switching time.           

 A second parameter that is strongly dependent on ambient pressure is the 

 Q  factor of mechanical resonators. As depicted in Fig. 10.31, the  Q  factor 
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 10.29      Measured response of an RF MEMS switch at different ambient 

pressures. At  t  = 0  μ s, the actuation voltage is removed and the switch 

opens. At  t  = 250  μ s, the actuation voltage is applied and the switch 

closes again.  
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reaches a stable plateau at low pressures where the dominant loss mecha-

nisms are a combination of anchor losses, material damping, thermoelastic 

damping, etc. At higher pressures, air damping becomes more important 

and the  Q  factor drops as a result.      

 Also, thermal effects in MEMS devices are very much pressure depen-

dent. An example of this is shown in Fig. 10.32, where results of a four-point 
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 10.30      Closing time of the RF MEMS switch as a function of ambient 
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 10.31      Measured Q factor of several MEMS resonators as a function 

of pressure. At low pressures, Q is limited by mechanisms such as 

anchor losses, material damping and thermoelastic damping. As 

pressure increases, air damping gradually becomes the dominant 

loss mechanism.  
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resistance ( R  s ) measurement of a freestanding, clamped–clamped beam 

are shown. The measurement was performed at an ambient pressure of 

10– 5  mbar. A test current  I  t  is forced through the beam and  R  s  is calculated 

from the resulting voltage drop. Due to Joule losses, the beam’s temper-

ature (and thus resistance) increases quadratically with  I  t . As seen in the 

fi gure, the effect of the self-heating due to Joule losses is far more signifi cant 

than increasing the ambient temperature  T  c  from 10 ° C to 50 ° C. At atmo-

spheric pressure though, this effect completely vanishes due to convective 

heat transfer and no dependence of  R  s  on  I  t  is observed.      

 As a last example, the presence of humidity in the ambient and its effect 

on the operation of a MEMS device is illustrated for a torsional micromirror 

in Fig. 10.33. When the torsional mirror is pulled in, it comes into mechani-

cal contact with a landing electrode. As a result, the adhesion force between 

the mirror and the landing electrode will affect the mirror’s pull-out voltage 

 V  po . Figure 10.33 shows that the pull-in voltage  V  pi  remains constant (i.e. 

the mechanical properties of the mirror do not change) whereas the pull-

out voltage  V  po  changes by more than 20% between 5% RH and 95% RH. 

Similar effects can be expected for any MEMS making contact upon actu-

ation, so also RF MEMS switches.      

 For all the reasons mentioned above, MEMS devices need to be encap-

sulated in a hermetic cavity that ensures a constant ambient pressure and 

excludes contaminants that might otherwise affect the performance of 

the device. However, hermeticity alone is not suffi cient to guarantee a 

constant pressure in the cavity. This will be briefl y explained in the next 

section. 
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 10.32      Measured resistance  R  s  of a suspended beam, as a function 

of the test current  I  t  that fl ows through the beam. The measurement 

was performed at 10 –5  mbar. Results are given for different chuck 

temperatures  T  c .  
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 It is often mentioned in literature that packaging takes a large amount of 

the development cost of MEMS. This is certainly the case if the development 

of the package is done after the development of the MEMS. Costs can be 

reduced considerably if, from the design phase on, the packaging aspects are 

also taken into account, that is, if MEMS and package are co-developed. This 

is not only valid from a design and processing point of view, but also from a 

reliability point of view. Especially when hermeticity has to be guaranteed, 

the package and the MEMS should be considered as two extremely interde-

pendent parts in the development. Issues such as outgassing and hermetic-

ity can be prevented by correct material choice. Many packaging-related 

reliability issues should be tackled in a very early stage of the development, 

and often can be studied using simple test structures such as cavities with 

different size, splits in the processing using different material, tests of fi lms 

consisting of materials used in the packaging process, etc. Packaging can be 

made cheaper and more reliable by, where possible, making it part of the 

MEMS processing instead of seeing it as consequent step after the MEMS 

device is fi nished. For example, wafer-level packaging methods, where a cap 

is processed on top of the MEMS using similar processing steps as used for 

the MEMS themselves, is a very promising technique both from a cost and 

from a reliability point of view (Guo  et al ., 2012). The cap has holes to allow 

releasing the MEMS (etching the sacrifi cial layer). They are closed after the 

release step, providing optimal hermeticity and reliability.  

  10.6.2      Mechanisms degrading the atmosphere 
in the cavity 

 Figure 10.34 gives a schematic representation of different processes that 

might be on-going in a MEMS package. A fi rst mechanism that affects the 
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 10.33      Measured pull-in ( V  pi ) and pull-out ( V  po ) voltage of a micromirror, 

as a function of relative humidity (© 2011, IEEE. Reprinted, with 

permission, from Ling  et al . (2011b).)  
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internal pressure is diffusion of gases through the bulk or along the inter-

faces between layers. This is depicted as (a) in the fi gure and is driven by 

an imbalance between the partial pressures of an element inside and out-

side the cavity. Silicon oxide for instance is known to allow helium to pass 

through, and moisture can slowly diffuse through polymers like benzocy-

clobutene (BCB).      

 Outgassing from the capping layer (or e.g. the sacrifi cial layer) can also 

lead to a build-up of cavity pressure (b). In addition, the released mole-

cules can deposit on the surface of the packaged MEMS device. In case 

of resonators, this will affect both the mass and the Q factor of the device. 

Alternatively, the structural layer itself might outgas (c) – in which case, not 

only the cavity pressure changes, but also the mass of the MEMS device. 

Again, this is especially relevant for resonators. Rather than outgassing, 

some materials in the package may act as a getter – leading to a decrease in 

cavity pressure. 

 Lastly, elements present in the cavity atmosphere may chemically react 

with the packaged device (e.g. oxidation). In ohmic switches, for instance, 

this will affect the properties of the contact. In the case of resonators, the 

effective stiffness can be affected, as well as the overall mass density and Q 

factor.  

  10.6.3     Hermeticity testing of packages 

 Measuring hermeticity can be done in a different number of ways but the 

concept is the same: a pressure difference between the internal volume of 

the package and the external environment causes gas or liquid to diffuse 

through the sealing material. 

 Classical hermeticity testing is divided into two main categories: gross 

leak testing (for leaks > 10 –4  mbar∙L/s) and fi ne leak testing (for leaks > 10 –9  

mbar∙L/s). Both methods are described in the standard: MIL-STD-883H, 

Method 1014.13 (Military Standard, 2010). This way of testing is not always 

appropriate for MEMS packages because the standard is defi ned for pack-

age volumes that are typically >0.05 cm 3 , that is, much larger than those 

often used for MEMS. For smaller volumes, the allowed leak rate is much 

(a)

(b) (c)

 10.34      Schematic cross-section of a MEMS resonator in a wafer-level 

package.  
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smaller than can be measured by a typical He leak tester (Jourdain  et al ., 
2002). So, there is a need for alternative test methods (De Wolf  et al ., 2007). 

In the following, we discuss some alternatives, based on either electrical or 

optical methods. 

  Electrical measurements: capped resonator 

 As shown in Fig. 10.31, a resonator exhibits a strong dependence of its qual-

ity factor Q on the ambient pressure. The critical pressure, above which the 

sensitivity is greatest, depends on the design of the resonator and can thus 

be tuned to the requirements of the packaging process. 

 Once the relationship between the Q factor and the pressure for a test 

structure has been established, the Q factor can thus be used as a metric for 

pressure (De Coster  et al ., 2005). Measuring the Q factor can be done in sev-

eral ways, one of which is an S-parameter measurement. This is illustrated 

in Fig. 10.35a, which shows a complex plot of the measured S 21  of a resona-

tor for frequencies around its resonance frequency. By fi tting a resonator 

model to this measurement, one can extract all device parameters, including 

Q. Figure 10.35b gives the extracted Q for a device, measured continuously 

during 100 h and at regular intervals between 100 and 1500 h. The fl uctua-

tions that are seen illustrate what was discussed in Section 10.6.2: because 

several phenomena are on-going simultaneously, their combined effect on 

the Q factor can result in a complex behaviour.       

  Electrical measurements: helium leak rate 

 This section shows how a good design for test can provide information on 

leak tightness of a capping material. Although it is known that He diffuses 

through SiO 2 , which is present in this MEMS package, exactly this prop-

erty is used for the test. In the example, a polycrystalline silicon germanium 

(poly-SiGe) capping layer is deposited on top of a silicon dioxide sacrifi cial 

layer (Helin  et al ., 2011). This is depicted in the top part of Fig. 10.36. In the 

experiment, the test structure is placed in a pure He atmosphere of 1000 

mbar for 12 h. Since it is known that He will diffuse through the SiO 2  layer, 

the He pressure in the cavity is 1000 mbar after this dwell time. Next, the 

chamber is evacuated (10– 5  mbar) and the Q factor of the sealed resonator 

is monitored over time. As the He diffuses out of the cavity (either through 

the poly-SiGe cap which is to be studied or through the SiO 2 ), the pressure 

drops and thus the Q increases. The result of this experiment is shown in 

the bottom part of Fig. 10.36 for two test structures, one with a short and 

one with a longer He diffusion path through SiO 2 . For the structure with 

a short diffusion path, it roughly takes 20 h for the measured Q to reach 

the expected value at 10– 5  mbar. For the device with the longer diffusion 

path, the pressure only reaches the critical pressure of about 1 mbar after 
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 10.35      (a–c) Measured Q factor of a capped resonator during storage 

in  N  2  at room temperature. The  Q  factor is extracted from the 

measured S 21  parameter. (c) The test structure with two RF probes 

and 1 DC probe for biasing.  
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about 50 h. Since the dimensions of the poly-SiGe cap are equal for both 

structures, and only the length of the SiO 2  diffusion path is different, it is 

concluded that diffusion of He only takes place through the SiO 2 . The poly-

SiGe cap has thus been verifi ed to be He leak tight.       

  Electrical measurements: Outgassing: opening packages in vacuum 

 The effect that impurities in the ambient (released into the cavity by outgas-

sing, for instance) can have on the Q factor of a resonator is illustrated by the 

measurement shown in Fig. 10.37. The fi gure shows measured Q factors of a 

sealed resonator, placed in a vacuum test chamber at 10– 4  mbar. Due to the 

high pressure in the cavity, the Q factor is relatively low. When the cavity is 

opened (by mechanically breaking the seal), the pressure drops to 10– 4  mbar 

and the Q rises accordingly. The Q factor is then monitored over time and is 

seen to drop signifi cantly due to impurities that are present in the vacuum 

test chamber and that contaminate the resonator (this is not an ultra-high 

vacuum chamber and is opened and exposed to normal ambient at regular 
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 10.36      (a) Schematic cross-section of the test structure, (b) Measured 

Q as a function of time during evacuation of a He-fi lled cavity, for two 

different lengths of the diffusion path. (© 2011, IEEE. Reprinted, with 

permission, from (Helin  et al ., 2011).)  
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 10.37      Measured Q on a sealed resonator, before and after breaking 

the seal in a  N  2  environment at 10 –4  mbar.  

times). This illustrates the importance of maintaining a clean atmosphere at 

low pressure in a MEMS package, especially for MEMS resonators.       

  Optical measurement: capped resonator 

 As mentioned above, Q factors can be measured in several ways. Figure 10.38a 

shows an example of an optical measurement on a device that is packaged 

with a transparent Pyrex cap (Bogaerts  et al ., 2011). Using a laser Doppler 

vibrometer, the mechanical frequency response of the device is measured. 

The device is excited mechanically by placing it on a piezoelectric shaker; 

the whole assembly is placed in a pressure-controlled chamber and the laser 

is pointed at the packaged MEMS device through a window. A differential 

measurement using two laser beams (one beam is pointed at the armature 

of the device, the second beam is pointed at the substrate) is performed so as 

to obtain the relative velocity of the MEMS device with respect to the sub-

strate. Figure 10.38b gives the measured frequency response, which shows 

several resonance modes. The Q factor of each mode can be calculated and 

measured as a function of ambient pressure. This is shown in Fig. 10.38c for 

the fi rst mode at 14.3 kHz. Since the capped device gives the same Q as an 

uncapped reference, it is concluded that the package is not hermetic in this 

case.       

  Optical measurement: cap defl ection 

 This test measures the cap defl ection in response to a change in ambient 

pressure. If the device has a good hermetic seal, then the cap will defl ect 
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 10.38      (a) Top view of a MEMS switch, packaged with a Pyrex cap, (b) 

measured frequency response and (c) Q extracted from the fi rst mode 

for a capped device and an uncapped reference.  
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in response to the pressure difference between the cavity and the outside 

atmosphere. Ideally, if the pressure inside the package is equal to the pres-

sure outside the package, then the cap will show no defl ection (Fig. 10.39, 

left). On the other hand, if the pressure outside ( p  o ) is different than the 

pressure inside ( p  i ) the cap would defl ect upwards, when  p  o  <  p  i  (Fig. 10.39, 

centre) or inwards, when  p  o  >  p  i  (Fig. 10.39, right).      

 This technique is possible only if the cap is fl exible enough to show any 

defl ection with changes of pressure. That demands the use of optical tech-

niques with a high sensitivity for small packages; the leak rate resolution 

depends on the resolution of the system and the size and thickness of the 

package. 

 Interferometry is the most common technique used to measure cap defl ec-

tion, and one important advantage is that it is a non-destructive test that can 

be used directly on the sealed package.  

  Optical measurement: cap defl ection in vacuum/air 

 A fast method to determine whether the packages have a gross leak or not is 

by measuring the cap defl ection in vacuum and air. The packages are placed 

in a vacuum chamber that has a viewport. The defl ection is measured (using 

the interferometer) fi rst at atmospheric pressure and then at vacuum. 

 A gross leak will be indicated by a lack of defl ection when the pressure 

inside the package and the pressure of the chamber come to equilibrium 

quickly. On the other hand, a difference in the defl ection under the two dif-

ferent pressures would indicate that the package is air-tight. 

 Figure 10.40a shows the top view of an array of 18 poly-silicon germanium 

thin-fi lm packages sealed with a microcrystalline silicon germanium porous 

layer (Claes, 2011; Gonz á lez  et al ., 2011). In six of these packages (inside the 

white square) a hole was drilled by focusing ion beam (FIB).      

 Only two packages (DUT in the fi gure) were measured in vacuum–air, 

one package with the hole and the other without it. Figure 10.40b shows 

the package defl ection measured by interferometry of two membranes. The 

one with the FIB hole shows no difference in defl ection when changing the 

po = pi po < pi po > pi

pi pi piCavity

Cap

 10.39      Defl ection response to a change in pressure. Left: If  p  i  =  p  o  the 

cap shows no defl ection. Centre: If  p  o  <  p  i  the cap defl ects upwards. 

Right: If  p  o  >  p  i  the cap defl ects inwards.  
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 10.40      (a) Top view picture of 18 empty packages, in 6 of them 

(inside white square) a hole was drilled by FIB (Gonz á lez  et al ., 

2011) (reproduced with permission). (b) Membrane defl ection of two 

packages (with and without hole) measured by interferometry in 

vacuum and air. The package in the left has the drilled hole and shows 

a lack of defl ection as expected, while the package on the right shows 

a difference in the defl ection under the two pressures indicating that 

it is air-tight.  

pressure in the chamber from air to vacuum, indicating that it is leaky, as 

expected. The one without the FIB hole does change defl ection, indicat-

ing that there is no large leak path. In order to determine whether there 

might be a small leak path, the sample should remain in the chamber and 

be measured regularly. Another option to check for fi ne leak paths is to use 

a variation on the fi ne leak testing using He, as is done in the MIL-STD-

883H, Method 1014.13 (Military Standard, 2010). This is discussed in the 

following.  

  Optical measurement: helium pressurization 

 With this method one can determine the presence of small (fi ne) leaks. To 

perform this test, the samples are placed in a chamber that allows storing 

in helium at a certain pressure (e.g. 3 bar) to stress the sample. This kind of 

test is also called the ‘He bomb’. Helium is chosen amongst other gases, for 

example, nitrogen, due to the smaller molecule size, which would allow an 

easier penetration inside the cavity than air. 

 The shape of the cap of the packages is measured by interferometry in 

atmospheric pressure before and after He storage. 

 In the case that the package is hermetic, the shape of the cap should not 

change. On the other hand, if the package is leaky to He, the cap should 

defl ect upwards indicating the presence of He inside the cavity. 

 Figure 10.41 shows the results of fi ne leak test on a thin-fi lm SiGe pack-

age. Two measurements were performed in atmospheric pressure before He 

pressurization to check the stability of the membrane defl ection. Then the 

packages were stored during 10 days in He at a pressure of 3 bar. After 
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10 days, the packages were then measured again in atmospheric pressure 

and monitored over a period of 20 days.      

 Looking at the membrane defl ection, it can be concluded that He was 

able to penetrate in the cavity, resulting in a very high defl ection after the 

He bomb. The defl ection decreases over time, indicating that the He escapes 

from the inside. 

 Figure 10.42 shows the result of the He bomb test performed on a Si pack-

age (Gonz á lez  et al ., 2011) over 11 days. In the graph we can see that the 

defl ection before and after storage stays the same, meaning that the sample 

is not leaky for He.      

 One must be very careful when making conclusions based on this fi ne 

leak test. We need to consider the so-called ‘dwell time’, that is, the time 

necessary to transport the samples from the ‘He bomb’ to the optical tool 

(interferometer). It can happen that the leakage is faster than the dwell 

time and that He escapes during transportation, so the defl ection before and 

1.5
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0.0
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 10.41      Defl ection measurements before and after He storage of a 

sealed package leaky for He.  
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 10.42      Result of He fi ne leak test performed on a Si package. The 

sample was stored in He for 11 days and shows no He leak.  
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after He would be the same and the conclusion that the package is He tight 

would be wrong. One solution for this issue would be to try to minimize the 

dwell time as much as possible, in the extreme case to use the ‘He bomb’ 

also as a test chamber for the optical measurements, which requires a win-

dow that allows interferometry and can withstand the pressure differences. 

Other solutions are being investigated (Pham  et al ., 2011).    

  10.7     Conclusion 

 The most important reliability issue for capacitive RF MEMS remains elec-

trical charging. The electrical fi elds associated with electrons or holes, trapped 

in the dielectric, will affect the functioning of the MEMS. Pull-in and pull-out 

voltages of switches will shift, and eventually stiction might occur. This char-

ging can take place in the interposer dielectric, but also in the substrate or 

any dielectric that sees an electrical fi eld. In this chapter, various measure-

ment methods and analytical models were discussed. 

 Charging is not only a problem for capacitive RF MEMS switches. Any 

MEMS where due to its actuation principle, an electrical fi eld is present 

across a dielectric, can suffer from charging. Often such charging cannot be 

prevented, but its impact on the MEMS can be reduced by a well-chosen 

design, meaning the charging should take place far from the movable parts, 

such that the associated electrical fi elds do not affect its functioning. As 

discussed in this chapter, studying charging can be done using the normal 

actuation scheme of the MEMS. However, often new insights can be gained 

by using alternative actuation schemes. The infl uence of dielectric charging 

on the reliability of the MEMS can only be reduced if there is an in-depth 

understanding of the impact of this charging on the MEMS functionality. 

For this reason, a profound theoretical study demonstrating the impact of 

charging on the MEMS electrical characteristics is also presented in this 

chapter. It offers an explanation for all the reported effects of dielectric 

charging and of non-fl at and deformable actuation electrodes on the switch-

ing characteristics of capacitive (RF) MEMS switched capacitors, varicaps 

and switches, and gives guideline for reducing the charging sensitivity of 

these devices. 

 RF MEMS can suffer from various reliability issues. At the start of the 

chapter an overview is given, and for more details reference is made to De 

Wolf (2010). One problem that was not discussed in De Wolf (2010) is ‘elec-

trostatic discharge’. This is not really a failure mechanism as such, but more 

a failure cause, which can result in welding, fracture, shorts and charging. 

MEMS turn out to be very sensitive to ESD, and it is clear that both during 

handling and use they should be protected against ESD and EOS events. 

Depending on their design, MEMS might react slowly to an ESD event and, 

as such, withstand the high short-duration voltage pulse. But even if they are 
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not damaged during the ESD event, they might during the following EOS. 

The sensitivity of MEMS to ESD can be reduced by making them more 

robust. But this mostly results in an increased stiffness and, for example, 

higher pull-in voltages. This enhances their sensitivity to charging. For this 

reason a better solution might consist in protecting the MEMS against ESD 

events by MEMS or CMOS-based protection devices. 

 A third topic that was addressed in this chapter is the hermeticity of the 

MEMS package. This is of great importance for most RF MEMS devices. 

RF MEMS switches were proven to have a better reliability in a controlled 

atmosphere such as dry nitrogen gas (De Wolf  et al ., 2005). Resonators in 

general require vacuum to have a high Q factor. Pressure variations inside 

the package cavity, either due to leaks, diffusion processes or outgassing, 

will affect the functioning and reliability of the MEMS. Several measure-

ment methods were demonstrated in this chapter. Which to apply highly 

will depend on various factors, such as the presence of a MEMS device, 

the thickness of the cap, the volume of the cavity, the roughness of the top 

surface, etc. With the on-going research for cheap and reliable packaging 

solutions for RF MEMS, this topic will remain of high importance and other 

innovative measurement solutions and reliability assessment methodolo-

gies will have to be addressed.  

  10.8     References 
 Acquaviva D, Tsamados D, Coronel D P, Skotnicki T, and Ionescu A M (2009), 

 ‘Micro-electro-mechanical metal-air-insulator-semiconductor (MEM-MAIS) 

diode: a novel hybrid device for ESD protection’ ,  Proc. IEEE 22nd International 
Conference on Micro Electro Mechanical Systems (MEMS) ,  132–135 . 

 Amerasekara A and Duvvury C (2002),  ESD in Silicon Integrated Circuits’,   John 

Wiley & Sons.  

 Bogaerts L, Phommahaxay A, Rottenberg X, Naito Y, De Coster J, Varela Pedreira 

O, Van Hoovels N, Cherman V, Helin P, Onishi K, and Tilmans H A (2011), 

 ‘MEMS 0-level packaging technology based on CuSn/Cu chip capping bond-

ing’ ,  Proc. Micromechanics Europe Workshop, MME.  
 Chan K, Garikipati K, and Dutton R W (1999),  ‘Characterization of contact elec-

tromechanics through capacitance-voltage measurements and simulations’ , 

 Journal of Microelectromechanical Systems ,  8 (2),  208–217 . 

 Chan K, Garikipati K, Hsiau Z K, and Dutton R W (1998),  ‘Characterization of elec-

trostatically-actuated beams through capacitance-voltage measurements and 

simulations’ ,  Proc. of Modeling and Simulation of Microsystems ,  180–185 . 

 Chen L-C, Huang Y-T, and Fan K-C (2007),  A dynamic 3D-surface profi lometer with 

nanoscale measurement resolution and MHz bandwidth for MEMS character-

ization’ ,  IEEE/ASME Transactions on mechatronics ,  12 (3),  299–307 . 

 Claes G (2011),  ‘Poly-silicon germanium thin-fi lm package: study of structural fea-

tures enabling CMOS-MEMS integration’ ,  Leuven ,  Katholieke Universiteit 

Leuven , PhD thesis. 

�� �� �� �� �� ��



 Reliability of RF MEMS 339

© Woodhead Publishing Limited, 2013

 Czarnecki P (2010),  ‘Impact of charging mechanisms on the reliability of RF MEMS 

devices’ ,  Leuven ,  Katholieke Universiteit Leuven , PhD thesis. 

 Czarnecki P, Rottenberg X, Puers R, and De Wolf I (2006),  ‘Effect of gas pres-

sure on the lifetime of capacitive RF MEMS switches’ ,  Proc. of the IEEE 
19th International Conference on Microelectromechanical System – MEMS , 

 890–893 . 

 Czarnecki P, Rottenberg X, Puers R, and De Wolf I (2005),  ‘Impact of biasing scheme 

and environment conditions on the lifetime of RF-MEMS capacitive switches’ , 

 Proc. MEMSWAVE ,  133–136 . 

 Czarnecki P, Rottenberg X, Soussan P, Ekkels P, Muller P, De Raedt W, Tilmans H 

A C, Puers R, Marchand L, and De Wolf I (2009),  ‘Effect of substrate charging 

on the reliability of capacitive RF MEMS switches’ ,  Sensors and Actuators A , 

 154 ,  261–268 . 

 Czarnecki P, Rottenberg X, Soussan P, Ekkels P, Muller P, Nolmans P, De Raedt W, 

Tilmans H A C, Puers R, Marchand L, and De Wolf (2008a),  ‘Infl uence of the sub-

strate on the lifetime of capacitive RF MEMS switches’ ,  Proc. of the 21st IEEE 
International Conference on Micro Electro Mechanical Systems – MEMS ,  172–175 . 

 Czarnecki P, Rottenberg X, Soussan P, Nolmans P, Ekkels P, Muller P, Tilmans H A 

C, De Raedt W, Puers R, Marchand L, and De Wolf I (2008b),  ‘New insights 

into charging in capacitive RF MEMS switches’ ,  Proc. IEEE 46th Annual 
International Reliability Physics Symposium (IRPS) ,  496–505 . 

 De Coster J, Jourdain A, Puers R, and Tilmans H A C (2005),  ‘A method to evaluate 

internal cavity pressure of sealed MEMS devices’ ,  Proc. IMAPS EMPC2005 , 

 599–603 . 

 De Natale J, Mihailovich R, and Waldrop J (2002),  ‘Techniques for reliability analy-

sis of MEMS RF switch’ ,  Proc. IEEE Annual International Reliability Physics 
Symposium (IRPS) ,  116–117 . 

 De Wolf I (2010),  ‘Reliability’ , in Lucyszyn S, ed.,  Advanced RF MEMS ,  Cambridge , 

 Cambridge University Press ,  109–133 . 

 De Wolf I, Czarnecki P, Jourdain A, Modlinski R, Puers R, Tilmans H A C, van Beeck 

J T M, and van Spengen W M (2005),  ‘The infl uence of the packaging environ-

ment on the functioning and reliability of capacitive RF-MEMS switches’ ,  Proc. 
43rd Annual IEEE International Reliability Physics Symposium 2005.  

 De Wolf I, De Coster J, Cherman V, Czarnecki P, Kalicinski S, Varela Pedreira P, 

Sangameswaran S, and Vanstreels K (2009),  ‘New methods and instrumenta-

tion for functional, yield and reliability testing of MEMS on device, chip and 

wafer level’ .  Proc. SPIE , 7362, 73620N-1-73620N-9. 

 De Wolf I, Jourdain A, De Moor P, Tilmans H A C, and Marchand L (2007), 

 ‘Hermeticity testing and failure analysis of MEMS packages’ ,  Proc. 14th IPFA , 

 147–154.  

 Douglass M R (1998), ‘ Lifetime estimates and unique failure mechanisms of the 

DigitalMicromirror Device (DMD)’ ,  Proc. International Reliability Physics 
Symposium (IRPS) ,  31 ,  9–16 . 

 ESDA Standard 2010–46 (2010),  For Electrostatic Discharge Sensitivity Testing – 
Human Body Model (HBM) – Component Level , ANSI-ESDA-JEDEC 

JS-001-2010. 

 Goldsmith C, Ehmke J, Malczewski A, Pillans B, Eshelman S, Yao Z, Brank J, and 

Eberly M (2001),  ‘Lifetime characterization of capacitive RF MEMS switches’ , 

 Proc. of the 2001 IEEE MTT- S Int. Microwave Symp. ,  1 ,  227–230 . 

�� �� �� �� �� ��



340 Handbook of MEMS for wireless and mobile applications

© Woodhead Publishing Limited, 2013

 Gonz á lez P, Guo B, Varela Pedreira O, Severi S, De Meyer K, and Witvrouw A 

(2011),  ‘Sealing of poly-SiGe surface micromachined cavities for MEMS-

above-CMOS applications’ ,  Journal of Micromechanics and Microengineering , 

 21 ,  115019–115031 . 

 Guo B, Wang B, Wen L, Helin P, Claes G, De Coster J, Du Bois B, Verbist A, Van Hoof 

R, Vereecke G, Haspeslagh L, Tilmans HAC, Decoutere S, Osman H, Puers 

R, De Wolf I, Tanaka S, Severi S, and Witvrouw A (2012),  ‘Poly-SiGe-based 

MEMS thin-fi lm encapsulation’ ,  Journal of Microelectromechanical Systems ,  21 , 

 110–120 . 

 Harper W R (1967),  Contact and Frictional Electrifi cation ,  United Kingdom,   Oxford 

University Press . 

 Helin P, Verbist A, De Coster J, Guo B, Severi S, Witvrouw A, Haspeslagh L, Tilmans 

H A W, Naito Y, Nakamura K, and Onishi K (2011),  ‘A wafer-level poly-sige-

based thin fi lm packaging technology demonstrated on a SOI-based high-

Q MEM resonator’ ,  Proc. Solid-State Sensors, Actuators and Microsystems 
Conference (TRANSDUCERS) ,  982–985 . 

 Herfst R W, Huizing H G A, Steeneken P G, and Schmitz J (2006),  ‘Characterization 

of dielectric charging in RF MEMS capacitive switches’ ,  Proc. of the IEEE Int. 
Conf. Microelectr. Test Struct. ,  133–136 . 

 Ikehashi T and Saito T (2009),  ‘An ESD protection device using normally-on 

MEMS switch,’   Proc. IEEE International Solid-State Sensors, Actuators and 
Microsystems Conference (TRANSDUCERS) ,  1774–1777 . 

 Jourdain A, De Moor P, Pamidighantam S, and Tilmans H A C (2002),  ‘Investigation 

of the hermeticity of BCB-sealed cavities for housing (RF-)MEMS devices’ , 

 Proc. MEMS, 2002,   677–680 . 

 Ker M D and Hsu K C (2005),  ‘Overview of on-chip electrostatic discharge pro-

tection design with SCR-based devices in CMOS integrated circuits’ ,  IEEE 
Transactions on Device and Materials Reliability ,  5 (2),  235–249 . 

 Ling F, De Coster J, Beernaert R, Witvrouw A, Celis J-P, and De Wolf I (2011a),  ‘An 

investigation of stiction in Poly-SiGe micromirror’ .  Proc. IEEE 61st Electronic 
Components and Technology Conference – ECTC.  

 Ling F, De Coster J, Lin W, Witvrouw A, Celis J-P, and De Wolf I (2011b),  ‘Investigation 

of temporary stiction in poly-SiGe micromirror arrays’ ,  Proc. Solid-State 
Sensors, Actuators and Microsystems Conference (TRANSDUCERS), 2011 
16th International,   2378–2381 . 

 Lisec T, Huth C, and Wagner B (2004),  ‘Dielectric material impact on capacitive 

RF MEMS reliability’ ,  Proc. of the 12th European Gallium Arsenide and other 
Compound Semiconductors Application Symposium ,  471–474 . 

 McClure S S, Edmonds L D, Mihailovich R, Johnston A H, Alonzo P, De Natale J, 

Lehman J, and Yui C (2002),  ‘Radiation effects in micro-electromechanical sys-

tems (MEMS): RF Relays’ ,  IEEE Transactions on Nuclear Science ,  49 (6). 

 Melle S, Flourens F, Dubuc D, Grenier K, Pons P, Pressecq F, Kuchenbecker J, Muraro 

J L, Bary L, and Plana R (2003),  ‘Reliability overview of RF MEMS devices 

and circuits’ ,  Proc. of the 33   rd    European Microwave Conf .,  37–40 . 

 Military Standard (2010),  ‘Test Methods and Procedures for Microelectronics’ , MIL-

STD-883H, 2010–54. 

 Papaioannou G J, Exarchos M, Theonas V, Wang G, and Papapolymerou J (2005), 

 ‘On the dielectric polarization effects in capacitive RF-MEMS switches’ ,  Proc. 
of the 2005 IEEE MTT-S Int. Microwave Symp . 

�� �� �� �� �� ��



 Reliability of RF MEMS 341

© Woodhead Publishing Limited, 2013

 Papaioannou G J and Plana R (2010),  ‘Advanced microwave and millimeter wave 

technologies semiconductor devices, circuits and systems: Physics of charging in 

dielectrics and reliability of capacitive RF-MEMS switches’  in M. Mukherjee, 

InTech, Rijeka, Croatia. 

 Pham N P, Limaye P, Czarnecki C, Varela Pedreira O, Cherman V, Tezcan D S, 

and Tilmans H A C (2011),  ‘Metal-bonded, hermetic 0-level packaging for 

MEMS’ ,  Proc. 12th IEEE Electronics Packaging Technology Conference , 

 1–6 . 

 Rebeiz G M (2003),  ‘RF MEMS. Theory, Design and Technology’ ,  Hoboken – New 

Jersey ,  J. Wiley & Sons ,  12185–12192.  

 Reid J R (2002),  ‘Dielectric charging effects on capacitive MEMS actuators’ ,  IEEE 
MTT-S Int. Microwave Symp. Digest , RF MEMS workshop, June 2002. 

 Rottenberg X (2008),  ‘Electrostatic Switching RF-MEMS Devices in Thin-Film 
Technology’ ,  Leuven ,  Katholieke Universiteit Leuven , PhD Thesis. 

 Rottenberg X, Brebels S, Ekkels P, Czarnecki P, Nolmans P, Mertens R P, Nauwelaers 

B, Puers R, De Wolf I, De Raedt W, and Tilmans H A C (2007a),  ‘An electro-

static fringing-fi eld actuator (EFFA): application towards a low-complexity thin 

fi lm RF-MEMS technology’ ,  Journal of Micromechanics and Microengineering , 

 17 ,  204–210 . 

 Rottenberg X, De Wolf I, Nauwelaers B, De Raedt W, and Tilmans H A C (2007b), 

 ‘Analytical model of the DC-actuation of electrostatic MEMS devices 

with distributed dielectric charging and non-planar electrodes’ ,  IEEE J. 
Microelectromechanical Systems ,  16 (5),  1243–1253 . 

 Rottenberg X, Nauwelaers B, De Raedt W, and Tilmans H A C (2004),  ‘Distributed 

dielectric charging and its impact on RF MEMS devices’ ,  Proc. of the 34th 
European Microwave Conf. ,  77–80 . 

 Ruan J, Nolhier N, Papaioannou G J, Tr é mouilles D, Puyal V, Villeneuve C, Idda T, 

Coccetti F, and Plana R (2009),  ‘Accelerated lifetime test of RF-MEMS switches 

under ESD stress’ ,  Microelectronics Reliability ,  49 (9–11),  1256–1259 . 

 Sangameswaran S, De Coster J, Cherman V, Czarnecki P, Linten D, Thijs S, Scholz 

M, Groeseneken G, and De Wolf I (2010a),  ‘Behavior of RF MEMS switches 

under ESD stress’ ,  32nd Annual EOS/ESD Symposium Proceedings ,  1–8 . 

 Sangameswaran S, De Coster J, De Wolf I, and Groeseneken G (2010b),  ‘Impact 

of design factors and environment on the electrostatic discharge sensitivity 

MEMS micromirrors’ ,  Microelectronics Reliability ,  50 (9–11),  1383–1387 . 

 Sangameswaran S, De Coster, Linten D, Scholz M, Thijs S, Haspeslagh L, Witvrouw 

A, Van Hoof C, Groeseneken G, and De Wolf I (2008),  ‘ESD reliability issues in 

microelectromechanical systems (MEMS): a case study on micromirrors,’   EOS/
ESD Symposium Proceedings ,  249–257 . 

 Sangameswaran S, De Coster J, Linten D, Scholz M, Thijs S, Van Hoof C, De Wolf 

I, and Groeseneken G (2009),  ‘Mechanical response of electrostatic actuators 

under ESD stress,’   Proc. IEEE International Solid-State Sensors, Actuators and 
Microsystems Conference, (TRANSDUCERS) ,  2110–2113 . 

 Sangameswaran S, Thijs S, Scholz M, De Coster J, Linten D, Groeseneken G, and De 

Wolf I (2011),  ‘A silicon-controlled rectifi er-based ESD protection for MEMS – 

merits and challenges,’   33rd Annual EOS/ESD Symposium Proceedings , 

Anaheim, CA, USA. 

 Scholz M, Thijs S, Linten D, Tr è mouilles D, Sawada M, Nakaei T, Hasebe T, Natarajan 

M, and Groeseneken G (2007),  ‘Calibrated wafer-level HBM measurements for 

�� �� �� �� �� ��



342 Handbook of MEMS for wireless and mobile applications

© Woodhead Publishing Limited, 2013

quasi-static and transient device analysis,’   EOS/ESD Symposium Proceedings , 

 89–94 . 

 Seeger J I and Crary S B (1997),  ‘Stabilization of electrostatically actuated mechan-

ical devices’ ,  Proc. Transducers ‘97 , 2,  1133–1136 . 

 Tazzoli A, Peretti V, and Meneghesso G (2007),  ‘Electrostatic discharge and cycling 

effects on ohmic and capacitive RF-MEMS switches’ ,  IEEE Trans. Device and 
Materials Reliability ,  7 (3),  429–437 . 

 van Spengen M W, Puers R, Mertens R, and De Wolf I (2004),  ‘A comprehensive 

model to predict the charging and reliability of capacitive RF MEMS switches’ , 

 Journal of Micromechanics and Microengineering ,  14 ,  514–521 . 

 van Spengen M W, Puers R, Mertens R, and De Wolf I (2003),  ‘A low frequency elec-

trical test set-up for the reliability assessment of capacitive RF MEMS switches’ , 

 Journal of Micromechanics and Microengineering ,  13 ,  604–612 . 

 Walraven J A, Soden J M, Tanner D M, Tangyunyong P, Cole Jr E I, Anderson R R, 

and Irwin L W (2000),  ‘Electrostatic Discharge/electrical overstress susceptibil-

ity in MEMS: a new failure mode,’   Proceedings of SPIE ,  4180 ,  30–39 . 

 Wibbeler J, Pfeifer G, and Hietschold M (1998),  ‘Parasitic charging of dielectric 

surfaces in capacitive microelectromechanical systems (MEMS)’ ,  Sensors and 
Actuators ,  A71 ,  74–80 . 

 Yuan X, Cherepko S, Hwang J, Goldsmith C L, Nordquist C, and Dyck C (2004), 

 ‘Initial observation and analysis of dielectric-charging effects on RF MEMS 

capacitive switches’ ,  Proc. of the 2004 IEEE MTT-S Int. Microwave Symp. ,  3 , 

 1943–1946 . 

 Zaghloul U (2011),  Nanoscale and macroscale characterization of the dielectric charg-
ing phenomenon and stiction mechanisms for electrostatic MEMS/NEMS reli-
ability ,  Toulouse ,  University of Toulouse III , Paul Sabatier, PhD dissertation. 

 Zaghloul U, Bhushan B, Pons P, Papaioannou G J, and Plana R (2011a),  ‘On the 

infl uence of environmental gases, relative humidity and gas purifi cation on 

dielectric charging processes in electrostatically driven MEMS/NEMS devices’ , 

 Nanotechnology ,  22  (3),  035705 . 

 Zaghloul U, Koutsoureli M, Wang H, Coccetti F, Papaioannoua G J, Pons P, and Plana 

R (2010),  ‘Assessment of dielectric charging in electrostatically driven MEMS 

devices: A comparison of available characterization techniques,’   Journal of 
Microelectronics Reliability ,  50 ,  1615–1620 . 

 Zaghloul U, Papaioannou G J, Bhushan B, Coccetti F, Pons P, and Plana R (2011b), 

 ‘On the reliability of electrostatic NEMS/MEMS devices: Review of present 

knowledge on the dielectric charging and stiction failure mechanisms and novel 

characterization methodologies’ ,  Microelectronics Reliability ,  51 ,  1810–1818 .  

   

�� �� �� �� �� ��



© Woodhead Publishing Limited, 2013

345

  11 
 Energy harvesters for powering 

wireless systems*   

    G.   DE PASQUALE   ,    Politecnico di Torino, Italy    

   DOI : 10.1533/9780857098610.2.345 

  Abstract : This chapter focuses on the strategies and devices used to 
convert the energy present in the environment into electricity to supply 
wireless and mobile systems. The ‘energy harvesting’ discipline is proving 
to be the fi rst relevant response to the need for power supply without 
wire connections and batteries. Many transduction principles were 
investigated, and a number of design solutions were described in the 
literature. This chapter aims to provide the tools for static and dynamic 
design of energy harvesters, with focus on kinetic generators. Some 
innovative design solutions are introduced, and the most attractive 
modelling and simulation strategies are described. 

  Key words : energy harvesting, non-linear vibrations, random vibrations, 
dynamic response, resonance tuning, analytic modelling, reduced order 
modelling, modal analysis, Fourier transform, fi nite element method 
(FEM), magnetic levitation, microelectromechanical systems (MEMS). 

    11.1     Introduction 

 The power supply of wireless and mobile devices requires local sources 

that replace wires and cabling connections. The common approach is to use 

energy reservoirs (batteries) directly connected to the device or embed-

ded in the same package. More recently, many studies and prototypes have 

demonstrated the possibility of generating the power needed by converting 

energy available in the environment into electricity directly on site; this dis-

cipline, known as ‘energy harvesting’, is facilitated by the diffusion of sensors 

and devices with very low power consumption, such as microelectromechani-

cal systems (MEMS). The challenge to fabricate energetically autonomous 

transceiver sensors, which is attracting the efforts of many researchers world-

wide, is fi nally receiving its fi rst promising responses. 

  * The publishers wish to point out that some of the fi gures in this chapter are hand 

drawn by the author. These have been included unaltered in the chapter at the 

specifi c request of the author.  
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 This chapter discusses the research advances in the design of energy 

 harvesters, including original contributions and experimental results. 

Particular focus is given to kinetic energy conversion, which is the most 

attractive source for autonomous devices associated with machines. The most 

important generating strategies are then described, such as photovoltaic, 

radiofrequency, and thermoelectric. The crucial aspects of static and dynamic 

dimensioning are analysed, including analytic, numerical, and reduced order 

modelling, as well as strategies for resonance tuning and bandwidth amplifi -

cation. The concept of levitating suspensions is applied to energy harvesters 

to improve their performance, with relevant preliminary results. 

 The next part of the chapter is divided into three sections, respectively 

dealing with the transduction principles for kinetic energy conversion, the 

design of generators converting vibrations into electricity, and the other 

typologies of energy harvesters.  

  11.2     Kinetic energy harvesters 

 Vibrations are the most attractive source of energy suitable for harvesting 

purposes. Many systems provide abundant kinetic energy to be converted 

into electricity and stored in batteries, even if some challenges make this 

goal quite complicated. Depending on the application fi eld, the character-

istics of vibration may differ greatly, introducing some uncertainties about 

the typology of the transducer to be used and its dimensioning. Three main 

generation strategies, among others, are described in this section: piezoelec-

tric, electromagnetic, and capacitive. 

  11.2.1     Piezoelectric energy harvesting 

  Properties and typologies 

 This typology of generators is based on the deformation of mechanical parts 

made of (or coated with) piezoelectric materials, which are able to produce 

an electric power proportional to the applied strain. 

 Piezoelectric materials are formed by dipoles that have been aligned dur-

ing manufacture by using a large electrical fi eld. Due to this property, when 

the material in operative conditions is subjected to a mechanical strain 

along the direction of the dipoles’ orientation, there is an electrical charge 

separation that produces a voltage difference along the material. Similarly, 

if a voltage is applied in the same direction, an elongation of the material 

is produced. The described effect is called ‘piezoelectricity’, and it has been 

exploited for many years to build sensors and actuators. 

 For piezoelectric generators, the directions of the load application and 

voltage generation are precisely identifi ed by the rules reported in the nor-

mative (IEEE, 1997). The operation mode is identifi ed by two indexes,  i , 
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j , where  i  is the direction of voltage difference and  j  is the direction of the 

mechanical load, as reported in Fig. 11.1 as an example. The same rule is 

applicable to defi ne all the electromechanical properties, which are strongly 

anisotropic due to the internal structure of piezoelectric materials. The 

properties of piezo materials are described by the following main param-

eters: the piezoelectric charge constant (or strain coeffi cient)  d , defi ning the 

polarization generated in direction  i  per unit of mechanical stress applied 

in direction  j ; the piezoelectric voltage constant  g , giving the electric fi eld 

generated in direction  i  per unit of mechanical stress applied in direction  j ; 
the permittivity (or dielectric constant) of piezo material   ε   p ; and the Young’s 

module ( E ).      

 The constitutive equations of piezo materials are:  

    ε σ
= +

E
dE        [11.1]    

    D E d+Eε σd+Epε        [11.2]   

 where E     is the electric fi eld,  D  is the charge density,   σ   is the mechanical 

stress, and   ε   is the mechanical strain. Another important parameter is the 

electro-mechanical coupling coeffi cient  k , which is a valid indicator of the 

effectiveness of the material in generating electrical energy (along direc-

tion  i ) by converting mechanical energy (applied along direction  j ); it is 

defi ned as  

    k d
E
εp

    [11.3]   

 The mechanical resistance of the material is limited by its ultimate tensile 

strength (  σ   UTS ) in single static actuation, and by its fatigue limit (  σ   L ) in cyclic 

F
F

V V

F F

3 1

2

11.1      Examples of piezoelectric materials operation modes: 33 mode 

(left) and 31 mode (right).  
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excitation, which is the common operative condition for power generators. 

The Curie temperature ( T  C ) is also crucial, because it preludes the modifi -

cation of the crystal structure and the loss of piezoelectricity. Ikeda (1990) 

presents a more in-depth description of piezoelectric material properties. 

 The most commonly used piezoelectric materials are polycrystalline 

ceramics (also called piezoceramics), such as lead zirconate titanate 

(PZT), which are brittle materials with good conversion properties, or 

polymers such as polyvinylidene fl uoride (PVDF). Table 11.1 reports 

the properties of piezo materials commonly usable for energy harvest-

ers (Jaffe and Berlincourt, 1965; NASA, 1998; Sakakibara  et al ., 1994; 

Starner, 1996).       

  Basics on transduction principle 

 To optimize the output power, the cantilever shape with proof mass on the 

tip is usually preferable (Fig. 11.2a). In this case, the piezo material is actuated 

in the 31 mode, and the ratio between mechanical strain and applied force is 

maximized. By introducing a spacer material at the centre of the beam, the 

expansion and compression of piezo surfaces provide the maximum output 

voltage when the cantilever bends; this agrees with the stress distribution 

along a cross-section of the cantilever under bending moment, as reported 

in Fig. 11.2b. The power generated by piezo harvesters is a function of the 

resistive load: Fig. 11.3 (De Pasquale  et al ., 2011a) reports some typical out-

put power curves coming from experimental measurements on a piezo beam 

with variable proof mass on the tip. A general expression of the optimal load 

resistance for the power maximization in resonance condition is            

    R
k

load,opt
m

m

=
2

2 4k

ζ
ω ζCnC 22

    [11.4]   

 Table 11.1     Properties of common piezoelectric materials 

for energy harvesters 

   PZT  BaTiO 3   PVDF 

  d  31  (10 –12  C/N)  27.0  ÷  320  78.0  23.0 

  d  33  (10 –12  C/N)  71.0  ÷  650  149  33.0 

  g  31  (10 –3  Vm/N)  7.50  ÷  13.7  5.00  216 

  g  33  (10 –3  Vm/N)  8.50  ÷  42.0  14.1  330 

  k  31   0.14  ÷  0.44  0.21  0.12 

  k  33   0.37  ÷  0.75  0.48  0.15 

 ε εp 0ε εε   425.0  ÷  3800  1700  12.00 

  T  C  ( ° C)  193  ÷  350  120   ~ 150 

  E  (GPa)  63  ÷  99  67  2.0 

   ρ   (kg/m 3 )  7400  ÷  7750  6000  1770 
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 11.2      Piezoelectric cantilever for energy harvesting applications. 

The schematic view (a) includes a spacer between two piezo layers 

and the proof mass; the axial stress distribution under the applied 

bending moment is maximized at the upper and lower surfaces 

(b) in correspondence to the piezoelectric material.  
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 11.3      Experimental values of the output power measured on 

a piezoelectric generator with variable resistive load at 0.2 g 

acceleration in resonance condition (ranging from 5.71 to 11.77 Hz). 

The generator characteristics are 55  ×  35  ×  0.2 mm 3  size, 90 nF 

capacitance, 23.3 GPa Young’s module and variable proof mass on 

the tip (indicated near each curve).  

 where   ζ   m  is the mechanical parasitic damping ratio (arising from material, 

anchors, surrounding fl uid, etc.),  C  is the capacitance of the piezo material,   ω   n  is 

the natural frequency of the undamped system, and  k  is the electro-mechanical 

coupling coeffi cient. The electric damping coeffi cient of the generator is  
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    c
m k

e
n

n

=
+

ω

ω

2 2k

2ωω
2

1

( )R Cload load

    [11.5]   

 where  m  is the oscillating mass, and  R  load  and  C  load  are the resistive load 

and load capacitance, respectively. The maximum power corresponds to the 

condition   ζ   e   =  ζ   m  where   ζ   e  =  c  e /(2 m ω   n ) is the electric damping ratio. Some 

expressions for the calculation of the output power are reported in the lit-

erature; they are usually complicated, and sometimes the lack of knowledge 

about the electro-mechanical parameters of the material may limit their 

application. For instance, for a cantilever with proof mass on the tip and 

two piezo layers separated by a central shim, the equation by Roundy  et al . 
(2003a) to calculate the output power is  

   P
x

R C a
=

( )dtE1

4+2 2

2
2

2

2ω ζ ωn

load,opt

, p( )4ζ + k2 4kk+ kζζ k+ k )( ωCR CR CR , p n ζ ω ζζζ , p mζ 2ζ2( )ω, p n )ω +
    [11.6]

   

 where  t  is the thickness of each piezo layer,  a  is the acceleration of the 

environment,   α   is a parameter assuming value 1 if piezo layers are con-

nected in series, and 2 if they are connected in parallel, and  x  is the tip 

displacement. 

 For more details about the analytic description of the piezo transduction 

principle, the reader is referred to Roundy  et al . (2003a) and Beeby and 

White (2010).   

  11.2.2     Electromagnetic energy harvesting 

  Properties and typologies 

 Electromagnetic generators have been developed in two confi gurations: lin-

ear generators (to harvest energy from vibrations) and rotating generators. 

They are based on Faraday’s law of electromagnetic induction concerning 

the relative motion between a conductor and a magnet. By focusing on 

the fi rst confi guration (Fig. 11.4), the generator is composed of a conduc-

tive wire coil and a magnet; when the environmental vibration induces the 

relative motion between these parts, a potential difference (or electromo-

tive force) is induced between the ends of the coil. Different design solu-

tions have been proposed in the literature, with fi xed coil and oscillating 

magnet or vice-versa. The most important parameters to be considered in 

the dimensioning are the size and the material of the magnet, responsible 

for the magnetic fi eld intensity, and the coil parameters (number of turns, 

length, coil area, wire diameter), responsible for the electric output. For 
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generators in the centimetre scale, a small wire diameter (ranging from 

0.1 to 0.5 mm) is usually needed to provide the necessary number of coils; 

on the other hand, the wire diameter is proportional to the coil resistance 

and directly infl uences the output current. The magnets with the best per-

formances are rare earth permanent magnets, especially the neodymium 

iron boron (NdFeB) type, which produce the strongest available magnetic 

fi eld.       

  Basics on transduction principle 

 By considering a magnet moving with velocity �x    in a coil with  N  turns and 

the average orthogonal fl ux linkage per turn   ϕ  , the voltage induced in the 

coil is  

    V N
t

N
x

x= −
d

d

d

d

φ φ
N

d �     [11.7]   

 if the fl ux density is uniform on the coil area  A  and the magnetic fi eld  B  var-

ies during the time, the voltage induced is  

    V NANN
B
x

x
d

d
�     [11.8]   

 According to El-Hami  et al . (2001), the electromagnetic damping caused by 

the magnetic fi eld induced by the current fl owing in the coil and opposing 

the magnet’s motion can be expressed as  

Magnet

Coil

Spring

11.4      Schematic of a linear electromagnetic generator: a permanent 

magnet suspended on elastic springs moves through a conductive 

coil.  
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    c
R R j Le

load coil coil

=
+ +Rcoil

( )NlBll 2

LL
    [11.9]   

 where  l  is the coil axial length, and  R  coil  and  L  coil  are the resistance and 

inductance of the coil, respectively. Similarly to piezoelectric generators, the 

output power of electromagnetic harvesters can be maximized by introduc-

ing an optimum load resistance (condition verifi ed for   ζ   e   =  ζ   m ), given by the 

equation  

    R C
cload,opt coil

m

+Ccoil

( )NlB 2

    [11.10]   

 where  C  coil  is the coil capacitance and  c  m  is the mechanical damping coef-

fi cient (Stephen, 2006). The current generated in the coil is related to the 

relative velocity with the magnet by the equation  

    i
R R

x=
( )NlBll

load coil

�     [11.11]   

 the maximum average output power can be expressed as  

    P
mA R

RmaPP x

n

coil

load

= −
⎛
⎝
⎛⎛
⎝⎝

⎞
⎠⎟
⎞⎞
⎠⎠

2

16
1

ζ ωm

    [11.12]   

 where  m  is the magnet mass (Stephen, 2006). Some procedures to maximize 

the output power of electromagnetic generators can be found in the litera-

ture (Saha  et al ., 2006).   

  11.2.3     Capacitive energy harvesting 

  Properties and typologies 

 Capacitive (or electrostatic) generators base their functioning on the rela-

tive movement of charged electrodes, separated by a dielectric, under the 

action of environmental vibrations. When the relative distance between 

electrodes, or alternatively the facing area of the electrodes, varies the 

energy stored in the capacitor increases and can serve to charge a sepa-

rate battery. Three main confi gurations have been proposed for capacitive 

harvesters, depending on the kinematics of the electrodes, as represented 

in Fig. 11.5: in-plane overlap, in-plane gap closing, and out-of-plane. In the 

fi rst two cases, interdigitated structures (comb drives) are usually used to 

increase the electrodes’ area. The main drawback of this typology of energy 

harvesters is that a separate voltage source is needed to provide the initial 

charge of electrodes; the amount of energy required to start the generation 
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is proportional to the electrodes’ area and travel distance. This limitation 

leads to the conclusion that the most effi cient performance of electrostatic 

harvesters is limited to the microscale; moreover, the microfabrication pro-

cesses needed, usually based on silicon material, are well established.       

  Basics on transduction principle 

 The basic equations of electrostatic generators that defi ne the capacitance 

C , the charge  Q , and the stored energy  E  n  are  

    C
Q
V

A
x

= = εair        [11.13]    

    V
Qx

A
=

ε0

       [11.14]    

    E QV
Q
C

CVn =QV =
1

2

1

2

1

2

2
2        [11.15]   

 where  x  is the gap between electrodes,  A  is the area of electrodes, and   ε   0  
and   ε   air  are the permittivity of free space and air, respectively. According to 

Equation [11.13], the capacitance varies depending on the gap. Two elec-

trical confi gurations of the generator can be used to manage the energy 

increase: constant voltage, or constant charge. In the fi rst case, a separate 

reservoir is connected to the generator and provides the operative voltage 

level; when the electrodes move and their gap increases, the capacitance 

decreases and the surplus of charge moves to the reservoir, representing 

the output energy of the generator. In the case of constant charge, when the 

capacitance decreases due to the movement of electrodes, the voltage across 

them increases and is suitable to charge the separate battery. In both cases, 

the energy generated is  

(a)

(c)

(b)

11.5      Kinematic design solutions of electrostatic harvesters: (a) 

in-plane overlap, (b) in-plane gap closing and (c) out-of-plane.  
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    E V Vn V V
1

2
0VVVVmaVV xV0VV ( )C C−CmC ax min        [11.16]   

 where  V  max  is the maximum voltage of the duty cycle and  V  0  is the volt-

age level at the beginning of the duty cycle (in case of constant voltage 

confi guration,  V  0  =  V  max );  C  max  and  C  min  are the maximum and minimum 

capacitances, corresponding to minimum and maximum gap, respectively. 

Roundy  et al . (2003b) provide an expression of the electric damping coeffi -

cient affecting capacitive generators:  

    c
Q

N te

g

= λ
ε

2

0

       [11.17]   

 where   λ   =  x /4 l  for in-plane gap closing generators,   λ   =  d /2 x  2  for in-plane 

overlap generators,  N  g  is the number of gaps among fi ngers,  t  is the fi ngers’ 

thickness,  l  is the fi ngers’ length, and  d  is the gap between fi ngers.  

  MEMS electret generators 

 The need for a separate voltage source, as stated before, confi nes the dimen-

sions of capacitive harvesters in the microscale and leads to high resonance 

frequencies and low power output. The introduction of electrets can over-

come this limitation and offers the possibility to obtain self-charged capaci-

tive generators in the millimetre scale. The electret is a dielectric material with 

quasi-permanent charge; after its fi rst theorization by Faraday, the term ‘elec-

tret’ was introduced by Oliver Heaviside (1892), in analogy to ‘magnet’, and 

the fi rst device was developed by Eguchi (1925). Several methods have been 

developed to charge electrets, which can be divided into organic (based on 

polymers) and inorganic (based on SiO 2 ); a very long-term stability of sur-

face charge of electrets has been demonstrated, in the order of tens of years 

(Takamatsu, 1991). In capacitive generators, the electret can be used to induce 

an opposite charge between the electrodes without the need of an external 

voltage source. Figure 11.6 shows the fundamental confi gurations of electret 

generators: the relative motion between the electrodes (where the charge is 

induced by the electret) or, in the last case, the motion of a high-permittivity 

insert, causes the current fl ow in the circuit. A simple equation to calculate the 

power output of a rotational generator with  n  poles, a total area  A , and rotation 

frequency  f , by neglecting the parasitic capacitance (Boland  et al ., 2003), is       

    P
Q t R

R
nAfA

=

+
⎡

⎣
⎢
⎡⎡

⎣⎣

⎤

⎦
⎥
⎤⎤

⎦⎦

2 2t

0

2

1

load

airR AfA
+ε ε0 ( )g telectret ggelectret gg

       [11.18]   
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 where  Q  is the charge density,  t  is the thickness of electret,  R  load  is the load 

resistance,   ε   electret  is the relative permittivity of the electret, and  g  is the gap 

between the electret and the counter electrode. Suzuki (2011) provides a 

detailed review of capacitive electret generator devices and technology.   

  11.2.4     Example devices of kinetic energy harvesters 

 Table 11.2 summarizes the main advantages and drawbacks of the generators 

described earlier. Table 11.3 reports the results of experimental character-

ization of some published prototypes and commercial devices, to compare 

the operative frequency range and power density of each typology.           

 Some energy harvesters presented in the literature are reported here as 

examples. Figure 11.7 shows the piezoelectric harvester built by Elfrink  et al . 
(2009), generating 60  μ W output power at resonance (572 Hz) at 2 g accel-

eration; the size of the transducer is 10  ×  10  ×  1 mm 3 . Cheng and Arnold 

(2010) proposed a particular confi guration for the electromagnetic har-

vester represented in Fig. 11.8: their solution (54  ×  46  ×  15 mm 3 ) includes 

several coils and magnets organized in two arrays and defi ning a multi-pole 

generator able to produce 0.55 mW at 9.25 Hz and 0.8 g. The capacitive 

generator presented by Chiu and Tseng (2008) includes a proof mass that is 

made heavier by adding a tungsten ball (4 mm diameter) to reduce its res-

onance frequency at 120 Hz (Fig. 11.9); the transducer is traditionally based 

on charged comb fi ngers and generates 31  μ W at 0.23 g. Figure 11.10 (Suzuki 

 et al ., 2010) reports an example of capacitive generator with electrets; the 

mass oscillates in-plane at 63 Hz and 2 g by modifying the facing area of the 

capacitors situated below the plate; the measured output power is 1  μ W.                  

(a)

(c)

(b)

 11.6      In MEMS electret generators, the electret (the grey layer) is normally 

deposited on a ground electrode and is faced to the counter electrode. 

Design variants include out-of-plane (a) and in-plane (b) motion of the 

counter electrode, and sliding of a high-permittivity insert (c).  
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  11.3     Design of kinetic energy harvesters 

 This section discusses the concepts at the basis of geometry and kinematics 

defi nition and material properties selection to design the static and dynamic 

behaviour of generators. The approaches described are applicable to all the 

typologies of kinetic harvesters and may be used to compare their perfor-

mance under different ambient conditions. 

 Table 11.2     Advantages and drawbacks of different energy harvesters 

typologies 

   Advantages  Drawbacks 

 Piezoelectric  High energy density   High output impedance (low 

current) 

 Response tunability  Low reliability (fatigue) 

 High output voltage  Microfabrication issues 

 Electromagnetic  High output current  Moderate energy density 

 High reliability  Limited response tunability 

 Performances stability  High velocity required 

    Limited integration in 

microsystems 

 Capacitive  High integration in 

microsystems 

 Electric preload needed 

 Consolidated fabrication 

processes 

 Almost limited to microscale 

   Low output voltage 

   High resonance frequencies 

 Capacitive 

electret 

 Passive electric preload  Materials research and 

 Larger size allowed  processes defi nition still 

on-going 

   Low resonance frequencies 

 11.7      Piezoelectric generator mounted on a supportive board with 

electrical connectors (Elfrink  et al. , 2009). Reproduced with the 

courtesy of intraocular pressure (IOP).  
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Translator
Frame

Coils

Magnetic array

Sliding unit

Magnetic spring

 11.8      Four poles electromagnetic generator with magnets mounted on 

a sliding unit and four coils on the back; the device is 54 mm high and 

46 mm wide (Cheng and Arnold, 2010). Reproduced with the courtesy 

of IOP.  

SW2

Fingers

SW1Centre hole

Bump

Fingers

(a) (b)

(c)

5kV x550 NCTU PSOC20μm

5kV x25 NCTU PSOC1mm 5kV x25 NCTU PSOC1mm

(d)

 11.9      Capacitive generator with proof mass increased by an external 

tungsten ball (Chiu and Tseng, 2008): centre hole for positioning the 

external mass (a), switches (b), comb drive fi ngers (c) and external 

mass assembling (d). Reproduced with the courtesy of IOP.  
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  11.3.1     Tools for designing and dimensioning 

  Static dimensioning 

 The fi rst goal of the design is to prevent static failure of the structure under a 

given combination of loads. Static failure is usually induced by the following:

   elastic deformation;  • 

  elastic instability;  • 

  plastic distortion (or ductile fracture);  • 

  fracture.    • 

 Elastic deformation is typical of structures that, under the combination of 

high applied loads and low Young’s module of the material, exhibit large 

deformation in the elastic fi eld; they are accompanied by large displace-

ments, which are not compatible with the confi ning structures or packages 

and cause collisions. Elastic instability and buckling effect are associated 

with long and thin structures loaded with compressive axial forces; in these 

cases, the expected compressive deformation is no longer respected and 

another deformation mode is experienced, due to the misalignment between 

the ends of the structure, which induces a high bending moment. The defi ni-

tion of the plastic distortion threshold is quite arbitrary: conventionally it is 

associated with a plastic deformation of 0.2% in the stress–strain curve, but 

in real components the material may experience plastic deformation only in 

small regions (e.g., surfaces of bended elements) without failure. In general, 

the propensity to fail under plastic distortion is typical of ductile materials, 

 11.10      Capacitive electret generator prototype with suspended mass 

oscillating in-plane (Suzuki  et al. , 2010). Reproduced with the courtesy 

of IOP.  
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and the reference parameter identifying this condition is the yield strength 

  σ   y . Fracture is easier to recognize, because it involves the separation of the 

component; it is the usual failure mode of brittle materials and is identifi ed 

by the ultimate tensile strength   σ   UTS . 

 The actual stress   σ   induced in the material by the load must be com-

pared with the yield stress (or with the ultimate stress) at every point of the 

structure; normally, the ratio   σ   y /  σ   must be higher than a specifi c ‘factor of 

safety’ that is properly chosen for the application. If the actual stress has a 

multiaxial confi guration, the comparison is made with an equivalent uniax-

ial stress that is calculated by one of the many dedicated criteria. In case of 

complicated geometries, it is important to consider the notch effect in those 

regions close to strong shape variations (change in section, sharp corners, 

etc.), where the stress concentration may cause failure although the average 

stress is much lower. The stress increment can be estimated with the ‘stress 

concentration factor’, which is tabulated for many shapes of the notch. A 

more detailed discussion of the topics introduced is beyond the scope of this 

work; for additional information the reader is referred to Timoshenko and 

Goodier (1951) and Collins (1993).  

  Analytic modelling of the dynamic response 

 All kinetic energy harvesters are dynamic systems having one or more parts 

that exhibit a vibration when the environment, to which the harvester is con-

strained, is vibrating. This common feature allows the introduction of a mod-

elling approach with general validity, which is based on the single degree of 

freedom (dof) mass–spring–damper dynamic system represented in Fig. 11.11. 

The general governing equation of kinetic generators has the following form:            

    m cx kcc x mk g f( )x z ( )t+)z kxkk     [11.19]   

 where  x  and  z  are the coordinates in the relative and absolute reference 

systems, respectively. 

 The coeffi cient  m  usually indicates the proof mass, but it should include 

also the mass of those portions of suspensions or supports that participate 

in the oscillation; this mass component is hard to identify, and some empir-

ical assumptions can be used. For instance, a piezoelectric cantilever with 

mass  m  c  and proof mass  m  p  on the tip can be modelled with a global mass of 

vibrating parts  m  =  m  p  +  m  c /3. The damping coeffi cient  c  is the most diffi cult 

to determine; it is defi ned as  

    c c c= +cm ec+     [11.20]   

 In Equation [11.20],  c  m  is the mechanical damping; it refers to the dissipa-

tions caused by anchor losses, thermoelastic damping (TED), structural 
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dissipations (crystallographic defects), surface effects when the material is 

subjected to deformation, and viscous dissipations from fl uids. For instance, a 

400 nm gold coating deposited on a silicon cantilever causes a 50% decrease 

of the system quality factor because of its high material damping (Sandberg 

 et al ., 2008). Depending on the design of the suspensions, mechanical energy 

may radiate into the environment. Anchor losses can be minimized by pla-

cing the suspensions at the natural minima of the modal deformed shape 

of the structure (De Pasquale  et al ., 2010). The viscous damping compo-

nent is associated with the dissipative effects caused by the interactions of 

the moving structure with fl uids, especially air. This damping component 

can vary considerably depending on geometry, operative frequencies, fl uid 

inertia, fl uid compressibility, rarefaction effects, and pressure (Mohite  et al ., 
2008). Viscous dissipation mechanisms are generally divided into ‘squeeze 

fi lm damping’ and ‘slide fi lm damping’, in the case of orthogonal or tangent 

motion of surfaces, respectively; other typologies are related to fl uid fl ows 

in perforations and fl uid linkages between adjacent surfaces. The compo-

nent  c  e  indicates the electric damping and can be estimated with the expres-

sion reported in Section 11.2, depending on the transduction principle; a 

more detailed discussion on damping mechanisms can be found in Priya and 

Inman (2008). The diffi culty of modelling damping mechanisms depends 

on the strong non-linearities affecting the dissipative processes and on the 

large number of parameters involved, most of which are device dependent 

and only predictable through statistical approximation. As a consequence, 

experimental characterization is often the preferred strategy to quantify 

the energy losses in the desired range of operation, and it is always recom-

mended that the results predicted by models be validated. 

 The stiffness coeffi cient  k  is usually associated with the properties of the 

suspensions or the transducer itself (in case of piezoelectric generators). 

m

k c

 11.11      The mass-spring-damper single-dof dynamic system suitable 

for a fi rst approximation modelling of kinetic energy harvesters.  
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When small oscillation amplitudes, compared with the device dimensions, 

are involved, a linear stiffness can be assumed without appreciable errors; 

this implies considering a linear elastic material for structural suspensions, 

and negligible second-order effects in the case of other typologies of sus-

pensions (for instance, those based on magnetic levitation). If larger oscil-

lations are present, however, stiffness non-linearities must be considered. 

The presence of a fl uid surrounding the vibrating structure produces viscous 

forces acting on oscillating components that are represented, in the case 

of sinusoidal oscillation, by a complex number. In the phase diagram, the 

force components are 90 °  shifted, defi ning in practice a damping force (in 

phase with the velocity) and a spring force (in phase with the displacement). 

This means that an additional contribution to the stiffness of the system ( k ) 

may appear due to the fl uid. Usually, at low frequencies, the fl uid damping 

force is dominant, while at high frequencies the stiffness fl uid force prevails. 

The presence of packages or closed cavities (e.g., in electromagnetic genera-

tors with long travel of the magnet) may induce the repetitive compression 

and expansion of the fl uid, with consequent increase of the fl uid stiffness 

contribution. 

 The term indicating the gravity force ( mg ) in the governing Equation 

[11.19] is relevant for large devices, where it is of primary importance to 

evaluate the static confi guration of the system (e.g., long piezoelectric trans-

ducers with proof mass on the tip, or large inductors with heavy magnets); 

on the other hand, it can be neglected to describe the behaviour of genera-

tors in the millimetre or micrometre scale. Normally, the force  f ( t ) applied to 

the proof mass is not present in common designs; however, it is sometimes 

necessary to modify the response of the system by applying an external 

force to the oscillating structure. This force can be generated by the trans-

ducer itself (e.g., by an electric bias voltage in capacitive harvesters) or by 

external devices, and it is used to tune the resonance frequency of the har-

vester on the current vibration frequency of the environment, or to amplify 

the response bandwidth. 

 In the case of sinusoidal vibration of the environment,  z ( t ) =  z  0  sin(  ω t ), 

the steady-state solution of the governing Equation [11.19] gives the rela-

tive mass displacement  x ( t ) =  x  0  sin(  ω t +  φ  ), with amplitude and phase angle 

expressed by  

    H
x
z

= =
( )⎡

⎣
⎡⎡ ⎤

⎦

0

0

2

2 2
21 2− ( ) ⎤

⎦
⎤⎤ +2

( )

( )ω ω ζ (ζ ω(n ) ⎦ 2) ⎦ + ζ (

       [11.21]    
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 where ωn = k m     is the natural frequency of the undamped system and 

ζ ω( )n     is the global damping ratio; Equation [11.21] represents the 

magnitude of the frequency response function (FRF) of the system, which is 

plotted in Fig. 11.12a (the phase angle is plotted in Fig. 11.12b). The response 

curve shows a resonance peak only if ζ < ≅21 0 7   ; in this case, the natural 

frequency of the damped system is       

    ω ω ζn,daωω mp nω 1 2− 2        [11.23]   

 and the corresponding peak amplitude, also called the ‘quality factor’, is  

    Q H =H
max

1

2 2ζ ζ−1 22
    [11.24]   
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11.12      FRF of the system under sinusoidal excitation and variable 

damping: (a) amplitude and (b) phase angle.  
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 which is usually approximated with the expression Q = −( ) 1ζ     in case of low 

damping. The ‘half power amplitude’, situated at approximately  − 3 dB from 

the peak, is  

    H
H

− =
3

2
dB

max     [11.25]   

 and the corresponding ‘half power points’ angular frequencies and ‘half 

power bandwidth’ are  

    ω ω ω ζ− =3ω−3 ζζdB ωωI Iω III        [11.26]    

    Δω ζ=− ωn     [11.27]   

 The last equation is particularly useful to estimate the damping starting from 

the experimental measurement of the FRF, where the half power bandwidth 

and natural frequency are clearly defi ned.  

  Reduced order modelling 

 The solution of the single-dof governing equation provides some basic 

information about the dynamic response of the system. However, its appli-

cation is limited by some stringent assumptions: the entire oscillating mass 

is concentrated in one point; all the dissipative and conservative forces are 

modelled through the two coeffi cients  c  and  k  that directly act on the single-

point mass. 

 This approach is not suffi ciently accurate to evaluate the dynamic behav-

iour of complicated or fl exible structures; additionally, it could be useful 

to determine the modal deformed shape of the structure and to evaluate 

the infl uence of every design parameter (geometry, material properties, etc.) 

on the dynamic response. The reduced order modelling approach, with the 

assumption of linear dynamic parameters, can be used for this purpose. The 

limits introduced by the linearization hypothesis must be verifi ed in relation 

to the specifi c transduction principle. 

 Let us consider, for instance, the double-clamped structure for out-of-

plane capacitive generators represented in Fig. 11.13a; the central plate may 

exhibit a fl exural deformation during the vertical oscillation due to its large 

dimensions. A 3-dof reduced order model of this structure is obtained, as 

shown in Fig. 11.13b, by separating mass and stiffness properties in some 

concentrated parameters, depending on shape, kinematics, and constraints. 

The mass coeffi cients are defi ned starting from the total mass of oscillating 

parts, and the stiffness coeffi cients are calculated by simple equations based 

on the beam or plates theory. In the case of additional damping and stiffness 
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contributions, they can be added with the same approach. Finally, the struc-

ture is described by an eigenfunction having  n  dof  degrees of freedom (where 

n  dof  is the number of concentrated masses) that can be solved in the fre-

quency domain, giving the fi rst  n  dof  resonances (from eigenvalues) and modal 

shapes (from eigenvectors) of the structure. Very practical closed formulas 

relating the geometry and material properties to the dynamic response can 

be obtained. In the case considered, the geometrical and material param-

eters are plate sides ( a ,  b ), suspensions sides ( c ,  d ), square holes sides ( e ), 

holes interspace ( f ), number of holes ( m   ×   n ), thickness ( h ), Young’s module 

( E ), and density (  ρ  ). The parameters of the reduced order model can be cal-

culated as follows:       

    m M m M1 2M m0 5 0 25M mM mM        [11.28]    

    k
Eh A

a
k

Edh
c1

3

4 2

3

3

2

2
= =k2

effff ,     [11.29]   

 where  A  eff  =  ab  –  mne  2  is the effective area of the plate and  M  =   ρ hA  eff  is the 

mass of the plate. The equilibrium equation of the system is  

    [ ]M { }x + [ ]C { }x + [ ]K { }x = { }     [11.30]   

f(a) e

d

cah

b

k2

(b)
k1 k1 k2

m2 m1
m2

 

11.13      Basic structure for capacitive generators moving out-of-plane 

(a) composed by the perforated central electrode and four lateral 

supporting springs, and its 3-dof compact model (b) built with the 

concentrated parameters approach. Reported parameters indicate 

the plate mass splitting ( m  1  and  m  2 ), the plate stiffness ( k  1 ) and the 

suspensions stiffness ( k  2 ).  
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 where mass and stiffness matrices are respectively  

    
m
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k k k
k k k

k k k
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⎥⎥     [11.31]   

 If the damping coeffi cients are unknown, the damping matrix can be esti-

mated in fi rst approximation with the Rayleigh formulation:  

    [ ]C [ ] [ ]Kα β[ ]M +     [11.32]   

 By solving the characteristic polynomial associated with Equation [11.30], it 

is possible to calculate the natural frequencies in the form   ω   n,i  =   ω   n,i  ( a , …,  f , 
 h ,  m ,  n ,  E ,   ρ  ) and the modal shapes in the form   ψ   i  =   ψ   i  ( a , …,  f ,  h ,  m ,  n ,  E ,   ρ  ), 

as described in detail by De Pasquale and Som à  (2009), where the lineariza-

tion hypotheses are also discussed.  

  Random vibrations 

 The analytic approaches previously described are based on the stringent 

assumption of sinusoidal excitation. Unfortunately, energy harvesters are 

usually applied to randomly vibrating environments, and the reported equa-

tions, although very important for the dimensioning stage, are not so useful 

in calculating the actual device response and power output when it is applied 

in the fi eld. The most effective procedure to calculate the dynamic response 

of the system to a random vibration is to decompose the input signal  z ( t ), 

expressed in the time domain, into the signal  Z ( t ) that is formed by a sum of 

sinusoids, properly modulated in frequency, amplitude and phase. This can 

be obtained by applying the Fourier transform to the input displacement:  

    Z z e tj t( )j ( )t)) t=
−∞

∞

∫ d     [11.33]   

 where  j  is the complex unit. This equation can be applied to the continuous 

function of the random vibration, which is generally unknown. More fre-

quently, the environmental vibration is measured by sensors (lasers, accel-

erometers, etc.) with a given sampling frequency that provides a discrete 

characterization of the displacement ( z  n ). In this case, it is more practical to 

apply the discrete Fourier transform (DFT):  

    Z z e k Nn
n

N
j

N
kn

k =z e k
=

− −

∑
0

1
2

0 1N −
π jj

, ,k 0 ,…     [11.34]   

 The sequence of complex samples describing the environmental displacement 

( z  0 , … ,  z   N  − 1 ) is transformed in a sequence of complex numbers ( Z  0 , … ,  Z   N  − 1 ), 

�� �� �� �� �� ��



 Energy harvesters for powering wireless systems 367

© Woodhead Publishing Limited, 2013

which represent the amplitude and phase of the different sinusoidal compo-

nents of the input signal. More precisely, every component has the following 

magnitude and phase angle:  

    Zk +( )k( )ZZkZ Im( )Zk( )2 2+ Im( )Z        [11.35]    

    ϕk =
⎡

⎣
⎢
⎡⎡

⎣⎣

⎤

⎦
⎥
⎤⎤

⎦⎦
−tan

Im( )k

Re( )k

1     [11.36]   

 The application of the Fourier transform to the random vibration of the 

environment is usually limited to a small time interval of the function  z ( t ); 

it is then important to properly select this input range to represent the com-

plete vibration history. This is possible if the environmental vibration is ‘sta-

tionary’, that is, its characteristics remain the same if observed starting from 

different instants of time, and ‘ergodic’, that is, the average displacement, its 

variance, and the value of the autocorrelation function calculated on a sin-

gle time interval are independent of the interval selected. 

 When the random input vibration is expressed in terms of a series of 

sinusoidal vibrations, the system response can be calculated as described 

in the previous sections for each component of the excitation. In general 

applications, a large portion of the spectral density of the environmental 

vibration is concentrated in a small range of frequencies; this implies that 

a small number of sinusoidal components of the transformed equation 

include most of the excitation energy. The frequency-domain response of 

the generator can be expressed in terms of displacement  X   k   or directly in 

terms of output power  P   k  . The components of the response can be com-

bined to obtain the global response of the system or the total output power 

by using the inverse DFT:  

    x
N

X e n Nn kN
X

j
N

kn

k

N

= X e nX N

=

−

∑1
0 1N −

2

0

1 π jj

, ,n ,…     [11.37]   

 This last operation may introduce some approximations if large non-linearities 

affect the system dynamics; the level of approximation should be verifi ed case 

by case. Figure 11.14 summarizes the procedure described to treat the random 

excitation. Some strategies to effi ciently harvest power from random vibra-

tions, including stochastic resonance, active tuning strategies, and generators 

with multiple eigenfrequencies, are discussed in Section 11.3.2.       

  Mechanical fatigue design 

 Structures subjected to repetitive load cycles may collapse under the effect 

of mechanical fatigue, although the stress level is considerably lower than 
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the yield stress. The fatigue mechanism starts with the nucleation of small 

cracks in correspondence to microscopic defects on the material surface; the 

alternate loading causes the crack propagation inside the component, orthog-

onally to the surface, and the actual cross-section of the component is progres-

sively reduced until its catastrophic failure. The studies conducted on fatigue 

have produced many experimental results, which are usually reported on S–N 

curves (Fig. 11.15a), demonstrating that the lifetime of components is strongly 

variable depending on the material, geometry, load characteristics, and envi-

ronmental parameters. The investigation of fatigue at the microscale is at an 

early stage, but some results on brittle (Muhlstein  et al ., 2001; Yoneoka  et al ., 
2010) and ductile (Read, 1998; Som à  and De Pasquale, 2009) materials have 

been presented. The most important parameter to be considered at the fatigue 

design stage is the ‘fatigue limit’   σ   L , which identifi es the stress level below 

which the component is not sensitive to fatigue; it is lower than the yield stress 

for ductile material, but unfortunately it is not possible to identify   σ   L  for all 

the materials. Another important result of experiments on fatigue, even at the 

microscale, is the shortening of lifetime when a non-zero mean stress is added 

to the cyclic stress applied to the material. The infl uence of the mean stress on 

the lifetime is represented by Goodman–Smith diagrams; Fig. 11.15b shows an 

example for gold samples (De Pasquale and Som à , 2011).       

  Numerical modelling and FEM simulation 

 In general, the analytic solution of non-linear differential equations describ-

ing the system dynamics is hard to calculate, and this possibility is limited 

to some specifi c cases (e.g., in the presence of a non-linear elastic force 

in levitating suspensions, described in the section on ‘Static and dynamic 

behaviour’). More frequently, it is not possible to get a solution by analytic 

calculations; numerical integration of the governing equation is needed. 

Although numerical modelling has an enormous power of calculation, its 
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 11.14      The random excitation is separated in sinusoidal components 

with variable frequency, amplitude and phase. For each curve, 

representing one component of the displacement response, the 

corresponding electric output can be computed; all the contributions 

are then combined with the proper phase angle to calculate the 

dynamic and electric outputs of the generator.  
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main drawback is the low level of information provided about the infl uence 

of design parameters on the system response and about the general compre-

hension of the system’s behaviour. 

 For the application of numerical integration methods, the governing 

Equation [11.19] can be written in the form  

mx cx kx mz t�� � ��+ +cx = − + { }m c k x
j k w( ) ( )ξ c x( ) x� (mg f}x

w( ) + +mg )
  
[11.38]

   

 where the function   ξ  , including all the non-linear terms, is treated as an 

external force. Unlike Equation [11.38], which has general validity, non-

linearities usually interest only damping and elastic forces (i.e.,  m  nl  = 0 and 

j  = 0). In case of explicit integration methods, the equilibrium is written 

at the time  t  i , when the system status is completely defi ned and non-linear 

forces   ξ   can be computed. The fi nite difference method can be used to 
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11.15      Experimental results of mechanical fatigue characterization of 

electroplated gold samples. S–N curve, or W ö hler diagram, under 

bending and shear alternate load (Som à  and De Pasquale, 2009)  

(a); Goodman-Smith diagram under tensile alternate load with 

variable mean stress   σ   m  (De Pasquale and Som à , 2011) (b).  
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calculate the system conditions at the next time step,  t   i +1 , by applying the 

following expression:  
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 where  Δ  t  is the integration time interval, whose dimension infl uences the 

stability of explicit solution methods. Implicit integration methods are 

numerically stable because the equilibrium is calculated at the time  t   i +1 ; the 

shortening of the time integration interval may improve the accuracy of 

results. For instance, in the   β  -Newmark method, a preliminary control on 

the approximation errors of acceleration (that is arbitrarily assumed for the 

time  t   i +1 , on the basis of the parameter   β   that defi nes its evolution in the time 

interval) has to be performed by a recursive strategy before proceeding to 

the following integration step. The solving equation in this case is  
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  [11.40]   

 where  F ( t ) indicates all the forces acting on the system. 

 Methods like these and many others are adopted by commercial software 

to calculate the response of complicated structures with tens of thousands of 

degrees of freedom, and more, by means of the fi nite element method (FEM). 

This calculation strategy is largely used by designers because of its enormous 

potential in solving many different kinds of problems. The approach is based 

on the discretization of the continuous into small parts (fi nite elements), 

which are defi ned by sets of nodes and governing functions (or shape func-

tions for structural problems). The complicated system of differential equa-

tions describing the multi-dof model is solved numerically. FEM tools are very 

important in simulating the behaviour of systems with complicated geometry, 

of materials’ interactions, and of multiphysics problems where many physical 

domains are involved (e.g., structural, fl uidic, electric, magnetic, thermal).   

  11.3.2     Frequency range of power generation 

 In common applications, environmental vibrations have small amplitude; 

this is why energy harvesters are based on resonating systems that are able 
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to amplify the input vibration and improve the effi ciency of the transduction 

device or material. However, the dynamic amplifi cation of vibration has two 

relevant drawbacks that may greatly limit the generator performance: single 

working frequency and narrow bandwidth. Because the input vibration has 

a variable frequency over time, due to the random nature of common exci-

tation sources, several different strategies have been investigated to tune 

the resonance frequency of the harvester and to widen its bandwidth. Zhu 

 et al . (2010) provide a detailed review of the strategies used to increase the 

operative frequency range of generators. 

  Resonance tuning 

 Different tuning strategies can be compared and selected on the basis of 

a few aspects: the energy consumed with respect to the harvested energy, 

the frequency range of interest, the frequency resolution needed, and the 

alterations on the system dynamics (especially on damping and stiffness 

parameters). Resonance tuning strategies have been effectively divided into 

‘continuous’ and ‘intermittent’ by Beeby and White (2010), and can be asso-

ciated with one of the following:

   alteration of dimensions;  • 

  variation of the proof mass centre of gravity;  • 

  application of tuning forces;  • 

  changing of electric load.    • 

 Despite the general diffi culty in changing the dimensions of a device, it is pos-

sible for the free length of vibration, which can be adjusted by modifying the 

anchoring point; an example is reported in the schematics of Fig. 11.16 (Gieras 

 et al ., 2007). The centre of gravity of the proof mass can be moved by acting 

on translating elements, as shown in Fig. 11.17 (Wu  et al ., 2008), to modify the 

resonance frequency of the vibrating system. An external force can be applied 

to tune the resonance frequency by using different strategies: piezoelectric 

actuation, electrostatic capacitive bias voltage, magnetic induction, and ther-

mal heating. The application of a tuning force, in general, is responsible for the 

 11.16      Resonance tuning strategy based on the variation of the free 

length of the generator by moving its anchoring point.  
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variation of the elastic properties of the structure; the change of stiffness can 

be induced directly, for instance, by changing the static equilibrium position, or 

indirectly, for instance, by applying a compressive or tensile strain to the struc-

ture. Some examples are described in Fig. 11.18 (Leland and Wright, 2006), 

where a variable axial preload is applied to a piezoelectric beam generator; in 

De Pasquale  et al . (2009), where a bias voltage is applied to the capacitive har-

vester to induce an equivalent electric stiffness; and in Fig. 11.19 (Challa  et al ., 
2008), where a magnetic force is used to modify the fl exural motion of a piezo 

harvester. Finally, some experiences on the variation of the electrical damping 

of piezoelectric generators were reported by adjusting the load and producing 

the shift of the power spectrum (Wu  et al ., 2006).       

  Bandwidth amplifi cation 

 The simplest way to widen the bandwidth of the dynamic response of the 

generator is to reduce its quality factor, but this implies increasing the global 

damping of the system and, consequently, reducing the peak amplitude of 

the response, making this approach inconvenient in practice. Non-linear sus-

pensions can be used to introduce a dependence of the resonance frequency 

on the oscillation amplitude, the result being an increase in bandwidth; 

unfortunately, the real benefi ts are usually limited to a small range of fre-

quencies and the fi nal bandwidth is dependent on the hardening or soften-

ing properties of the suspension. More useful strategies are the following:

   array of structures with different response;  • 

  coupled multi-dof systems;  • 

 11.17      Tuning strategy of the resonance frequency based on the 

variation of the gravity centre of the generator by acting on a 

translating element that moves through the proof mass.  

 11.18      Application of axial preload to tune the resonance of 

piezoelectric generators by varying the equivalent structural stiffness.  

�� �� �� �� �� ��



 Energy harvesters for powering wireless systems 373

© Woodhead Publishing Limited, 2013

  bi-stable structures;  • 

  active tuning.    • 

 A series of similar harvesting structures can be assembled to form an array: 

each structure has a different dynamic response, caused by small differences 

in the structures’ geometry and working as a sort of mechanical band-pass 

fi lter (Fig. 11.20). The global dynamic response of the generator is the sum of 

all single contributions, resulting in widened bandwidth frequency content 

(Shahruz, 2006). Another strategy, related to the previous, is to use a multi-

dof design for the energy harvester by introducing multiple proof masses 

connected to each other with elastic elements; the resulting system response 

is represented by a broad bandwidth originated by the combination of mul-

tiple resonance peaks, each of which is referred to a specifi c deformation 

mode. For instance, the capacitive generator introduced by De Pasquale 

and Wei (2010), composed of three proof masses, associates the fi rst peak 

with the in-phase oscillation of masses and the other two peaks with out-

of-phase oscillation modes (Fig. 11.21). Bi-stable structures are character-

ized by two stable positions: under the effect of environmental vibration, 

they repetitively move from one to the other equilibrium confi guration. The 

main advantage of this kinematic strategy is that the movement of the struc-

ture can be induced by any excitation frequency, if the acceleration is high 

enough. As a consequence, bi-stable structures can be used to widen the 

 11.19      Tuning strategy based on the application of external forces 

to the oscillating mass of the generator by means of magnetic 

interactions.  
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bandwidth of the generator, as well as to harvest power from very low level 

vibrations, or from highly random excitation sources. The device represented 

in Fig. 11.22 (Galchev  et al ., 2010), for instance, has been designed to harvest 

power from the vibrations of a bridge; it exploits the bi-stable equilibrium of 

the inertial mass, which excites two membranes connected to lateral induc-

tive generators when snapping from one confi guration to the other.                     

 11.20      An array of structures with different response can be used to 

amplify the bandwidth of the generator; the global response includes 

the sum of all single contributions.  
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 11.21      Working principle of the coupled three-dof generator 

introduced by De Pasquale and Wei (2010): the proof masses, 

associated to capacitive comb drives, are connected to each other and 

provide a multi-peaks response of the generator. The deformation 

modes reported on the left are referred to the correspondent 

resonances indicated on the right; the global effect is the widening of 

the generator bandwidth.  
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 The concept of stochastic resonance applied to bi-stable structures 

(McInnes  et al ., 2008) is expected to improve the generated power; it consists 

in forcing the bi-stable structure with an input force with sinusoidal shape 

at variable frequency and amplitude depending on the vibration source. The 

generating structure, for instance a piezoelectric transducer, when excited 

by the sinusoidal forcing at its stochastic resonance, is induced to switch 

repetitively between the two stable confi gurations with signifi cant increas-

ing of travel length and improvement of output power. Although these strat-

egies are theoretically very attractive, they actually belong to the category 

of active tuning and are affected by its typical drawbacks, in particular the 

hard practical implementation and the power consumption of control and 

actuation subsystems. Nevertheless, some real devices based on active tun-

ing, supported by several different approaches, have demonstrated promis-

ing performance, such as the piezoelectric harvester by Ahmed Seddik  et al . 
(2011), which uses a magnetic clamp to hold and release the seismic mass at 

every cycle. This allows increasing the oscillation amplitude when the exci-

tation frequency is far from the resonance, making the device an example of 

active bandwidth amplifi cation.   

  11.3.3     Magnetic levitation applied to suspensions 

 This section introduces magnetic levitation as a design approach for suspen-

sions as an alternative to the traditional mechanical springs. The benefi ts of 
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 11.22      Example of energy harvester based on the bi-stable structures 

strategy for the bandwidth amplifi cation. The central proof mass 

snaps between two stable positions at low frequency and attracts 

alternatively the two actuation magnets; when one actuation magnet 

is released, the elastic reaction of the supporting membrane excites 

the corresponding high-frequency dynamic system that includes 

the inductive generator. The total volume of the device is 68 cm 3  

including the case.  
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levitated systems lie in their dynamic response: heavy proof masses are not 

usable in small-scale harvesters to tune their resonance to low-frequency 

vibrations, which makes very low stiffness suspensions attractive. 

  Basic principles 

 Active magnetic levitation, applied for instance to maglev transports, is 

allowed by electromagnets; this approach, however, is not indicated for 

energy harvesting because it consumes power to work. Passive levitation, 

on the other hand, is powerless and offers several advantages when applied 

to small-scale generators. There are two main types of passive levitating sus-

pensions, which are based respectively on the repulsive force between mag-

nets and on the diamagnetic force. 

 The fi rst suspension type is simply made by one or more permanent mag-

nets attached to the frame of the generator and by a magnetic oscillating 

proof mass (usually represented by another permanent magnet); the polar-

ity orientation of the magnets allows generating the repulsive force between 

the facing sides. The magnetic force between the magnets representing the 

suspension can be calculated with compact equations depending on the 

magnetic properties. For instance, in a suspension composed of one cylin-

drical fi xed magnet and a proof mass with the same shape and having the 

vectors of magnetization lying on their common axis, the magnetic force is 

approximated as (Vokoun  et al ., 2009):  

    F M
x

( )x
( )x t ( )x t

= +M r −
⎡

⎣
⎢
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⎣⎣

⎤

⎦
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πμ0 2 4r
2 2( )x t 24

1 1 2
    [11.41]   

 where  x  is the relative distance between magnets,   μ   0  is the permeability of 

free space (4 π   ·  10 –7  N/A 2 ),  M  is the magnetization, and  r  and  t  are the radius 

and the height of cylinders, respectively. 

 Diamagnetic levitation is the working principle of the second type of 

magnetic suspensions. Diamagnetic materials, when situated in a region 

interested by a magnetic fi eld, can generate a weak fi eld that opposes the 

external one. The design of the generator may involve a diamagnetic proof 

mass, connected to the desired transducer (inductive, capacitive, electret, 

etc.) and placed in a magnetic fi eld. If the confi guration is properly studied, 

the magnetic force acting on the diamagnetic mass may balance the gravita-

tional force and produce levitation; the external magnetic fi eld is generally 

obtained by some orientated permanent magnets. Unlike other materials, 

the magnetization of permanent magnets persists even if the external mag-

netic fi eld intensity H     is removed; their magnetization can be expressed as  

    
G G

M Hχm     [11.42]   
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 where   χ   m  is the magnetic susceptibility. The magnetic fi eld 
G
B    is related to 

G
H     

by the equation  

    
G G G

H
B

M= −
μ0

    [11.43]   

 Under the hypothesis of   χ   m   1, which is valid for diamagnetic materials, the 

combination of Equations [11.42] and [11.43] gives the relations  

    
G G

M
B

≅ χ
μm

0

       [11.44]    

    
G G G G
B H H H( )G G

M H+M μμ ( )H+M μH = μ μH HH0μμμ ( )H+M 0( )χ1 μH μμ0χχ        [11.45]   

 where   μ   r  = (1 +   χ   m ) is the relative magnetic permeability and   μ   =   μ   0    μ   r  is the 

magnetic permeability. 

 Diamagnetic materials are characterized by very small negative suscep-

tibility, which means   μ   r  is slightly less than 1. The other magnetic materials 

are divided into paramagnetic (with very small positive   χ   m  and   μ   r  slightly 

higher than 1), which are weakly attracted by magnetic fi elds, and ferromag-

netic (with large positive   χ   m  and   μ   r  much larger than 1), which are strongly 

attracted by magnetic fi elds. In the case of a diamagnetic levitating proof 

mass, the magnetic force per unit volume acting on the mass can be calcu-

lated by the relation (Barrot, 2008)  

    
G
fff ∇( )GB1

2 0μ
χ     [11.46]    

  Solutions for energy harvesters 

 Magnetic levitation has been successfully applied to inertial sensors to 

improve their sensitivity to ambient vibrations (Garmire  et al ., 2007). 

Krishnamoorthy  et al . (2008) estimated the reduction of structural stiffness 

of the most sensitive MEMS accelerometers from 10 nN/nm to 10 pN/nm, 

which corresponds to a resolution improvement from 10 –9  to 10 –12  g. 

 The low stiffness of magnetic suspensions can strongly improve the per-

formance of the energy harvesters addressed to low input frequencies. The 

confi guration of inductive generators usually includes a suspended magnet 

that oscillates inside a coil under the effect of vibrations; by replacing the 

structural springs with magnetic suspensions, the dynamic response of the 

generator can be modifi ed. The suspension in this case is simply obtained 

with one or more additional magnets orientated so as to repulse the proof 

mass, as represented in Fig. 11.23. The tuning of the stiffness can be simply 
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obtained by varying the distance between magnets. The experimental FRF of 

a magnetic levitated suspension referred to the confi guration of Fig. 11.23b 

is reported in Fig. 11.24 as an example.                

 A diamagnetic proof mass associated with capacitive comb drives is the 

basic structure of a levitated capacitive generator: Fig. 11.25 reports the 

schematics of this design solution. In this case, a layer of orientated per-

manent magnets is situated below the proof mass to provide the external 

magnetic fi eld; the orientation of the magnets is crucial to obtain the con-

fi guration of the magnetic fi eld suitable for levitation (Barrot, 2008). The 

fl uctuating armatures of the capacitors can oscillate at very low input fre-

quencies; the direction of oscillation is forced by the constraints introduced 

by the designer. Figure 11.26 suggests a possible layout for capacitive gen-

erators with diamagnetic suspension, and Fig. 11.27 shows alternative kine-

matic solutions. Figure 11.28 reports the measured FRF of some diamagnetic 

suspensions made with pyrolytic graphite and NdFeB permanent magnets 

moving in vertical direction as an example.                      

  Static and dynamic behaviour 

 The static and dynamic behaviours of levitated generators are generally 

hard to predict and model because of the complexity of magnetic fi eld dis-

tribution and the intrinsic non-linearity of the system. Analytic compact 

models are rarely applicable. The levitated generator in the confi guration of 

Fig. 11.23a represents one case. Here the symmetric design of the suspension 

produces a stiffness equation described by an odd function; the governing 

equation of the system, expressed by  

    mx cx kx x f t�� �+ +cx +( ) ( )1 2
0ffη ωx fx tt(0ff i     [11.47]   

 has the form of the Duffi ng oscillator (Duffi ng, 1918) and can be solved for the 

fi rst harmonic component, getting an accurate approximation of the complete 
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 11.23      Layout of inductive generators based on magnetic levitation: 

symmetric (a) and asymmetric (b) confi guration of suspensions.  
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 11.24      Experimental FRF of a levitated generator with cylindrical 

oscillating magnet (10.6 cm 3  volume) in the asymmetric confi guration 

of Fig. 11.23b under 2.5 mm imposed oscillation amplitude.  

Diamagnetic
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 11.25      Schematics of levitating suspension composed by a ground 

layer with orientated permanent magnets and a levitating proof mass 

made with diamagnetic material.  

 11.26      Possible layout of capacitive generators with diamagnetic 

suspensions: the diamagnetic proof mass connected to the comb 

electrodes levitates on a layer of orientated permanent magnets 

generating the supporting magnetic fi eld.  
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solution (the mathematical calculation is reported by Mann and Sims, 2009). 

The expressions giving the oscillation amplitude and phase angle are  
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 11.27      Design solutions for the layout of generators based on 

diamagnetic levitating suspensions.  
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 11.28      Experimental FRF of three diamagnetic levitated suspensions 

made with pyrolytic graphite and NdFeB permanent magnets; the 

magnetic ground dimensions are 40  ×  40  ×  3 mm 3 , the squared 

levitating masses have thickness 1 mm and the side length is 

reported near each curve.  
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 where   η   is the non-linearity coeffi cient. Previous expressions, when   η   = 0, 

coincide with those describing the behaviour of linear systems (i.e., Equations 

[11.21] and [11.22]). More generally, numerical models are needed to solve the 

static and dynamic governing equations of levitating systems; for instance, 

the response of the harvester (having the confi guration of Fig. 11.23b) in the 

presence of the environmental random vibration input shown in Fig. 11.29 

(dashed line) has been calculated with a multibody simulation using com-

mercial software and reported in the same diagram (continuous line). 

Figure 11.30 also reports the fast Fourier transform (FFT) of the two signals.                

 A similar approach can be applied to calculating the static levitation curve 

(represented in Fig. 11.31) of the diamagnetic suspension referred to in the 

schematics of Fig. 11.25: in this case, a FEM model has been developed to 

estimate the vertical force acting on each portion of the discretized proof 

mass (De Pasquale  et al ., 2011b), by following the meshing approach shown 

in Fig. 11.32.             

  11.3.4     Electric power management 

 The design of the electronic circuit for power management and the dimen-

sioning of its components are crucial for the proper functioning of the 

energy harvester. The electronic management of the power harvested must 
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11.29      Simulated time response of a magnetic levitated energy 

harvester (continuous line) with the confi guration of Fig. 11.23b under 

random excitation (dashed line); both curves have been calculated by 

a multibody simulation in Simpack 8.6 where the harvester has been 

placed on a freight train.  
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satisfy some important functions: to control the load impedance, to provide 

the storage of energy, and to regulate the output voltage. 

 To achieve the maximum power transfer from the source (i.e., the har-

vester) to the load, their impedances should be coincident; usually this con-

dition is not verifi ed, and in some applications the impedance of the load 

can vary depending on the operative conditions. Consequently, an electronic 

interface connected to the harvester is usually introduced, with the scope 

to control and match the impedances. The energy storage is represented by 

one or more batteries, supplied by the generator at a certain voltage that 

is imposed by the same electronic interface. The function of the battery is 
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 11.30      Multibody simulation of the harvester with asymmetric 

magnetic suspension (Fig. 11.23b) subjected to a random excitation 

generated by a freight train travelling at variable velocities: FFT of the 

environment vibration (a) and of the harvester seismic mass (b).  
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to provide a constant power to the load, even if the generation rate of the 

harvester is not constant, which is a very frequent condition. It is possible 

to supply the load continuously only if the average power consumed (losses 

included) in a time interval is lower than the average generated power. The 

voltage and current needed to supply the load are generally different from 

the battery output, leading to the introduction of a voltage regulator circuit 

or component. Figure 11.33 shows the composition of the electric power 

management for a generic harvester.      
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 11.31      Numerical estimation (dashed lines) and experimental 

measurements (black marks) of the diamagnetic force acting on the 

graphite proof mass in the confi guration of Fig. 11.25. The reported 

curves are referred to increasing sizes of the diamagnetic mass (from 

3 to 10 mm) and thicknesses of the magnetic ground (3 mm ○ and 

6 mm △).  
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 11.32      Finite element model of the levitated suspension for the 

prediction of the diamagnetic force acting on the proof mass in 

presence of magnetic fi eld.  
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 11.33      General composition of the electric power management 

components for energy harvesters.  

 The single parts of the confi guration described are strongly variable, 

depending on the typology of transducer and on the design strategy; a 

detailed description of these variants is beyond the scope of this work, and 

the reader is referred to the literature for additional information (Ho  et al ., 
2010; Mitcheson and Toh, 2010).   

  11.4     Other typologies of energy harvesters 

 After introducing design and modelling strategies of kinetic energy harvest-

ers, this section provides some information about the other most important 

typologies of energy harvesters. 

  11.4.1     Kinetic rotating generators 

 In this type of kinetic harvester the motion of the proof mass is rotational 

instead of translational. Figure 11.34a shows a very common shape for the 

mass: thanks to its eccentricity, the mass rotation can be induced either by a 

rotating or a translating excitation source from the environment. The power 

conversion is usually electromagnetic: the rotating mass is coupled to a mag-

netic polar rotor that induces the electric current in a wired coil; some appli-

cations include one or more gear stages to increase the rotating velocity of 

the magnets. Rotating generators are applicable to linear vibration sources 

with very large oscillation amplitudes, as well as to continuous or alternate 

rotating environments. The application of elastic and dissipative elements 

to the rotating mass (Fig. 11.34b) modifi es the behaviour of the rotating 

generator that becomes a resonating system; this architecture is preferred 

to improve the output power in some excitation conditions. Yeatman (2008) 

estimates the output power of rotating generators with proof mass  m , proof 

mass radius  r , and distance from the axis to the centre of mass  r  c  in differ-

ent operative conditions; the maximum power of non-resonant generators, 

in the case of harmonic rotation input with amplitude  Ω  0  and angular fre-

quency   ω  , is       
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    P
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Ω
    [11.50]   

 whereas in the case of linear oscillation input with amplitude  z  0 , it is  

    P m z rmaPP x

1

2
3

0ω3
crr     [11.51]   

 For resonant generators, the maximum power is achievable for  c  e  =  c  m  (i.e., 

electric and mechanical damping, respectively) and is given by  

    P
I

cmaPP x =
2 4

0
2

8

ω Ω
m

       [11.52]   

 where  I  =  mr  2 /4 is the moment of inertia for the half disc. Another example 

of output power analytic expression for rotating harvesters is reported in 

Equation [11.18] with reference to electret generators. 

 Another category of harvesters can be identifi ed as gyroscopic genera-

tors. In this case, a rotating proof mass is subjected to the environmen-

tal oscillation around an axis orthogonal to its rotation axis; due to the 

gyroscopic effect, the balance torque induced on the mass is used as a 

power source. The drawbacks of this solution are related to the compli-

cated architecture, low mechanical quality factor, and above all the input 

power needed to keep the mass rotation. A similar working principle 

characterizes the vibrating MEMS gyroscopes, where two planar dof are 

assigned to the proof mass that oscillates in the driving direction and 

in the orthogonal one; when an environmental oscillation around the 

out-of-plane direction takes place, the two motions couple. The strat-

egy described, which is well known for gyroscopic microsensors, may 

Fluid
(a) (b) Viscous

dampers

Mass

Spring

11.34      Typical design solution of kinetic rotating generators. The 

eccentric shape of the mass allows converting translating or rotating 

vibrations of the environment to rotation of the mass (a); the output 

power is generally improved by adjusting the damping and stiffness 

of the rotating system by dissipative and elastic elements (b).  

�� �� �� �� �� ��



386 Handbook of MEMS for wireless and mobile applications

© Woodhead Publishing Limited, 2013

experience future developments in the energy harvesting fi eld. More 

details on rotating generators and their analytic modelling can be found 

in the literature (Yeatman, 2008).  

  11.4.2     Photovoltaic cells 

 Photovoltaic (or solar) cells are based on semiconductor technology and allow 

extraction of power from light radiation. They are currently used outdoors 

and indoors for powering sensor nodes, sensor networks, low-power electron-

ics, and traffi c regulators, and for industrial and domestic power generation. 

The power density available from solar radiation is very large compared with 

other sources, making this technology very attractive for the future; at present, 

the main limitations of solar cells are the dimension of surface area needed, 

the low reliability in harsh environments, and the vulnerability to light inten-

sity variability. Solar cells are obtained by combining an  n-type  semiconductor 

(doped with donor atoms, such as phosphorus) and a  p-type  semiconductor 

(doped with acceptor impurities, such as boron) and creating a so-called  p–n 
junction  between them. In the region close to the junction, defi ned as the 

 depletion region , when the photons are absorbed by the semiconductors, the 

electrons contained in the n-type material diffuse into the p-type material, 

determining, respectively, positive and negative charged regions. The photo-

generated electrons can produce the fl ow of a current if a load is connected to 

the cell, as represented in the schematics of Fig. 11.35.      
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 11.35      Band diagram of a photovoltaic cell p–n junction where 

conduction band, valence band, and forbidden energy band are 

indicated. Arrows indicate the directions of electrons/holes diffusion 

(driven by concentration gradient) and electrons/holes drift (driven by 

electrostatic fi eld).  
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 The output power estimation of a photovoltaic cell placed at a particu-

lar site is very complicated due to the strong variability of the natural light 

source. The light emitted by the sun’s surface comes to the earth after a jour-

ney through space and the atmosphere, which strongly reduces its power den-

sity. Depending on the angle of incidence with the earth’s surface, the travel 

length of light inside the air varies, together with its intensity and spectral 

distribution due to light scattering; the angle of incidence is infl uenced by 

the latitude and by the sun’s position in the sky during the day. The presence 

of clouds increases light diffusion and causes a strong decay of cell perfor-

mance. The power density of light in the outer atmosphere is referred to the 

AM0 standard spectrum (1.3661 kW/m 2 ); for the earth’s surface the standard 

AM1.5 is used (1 kW/m 2 ). However, the actual values are often fl uctuating 

over time and may be different from the standards; thus, the power estima-

tion of a photovoltaic plant is usually conducted with simulations based on 

historical data on atmospheric and meteorological conditions for a specifi c 

site. For indoor applications with solar light through windows, the same var-

iability of conditions is present, and the average intensity is much lower than 

outside; in the case of radiation from artifi cial sources (incandescent bulbs, 

halogen lamps, fl uorescent tubes), the light characteristics are more stable 

and the cell fabrication can be orientated to maximize the power in the 

operative conditions. The order of magnitude of the indoor power density of 

light is 0.005 kW/m 2 . From a comparison of solar cell performance based on 

different technologies from different suppliers, an outdoor effi ciency range 

of 4.3–15.7% and an indoor effi ciency range of 3.7–10.5% have been mea-

sured (Bagnall and Boden, 2010). 

 The basic structure of commercial solar cells is composed of several layers 

(Fig. 11.36): cover glass, front metal contacts, antirefl ective coating, n-type 

semiconductor, p-type semiconductor, back metal contact, and glass sub-

strate. Many different solutions have been introduced to improve the effi -

ciency of light conversion starting from the described layout: multijunction 

cells, layers texturing, etc. Single cells are generally connected in a module 

Glass

V

Front metal contact
(negative electrode)

Antireflecting
coating

n-type
semiconductor

Boundary layer

p-type
semiconductor

Back metal contact
(positive electrode)

 11.36      Basic structure of commercial photovoltaic cells.  
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to generate higher power levels. Photovoltaic cell properties, loss estima-

tion, experimental measurements, and manufacturing technologies are 

reported in greater detail in Bagnall and Boden (2010) and Penella-Lopez 

and Gasulla-Forner (2011).       

  11.4.3     Radio frequency identifi cation systems 

 Radio frequency identifi cation systems (RFIDs) are an example of consoli-

dated devices that exploit the RF input signal to generate power and manage 

information. RF energy harvesters are at a very early stage of development; 

the basic idea is to convert the energy contained in environmental RF 

sources (mobile telephony, wireless networks, etc.) to supply small devices 

or batteries. The estimated power output is infl uenced by the power density 

of the RF signal, the characteristics of its polarization and orientation, and, 

of course, by the distance between the RF source and the harvester. 

 Figure 11.37 describes the basic layout of RF harvesters. After the antenna, 

it includes the impedance regulation block that is needed to match the cir-

cuit impedance to that of the antenna to maximize the power transmitted; 

the impedance matching is usually obtained by coils, capacitors in different 

circuit confi gurations as transformers, shunt inductors, or LC networks. The 

fi lter (eventually followed by another impedance matching block) is used 

to prevent the high-frequency noise generated by the next rectifi er, which 

comes back to the antenna. Finally, there is the voltage rectifi er, which can 

be represented by a single diode (defi ning, coupled with the antenna, the 

so-called rectenna), by a diodes bridge, or by a voltage rectifi er multiplier 

(also called a Dickson charge pump). More information on RF energy har-

vesters and on the preliminary results of experimental characterizations 

are reported in the literature (Kocer and Flynn, 2006; Penella-Lopez and 

Gasulla-Forner, 2011; Singh  et al ., 2004).       

  11.4.4     Thermoelectric generators 

 The interaction between heat and electricity in solids can be used to gener-

ate power from temperature gradients by means of thermoelectric effects. 

The Seebeck effect is at the basis of generators, and it can be explained by 

RF power source
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Impedance
matching

Filter Impedance
matching

AC
signal

Rectifier
DC

signal

 11.37      Schematics of RF harvesters basic layout.  
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a circuit made of two different materials ( a  and  b ): when the temperature 

difference  Δ  T  is applied between the junctions, a voltage difference is gen-

erated, as shown in Fig. 11.38a. The output voltage is determined by the rel-

ative Seebeck coeffi cient (  α    ab  ) for the two materials:       

    V Tabα        [11.53]   

 The highest values of   α    ab   are given by semiconductor materials, in the order 

of mV/K. Although not directly responsible for power generation, other 

thermoelectric effects, namely, the Peltier effect and the Thomson effect, 

are involved in the conversion of heat into electricity. The fi rst is associated 

with circuits made of two different materials where a voltage difference is 

applied (Fig. 11.38b); due to the motion of charges, one junction produces 

heat dissipation and the other heat absorption. The total heat fl ow between 

the junctions in the unit of time is  

    �Q iab        [11.54]   

 where  i  is the electric current passing in the circuit and   π    ab   is the Peltier 

coeffi cient. This effect is exploited in heat generators and refrigerators. The 

Thompson effect is associated with a single material subjected to the temper-

ature difference  Δ  T  and the electric current  i , as represented in Fig. 11.38c. 

In this case, the heat absorbed, or dissipated, by the material is given by  

    �Q i TΔiββi        [11.55]   

 where   β   is called the Thompson coeffi cient. 
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11.38      Thermoelectric effects in solid materials: (a) Seebeck effect, (b) 

Peltier effect, and (c) Thompson effect.  
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 Although only the Seebeck effect is directly related to power generation 

and thermoelectric energy harvesting, all the effects are present simulta-

neously in thermoelectric devices, according to the Kelvin relationships 

among the three coeffi cients:  

    π αab abT        [11.56]    

    
d
dT T

a bα βab β
=

−
    [11.57]   

 The structure of thermoelectric generators is composed of many modules 

connected in series; each module is formed by two semiconductor materi-

als (p-type and n-type) connected by a metal strip made of aluminium or 

copper, as represented in Fig. 11.39. By neglecting the resistance of the 

metal strip, the internal resistance  R  is only determined by the semicon-

ductor materials, and, according to the model of Ioffe (1957), the output 

voltage and current are       

    V T
R

R R
α load

load

       [11.58]    

    i
T

R R
=

ΔαΔΔ
load

    [11.59]   

 where   α   is the Seebeck coeffi cient for the two semiconductors and  R  load  is 

the load resistance. The electrical output power is  

T+ΔT

Load

Metal strip Metal strip

p-type
semiconductor

n-type
semiconductor

Metal strip
T

 11.39      Basic module of thermoelectric harvesting devices; several 

modules are connected in series to form the generator.  
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    P
R

= load

( )R Rload

( )TΔ
2

2ΔΔ        [11.60]   

 and the maximum power of the single block, given by the condition  R  = 

R  load , is  

    P
RmaPP x

( )T
=

2

4
    [11.61]   

 The complete generator is composed of many modules in one single pack-

age. The modules are connected electrically in series and thermally in paral-

lel by means of two connecting layers on the opposite sides, as represented 

in Fig. 11.40. The output power of the device has been formulated (Min, 

2006) with a more accurate model that includes the resistances of electric 

and thermal connections:       

    P
AN

maPP x

( )T
( )n l ( )rl l

=
ρ

2

22 ( )n l ()l (ρ l
       [11.62]   

 where  N  is the number of modules in the generator,  A  and  l  are the cross-

section and length of semiconductor elements, respectively,  l  c  is the thick-

ness of connecting layers (metal strip and ceramic plate), and  n  = 2  ρ   c /  ρ  , 
r  =   λ  /  λ   c  are the electric and thermal contact parameters, respectively (  ρ   is 

the electric resistivity,   ρ   c  is the electric contact resistivity,   λ   is the thermal 

conductivity, and   λ   c  is the thermal contact conductivity). Typical values of 

contact parameters are  n   ≅  0.1 mm and  r   ≅  0.2. More information and details 

on thermoelectric energy harvesters can be found by the reader in the liter-

ature (Nolas  et al ., 2010; Rowe, 1995).   

11.40      Thermoelectric generator composed of a matrix of 

semiconductor modules connected electrically in series by metal 

strips and thermally in parallel by two ceramic plates.  
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  11.5     Conclusion 

 The purpose of this chapter is to provide the reader with the fundamental 

principles of energy harvesting strategies and techniques; the contents were 

organized following an approach of increasing complexity and detail level, 

to provide some basic tool to the designer. The strategies mentioned include 

compact analytic calculations and numerical models to solve the static and 

dynamic governing equations, as well as smart solutions for the improve-

ment of the response, of performance, and of the output power. The critical 

review of the best in energy harvesting solutions conceived up to now sup-

ports the theoretical considerations and may provide useful starting points 

for new layouts or alternative application fi elds. 

 The future development of the energy harvesting discipline is strictly 

connected to the need to generate electricity somewhere, instead of bring-

ing it by cables or extracting it from a battery. Recently, a lot of potential 

benefi ts have been demonstrated by the application of generators to novel 

fi elds where this possibility was never investigated. The strongest effort in 

the development of energy harvesting is probably given by sensorization, as 

well as by the constant improvement of the sensors’ performance in terms 

of low power consumption and long expected lifetime; the appearance of 

micrometric devices able to measure environmental parameters is pushing 

the research to the development of distributed power sources characterized 

by low intensity and high availability. These properties fi t well with the pecu-

liarities of energy harvesting devices that can produce electricity from use-

less energy, otherwise lost, and store it in a small battery. New technological 

improvements in the fabrication processes of microdevices, advanced tuning 

and control strategies, and additional contributions coming from the exper-

tise in more and more application fi elds will probably lead to an increasing 

complexity of energy harvesters, accompanied with the fast improvement of 

their performance in the near future.  
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  11.7     Appendix: list of symbols 

A       coil area   

        electrodes area   

        semiconductor module cross-section   

A  eff       effective plate area   

a       acceleration   

        plate length   

B       magnetic fi eld   

b       plate width   

C       electric capacitance   

C  coil       coil capacitance   

C  load       load capacitance   

C  max       maximum capacitance   

C  min       minimum capacitance   

c       damping coeffi cient   

        suspension length   

c  e       electric damping coeffi cient   

        electromagnetic damping coeffi cient   

c  m       mechanical damping coeffi cient   

c  nl       non-linear damping coeffi cient   

D       charge density   

d       piezoelectric charge constant (or strain coeffi cient)   

        gap among fi ngers   

        suspension width   

E       Young’s module   

E          electric fi eld   

E  n       energy   

e       hole side   

F       force   

f       frequency   

        holes interspace   

        tuning force   

f  0       force amplitude   
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   f  m       magnetic force per unit volume   

   g       acceleration of gravity   

        piezoelectric voltage constant   

        gap thickness   

   k       stiffness   

        electro-mechanical coupling coeffi cient   

   k  nl       non-linear stiffness   

   H       FRF   

        magnetic fi eld intensity   

  H −3dB
         half power amplitude   

   h       thickness   

   I       moment of inertia   

   i       electric current   

   L  coil       coil inductance   

   l       coil length   

        fi ngers length   

        semiconductor module length   

   l  c       connecting layers thickness   

   M       plate mass   

        magnetization   

   m       mass   

        number of holes rows   

   m  nl       non-linear mass   

   N       number of turns   

        number of thermoelectric modules   

   N  g       number of gaps among fi ngers   

   n       number of poles   

        number of holes columns   

        electric contact parameter   

   n  dof       number of degrees of freedom   

   P       output power   

   P  max       maximum output power   

   Q       quality factor   

        electric charge density   

        heat   

   R       electric resistance   

   R  coil       coil resistance   

   R  load       load resistance   

   R  load,opt       optimum load resistance   

   r       magnet radius   

        proof mass radius   

        thermal contact parameter   

   r  c       centre mass to axis distance   
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T  c       Curie temperature   

t       piezo layer thickness   

        fi ngers thickness   

        electret thickness   

        time   

        magnet height   

V       electric voltage   

V  0       initial voltage   

V  max       maximum voltage   

V  min       minimum voltage   

X       relative displacement Fourier transform   

x       relative displacement   

        transducer displacement   

x0       relative displacement amplitude   

Z       absolute displacement Fourier transform   

z       absolute displacement   

z0       absolute displacement amplitude   

α        piezoelectric connection parameter   

        Rayleigh damping coeffi cient   

α   ab       Seebeck coeffi cient   

β        Rayleigh damping coeffi cient   

        Newmark integration parameter   

        Thompson coeffi cient   

Δ  T       temperature difference   

Δ  t       integration time interval   

Δ −ω 3dB         half power bandwidth   

ε        strain   

ε   0       permittivity of free space   

ε   air       permittivity of air   

ε   electret       electret permittivity   

ε   p       piezoelectric permittivity (or dielectric constant)   

ζ        damping ratio   

ζ   e       electric damping ratio   

ζ   m       mechanical parasitic damping ratio   

η        Duffi ng oscillator non-linearity   

λ        kinematic parameter   

        thermal conductivity   

λ   c       thermal contact conductivity   

μ   0       magnetic permeability of free space   

μ   r       relative magnetic permeability   

π   ab       Peltier coeffi cient   

ρ        density   

        electric resistivity   
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    ρ   c       electric contact resistivity   

    σ        stress   

    σ   L       fatigue limit   

    σ   UTS       ultimate tensile strength   

    σ   y       yield strength   

    φ        phase angle   

    ϕ        magnetic fl ux   

    χ   m       magnetic susceptibility   

    ψ        modal shape   

   Ω  0       rotation amplitude   

    ω        angular frequency   

    ω   -3dB       half power point angular frequency   

    ω   n       natural frequency of undamped system   

    ω   n,damp       natural frequency of damped system      
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  Abstract : We present a historical and perspectival overview of the 
design and development of wireless implantable microsystems. We fi rst 
discuss the general considerations for medical implants and telemetry 
microsystems, where a great number of challenges persist today, even 
after over 50 years of active and considerable research effort. We then 
describe and review advances from 1950 to present, with specifi c examples 
of design approaches and signifi cant milestones, with an emphasis on 
implantable and telemetric electronics. We also discuss latest progress 
and challenges in implant microsystems, and offer insights on future 
technological trends. 

  Key words : wireless implantable systems, biocompatibility, telemetry, 
micropackage, micropower sources. 

    12.1     Introduction 

 Implantable systems represent a technique of biomedical instrumentation 

for sensing body information, or soliciting body reaction, within a living 

organism from a location outside of the body through a wireless commu-

nication link. Exploration inside the body is as exciting as the exploration 

of outer space. Implantable systems look inward, from body to organs, to 

tissues, to cells, to sub-cellular molecules including proteins and DNA/

RNA. Implantable systems are the tools for our inward exploration, just as 

spaceships are the tools for exploration of outer space. The science, technol-

ogy, methodologies and instrumentation for both endeavours are similar, 

although with great differences terms of scale, size and cost. 

 The essential building blocks of all implantable systems are shown in 

Fig. 12.1: the oval is the body, and the rectangular block is the external equip-

ment. The implanted systems, shown schematically in Fig. 12.2, can func-

tion as tele-sensing (telemetry) or remote control (tele-actuation), linked 

together with a closed-loop control system. It may be all electronic, or it may 

have parts of the implant which are mechanical, chemical or biological. All 
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implantable systems have the same essential building blocks, whether the 

implant device is for sensing, actuating, or closed-loop control. For implant 

telemetry systems, the sensors convert the biological parameters into elec-

trical signals that are processed by the interface electronics, then transmitted 

by radio frequency (RF) (or other wireless means such as ultrasound, opti-

cal, etc.) link to an external receiver and recording or processing facilities. 

For the implant actuation systems, the external command unit sends com-

mand signals through the wireless link, which is then processed by the inter-

face electronics to drive the actuators that solicit certain actions in the body. 

For the implantable electronics system, the common actuators are the elec-

trical stimulators that send currents to the muscles or nerves, through stimu-

lating electrodes that solicit the desired body reactions. For implant control 

systems, the telemetry unit and the stimulating unit are linked to control 

specifi c body function to a desired level, with the telemetric part acting as 

the feedback unit of conventional control systems. All these systems need 

to be packaged for biocompatibility before implant insertion (e.g., through 

surgical operations or ingestion).           

Receiver Recording

Computing and
signal analysis

circuit 
Command

Transmitter
Power
supply

Body Equipment outside of the body

Telemetry
(sensors)

Stimulation
(actuators)

 12.1      Conceptual diagram of an implantable system.  

Sensors and
stimulators

Interface
electronics

RF links
communication
charging Power

Long-term
power sources

Package

 12.2      The essential building blocks of the implantable system for 

the body.  
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 The sensor/stimulator, the electronics and the wireless communication 

link and power supply of an implantable system may be located totally 

within the body or on the surface layer of the organism. The location may 

be in the body or intra-cavity (implantable system), within the intestines 

or mouth (indwelling system), or may be attached on the external surfaces 

of the body, subcutaneously or on the organ surface (attachable system). 

The implant electronic systems are valuable instruments for life science 

research, as well as health care. Telemetry systems are used for monitoring, 

and diagnosis such as ECG measurement and blood pressure monitoring. 

Stimulation systems are used for prosthesis, therapy and treatment, such 

as cochlear implants, heart pacemakers and nerve signal blockage for pain 

suppression. The closed-loop systems are used for paralysed arm prosthesis, 

and automated health care and prevention, such as the variable-rate heart 

pacemaker that can adjust the heart rate according to the oxygenation level 

in the blood or the activity of the body (Ko and Neuman, 1967).  

  12.2     Basic considerations and characteristics 
of wireless MEMS implantable systems 

  12.2.1      Legal considerations of the radio frequency (RF), 
fi eld strength and power levels 

 The wireless operation of implantable systems can be accomplished by mod-

ulating a high frequency radiating carrier that can transmit signals through 

the body to the receiving station nearby or vice versa. The carrier frequency 

used can be in the range of ultrasound, RF, and infrared (IR). The most com-

monly used frequencies are in the RF range, from kilohertz (kHz) to mega-

hertz (MHz), to gigahertz (GHz). There are government regulations and 

international standards to guide the proper use of frequency and radiated 

carrier power level. These basic considerations are: (1) the carrier signal is 

non-interfering for other users; and (2) the system is not harmful to the body. 

In the United States, the regulations are detailed in the electronic Code of 

Federal Regulations (eCFR) of the Federal Communication Commission 

(FCC), title 47 Telecommunication, Parts 15, 18, 90, and 95, and IEEE code 

C-95–2005. These regulations are specifi c, detailed, and complicated. The 

following is a greatly simplifi ed sample of the FCC regulations. The design-

ers and the users of implantable systems should seek professional advice on 

selecting the operation frequency and power level. In many cases, an FCC 

license would be required. 

 The IEEE C95-2005 is the IEEE standard for safety levels with respect 

to human exposure to RF electromagnetic fi elds from 3 kHz to 300 GHz. 

It ‘provides recommendations to minimize aversive or painful electro-
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stimulation in the frequency range of 3 kHz to 5 MHz and to protect 

against adverse heating in the frequency range of 100 kHz to 300 GHz. 

In the transition region of 100 kHz to 5 MHz’. Protection against both 

electro-stimulation and thermal effects is provided through two sep-

arate sets of limits. Below 100 kHz only the electro-stimulation limits 

apply, above 5 MHz only the thermal limits apply, and both sets of limits 

apply in the transition region. In the transition region, the limits based on 

electro-stimulation are generally more limiting for low duty cycle expo-

sures, while the thermal-based limits are more limiting for continuous 

wave fi elds (IEEE C-95 § 4.1 basic restrictions). The eCFR of the FCC 

allocates the use of RF frequencies, and regulates RF devices, equipment, 

and operator licensing. 

 In the US, implantable systems frequencies may have the following 

options: (1) the FCC assigned frequency bands for the medical telemetry 

service (608–614 MHz, 1390–1395 MHz, 1429–1429.5 MHz, 1427–1429 MHz, 

and 1429.5–1431.5 MHz), as well as the frequency bands for the medical 

radio-communication service in 401–406 MHz (eCFR title 47 part 95- 

Subparts H and E); (2) frequency bands assigned to Industry, Science and 

Medicine (ISM) bands, as listed in Table 12.1 (eCFR, 2011 Title 47, Part 95, 

Parts 15, and part 18); (3) amateur RF bands; and (4) frequencies satisfying 

the low-power, non-interference provision.      

 Operation of the equipment according to the ISM radio bands within 

the following safety, search and rescue frequency bands is prohibited: 490–

510 kHz, 2170–2194 kHz, 8354–8374 kHz, 121.4–121.6 MHz, 156.7–156.9 

MHz, and 242.8–243.2 MHz. 

 The regulation on power level and maximum fi eld strength outside 

the ISM band are given in IEEE C95. No summary will be given in this 

 Table 12.1     ISM frequencies and tolerance 

 ISM frequency  Tolerance 

 6.78 MHz   ± 15.0 kHz 

 13.56 MHz   ± 7.0 kHz 

 27.12 MHz   ± 163.0 kHz 

 40.68 MHz   ± 20.0 kHz 

 915 MHz   ± 13.0 MHz 

 2,450 MHz   ± 50.0 MHz 

 5,800 MHz   ± 75.0 MHz 

 24,125 MHz   ± 125.0 MHz 

 61.25 GHz   ± 250.0 MHz 

 122.50 GHz   ± 500.0 MHz 

 245.00 GHz   ± 1.0 GHz 

   Source : eCFR part 18 § 18.301, 2011.  
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chapter. Because the large amount of information contained, and will be 

updated soon, changes will be made as technology advances and more RF 

devices are used. Furthermore, the operating power level and the maxi-

mum fi eld strength involve personal safety and interference to other’s 

communication. The readers are referred to updated IEEE C 95 or to 

consult specialists on these topics in selecting operation power level and 

fi eld strength.  

  12.2.2      Biocompatibility and protection of the 
implanted system 

 The body is a fragile but harsh environment for implantable electronics. 

The implanted systems should not seriously affect or harm the tissues sur-

rounding the implant, or the body, that is, the device/system has to be bio-

compatible. At the same time, the implanted system also needs protection 

from the tissue activity, and damage from corrosive, conducting body fl uid. 

Biocompatibility requires proper design of implantable systems in terms 

of size, weight, functional electronics and packaging, to minimize electri-

cal, mechanical, thermal and optical interference to the normal activity of 

surrounding tissues and the body, as well as to eliminate any chemical and 

biological toxicity and contamination to the tissue and the body. 

 For physical biocompatibility the size and weight should be small, so that 

the implant would not affect the normal activity of the body. It is generally 

accepted that the volume and weight of implantable device or system should 

not be more than 2% volume and weight of the host organ or body to avoid 

discomfort or loading stress on the organ or body in normal activity and move-

ment. Besides the small size, the density of the implant should closely match 

that of the tissues so that, when the body moves, the implant should not cause 

undue stress to the tissues surrounding the device. For thermal considerations 

the implant should not have any hot spots that are 2 ° C higher than the nor-

mal temperature of the tissue. The surface of the packaged implant should be 

smooth, not having any sharp parts that could cause localized stress or irrita-

tion to the tissues. Some means to stabilize the position of the implant should 

be provided, to prevent the implant from migrating from the designated site 

to other parts of the body (Ko  et al ., 1969; Ko and Spear, 1983). 

 When the implantable system is surgically inserted in the body, there 

will be biological and chemical reactions occurring at the implant location 

as well as in the body. For biocompatibility the implant should not have 

any toxic materials leaking out of the package and the package should be 

designed to minimize biological reaction to the implant and the surgical 

operation. The small size, the smooth surface, the use of biocompatible 

packaging materials and techniques, as well as the proper sterilization and 
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surgical operations, can reduce biological reactions to the implant opera-

tion. For good implantable systems, infl ammatory reactions should be mini-

mized and the thickness of the connecting tissues should be kept thin, in the 

micrometre range. 

 For the protection of the implantable device/system, and in order for it to 

operate properly throughout its designated lifetime, the implant should be 

designed and packaged to achieve the following: (1) to prevent the electrical 

damage from the corrosive conducting body fl uid to the electronic circuits 

and devices. The leakage resistance between all parts of the implantable 

system should be maintained high (with sheet resistance on the order of 

100 M Ω / □ ), to ensure proper operation of the system. This can be achieved 

by hermetic packaging using compact metal, ceramic and glass boxes and 

hermetic feed-through; or, alternatively, non-hermetic packaging with poly-

meric materials and thin fi lm vapour barriers; (2) to protect the system from 

mechanical damage that may be caused by improper handling during the 

implant operation and after implantation; (3) to withstand the harsh chem-

ical and biological environment throughout its life time without degrada-

tion. Many electronic devices are sensitive to light so some form of shielding 

would be desirable during the testing or preparatory stages. 

 In the biocompatibility area there are many unsolved problems related 

to body reaction and packaging. For example, the correlation between the 

thickness of the connecting tissue surrounding the implants and the package, 

as well as the implant processes, are not yet fully understood. Non-hermetic 

package technology is not fully developed. The understanding and tech-

niques to stabilize and integrate the chronic implant with the surrounding 

tissue needs further development. The body environment is dynamic besides 

having a conductive and corrosive body fl uid; the body also generates anti-

bodies that attack foreign materials, including implants. The surrounding tis-

sue also may change its properties with time. Sometimes, implants may be 

rejected by the body. The causes and the processes of implant rejection need 

to be further studied (Ko  et al ., 1969; Ko and Spear, 1983).  

  12.2.3     Characteristics of biological and medical signals 

 Biological and medical signals have different characteristics when com-

pared with industrial, engineering and scientifi c signals in requirements 

for accuracy, sensitivity, reliability and signal bandwidth. When measuring 

biomedical signals the accuracy may be less important than sensitivity. For 

biomedical signals, such as blood pressure, heart rate, respiration rate, etc., 

their normal ranges and useful characteristics may vary between individuals. 

Even with a single person, the signal may vary a few per cent from time to 

time, and may be affected by many body and mental activities and health 

status. The quantitative effects of these personal activities on the biomedical 
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signals are not precisely understood at the present. Therefore, for measure-

ment instruments designed for these signals now, the required accuracy is 

generally not as high as in other scientifi c research. Generally, 1% full- scale 

accuracy is suffi cient, although the sensitivity or resolution may need to be 

very high because the signals are weak. The input electrical signals usually 

are in the millivolt (mV) to microvolt ( μ V) to nanovolt (nV) ranges. 

 Since most biomedical measurement instruments would be used by non-

technical personnel under strenuous circumstances, their high reliability, 

ease of operation, and robust structure may be required beyond the levels 

set for general instruments used in an engineering laboratory. 

 Since the biomedical signals are related to molecular manipulations in 

the body and not to RF processes, the frequency bandwidth required for 

biomedical signals are generally lower than electronic signals. Generally 

the bandwidths of biomedical signals are below 10–30 kHz, and many of 

the clinical instruments would have their signal bandwidths limited to just 

below 50/60 Hz – the AC power frequency – to avoid the strong interfer-

ences of AC power lines. However, the signal amplitude may be in the range 

from millivolt to microvolt levels for the organ and body signals, and may 

extend to nanovolts or below for cellular and sub-cellular signals (Ko and 

Spear, 1983).  

  12.2.4      Design considerations of MEMS 
implantable systems 

 When designing implantable or surface-attached biomedical systems, there 

are some basic and common considerations related to biocompatibility, reli-

ability, and ease of operation, as discussed before. The fundamental consider-

ations are size and weight, body reaction, and the packaging used to protect 

the implantable system. When translated to the engineering design of the 

system, the major considerations are: (1) use micropower components and 

circuits to reduce the power consumption – including micropower active 

devices, micropower electronic circuits (use of application specifi c inte-

grated circuits (ASIC) whenever possible), and micro-sensors and micro-

actuators; (2) select the smallest power supply suited to the application – the 

system may use: (2a) the smallest battery that can last the required life time; 

(2b) a passive wireless power unit; or (2c) Rechargeable thin battery and 

wireless charge circuit to charge the battery and to turn off the system when 

not in use; (2d) Energy scavenging from inside human body; (3). packag-

ing to minimize harmful body reaction and to have adequate protection 

to the system in the body environment, as well as to minimize volume and 

weight (Ko and Neuman, 1967). All medical devices or instruments should 

be designed with  reliability and safety  as their prime consideration, above all 

cost and technical factors. 
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 On the selection of a power supply unit for the system, there are sev-

eral developments in high energy density batteries. Among them, the thin 

fi lm lithium battery is a good candidate. The selection considerations should 

include (i) the volume and weight per unit stored energy (current  ×  time  ×  

voltage), (ii) fast charging time, (iii) small internal resistance or the maxi-

mum discharge pulse current, (iv) lifetime recharge cycles, (v) maximum 

storage and operation temperatures that can withstand steam or other 

methods of sterilization. 

 For the passive wireless powered approach, one can use (a) single fre-

quency time sharing for powering and signal transmission with shared 

antenna; or (b) two frequencies for powering and signal transmission, each 

having its own antenna. Wireless charging of small batteries is the most pop-

ular approach. Here, the wireless charging methods can be: the magnetic 

fi eld of an RF radiation, low frequency time varying magnetic induction 

fi eld, and ultrasonic radiation. In all these situations, the surface and tissue 

power density should be kept below the legal limits for body exposure (for 

example, the tissue temperature rise should be less than 2 ° C). When the 

wireless power source is used to power deep implants, the surface fi eld inten-

sity may be much greater than that at the implantable system site. Wireless 

charging with on–off control would be the preferred approach whenever 

possible (Ko and Neuman, 1967). 

 There are a few interesting design approaches developed for micropo-

wer electronics for implantable MEMS systems during the early stages of 

implantable systems, before the large scale integrated circuit (LSIC) had 

been developed. They may still be of value  even  at the present time when 

we are looking for surface-attached instruments for individualized mobile 

monitoring and early warning systems. These approaches are: (1) using 

micropower devices at low-voltage, low-current, such as tunnel diodes and 

sub-threshold metal oxide semiconductor (MOS) transistors, (2) integrating 

sensors/actuators with circuits using micropower ASIC, (3) using multi-func-

tional electronic circuits, (4) sharing battery current by cascade electronic 

circuits, (5) splitting lithium battery voltage to two or three low voltage sup-

plies for the electronic circuits. Some examples will be given in Section 12.3 

to explain these approaches.   

  12.3     Significant research on radio frequency 
implantable systems from 1955 to 1975 

 Although radio transmission of analogue signals has been known since 1844 

(Prescott, 1884) and frequency-modulation radio links were used to trans-

mit pneumograms in 1948 (Fuller and Gorden, 1948), extensive develop-

ment of biomedical implant electronic techniques did not really get started 

until the transistor was discovered in 1948 and made available after 1954. 
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The comparatively small size and power consumption of this new device 

made possible the construction of practical telemetry transmitters for 

implant measurement. Since then, the advances in solid-state devices and 

microelectronics have further enhanced the development of implant telem-

etry and stimulation into a fi eld of research in instrumentation. In the late 

1950s and early 1960s Mackay, Noller, Wolff, Zworykin, and others devel-

oped active radio-telemetry units for use in the gastrointestinal tract and 

other cavities of the body (Mackay, 1959). Subcutaneous and deep-body 

implantation of telemetry units were initiated by Essler, Ko, Mackay Cole, 

Young, and others to measure physiological information in animals as well 

in humans (Ko and Neuman, 1967). For a historical review of these and other 

areas of biomedical telemetry, see: Ko and Neuman (1967); Caceres (1967); 

Slater’s (1963, 1966) surveys. See also references: Amlaner and MacDonald 

(1986) and Hambrecht and Reswick (1977). 

 The earliest telemetric electronic circuits are shown in Fig. 12.3. 

Figure 12.3a shows Mackay’s blocking oscillator circuit, used to telemeter 

body temperature or other narrow bandwidth body signals sensed by the 

sensors R or C1. It is simple, robust and requires very low power. This circuit 

was modifi ed and improved for use extensively in animal tracking research 

(Mackay, 1959). A collection of biotelemetric works for radio tracking up to 

1975 is given in (Amlaner and MacDonald, 1986). Figure 12.3b is Ko’s tun-

nel diode telemetry circuit with bridge sensor input. The transistor and the 

tunnel diode share the same supply current (Ko, 1960).      

 Historically, the development of implantable systems started with telem-

etry, then stimulation, then closed-loop control. In the period from 1960 to 

1975, all design approaches were studied and all biomedical applications 

were explored. However, due to the limitations of microelectronics and 

packaging technologies, only the radio tracking was fully developed for ani-

mal tracking and monitoring in biology fi eld (Amlaner and MacDonald, 
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 12.3      Examples of implant telemetry circuits of the early 1960 era. 

(a) Blocking oscillator (Mackay, 1959) and (b) tunnel diode telemetry 

(Ko, 1960).  
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1986). In the medical fi eld, several demonstration projects were completed, 

including: pain blocking by nerve stimulation; indwelling capsules for 

measurement of pH and motion in the small intestine; hearing and vision 

prosthetics using skin and brain electrodes; closed-loop electromyography 

(EMG) control of motions of arms and feet; brain control of machines and 

body motions through muscle EMG, and the use of brain stimulation to 

control the emotional status of monkeys. However, none of these reached 

the stage of being useful products, except for the cardiac pacemaker. A few 

examples of applications explored and designs from the author’s team are 

shown below. 

  12.3.1     Implantable telemetry devices 

 Miniaturized low-power, low-bandwidth telemetric transmitters were devel-

oped and packaged with Hysol R  Epoxy and medical grade silicone as short-

term implants; fl at-pack boxes made of metal and Macor R  (a machinable 

ceramic), and glass capsule were used for packaging of longer term implants. 

The sizes are in the range of several cm 3 , and the power levels are from milli-

watts to microwatts. They are intended for biomedical monitoring and diag-

nosis, including: (i) physiological research using small animal models; (ii) 

system biology study; (iii) patient monitoring in the hospital; (iv) response 

and progress of medical treatment; and (v) monitoring vital signs of patients 

for preventive care and early warning. Figure 12.4 shows two examples of 

the telemetric transmitters that were used for many of these applications 

from 1961 to 1975 (Ko, 1960, 1961, 1962, and 1965). The world fi rst pocket-

size mobile microphone was demonstrated in 1964 with a PZT microphone 

and a MR312 mercury battery (Ko, 1960).       

  12.3.2     Implant stimulation devices 

 The peripheral and central nervous system (CNS) in the body can be stimu-

lated by small electrical currents to generate electrical signals, or to block 

signal transmission, thus inhibiting related functions, such as pain blocking; 

the tissues also can be stimulated to contract and to generate EMG sig-

nals. The theory and applications of  functional electrical stimulation  were 

developed at the Engineering Design Center, Case Institute of Technology 

in 1960–70 (Hambrecht and Reswick, 1977). Many research groups tried 

various applications of the functional stimulation. Examples are: (i) cardiac 

pacemaker and defi brillation devices; (ii) electrical pain suppressor; (iii) 

implantable middle ear and cochlear hearing aids; (iv) visual prosthesis (with 

multi-electrodes attached on the forehead or on the visual cortex surface); 

(v) diaphragm pacing for respiration; (vi) epileptic seizure control; (vii) hand 

�� �� �� �� �� ��



 MEMS wireless implantable systems 411

Published by Woodhead Publishing Limited, 2013

and aim control with spinal cord injury, (viii) leg and foot control for walk-

ing; and (ix) brain stimulation for emotional control of monkeys and other 

animal models (Peckham  et al ., 1981 and 1993). 

 A typical single-channel electrical stimulation circuit is shown in Fig. 12.5. 

Here the ‘K-5’ unit is a feedback circuit used to  check on  feedback the 

magnitude of the electrode current being delivered to the body. Multiple-

channel stimulation units were developed for hand-control applications for 

tetraplegic patients (Lin  et al ., 1972; Peckham, 1993). In the literature, there 
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 12.4      (a) K-5 tunnel diode telemetry unit. (b) Packaged telemetry device. 

(c) Circuit and (d) package for K-6 implantable FM telemetry transmitter 

for voice, EKG and EMK (the world’s smallest telemetry unit in 1965; 

each weights 1.5 g, packaged, including battery and sensors).  
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 12.5      Single-channel functional electrical stimulation circuit.  
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are hundreds of papers on functional electrical stimulation. Functional 

stimulation has had many applications, including hearing, vision, respira-

tion, limb motion, pain blockage, and some organ function prosthesis and 

brain-to-machine interfaces. Much progress has been made. However, use 

of long-term implanted electrodes for brain recording and stimulation that 

have a large number of fl exible leads connected from the integrated circuit 

chip to the wide area of brain electrode sites, still presents an interesting 

challenge and diffi cult problems to be studied.       

  12.3.3     Implantable electronic control systems 

 Many implant control systems have been studied by adding a feedback 

telemetry circuit to monitor the response of the stimulation for adjusting 

the strength of command to reach a desired level of body action. Examples 

include the on-demand pacemaker with heart-rate monitor feedback, and 

the EMG controlled hand prosthesis that telemeters back the level of mus-

cle response to the command unit to adjust the stimulation level for desired 

consciously controlled motion. In the early stage of implantable systems 

many control systems were studied. Examples include: 

paralysed limb control for upper and lower extremities (Crago  • et al ., 1980); 

drug infusion control; • 

organ function regulation, such as heart pacing and lung pacing; • 

biological research; • 

pain suppression, and • 

drop foot and other muscle-control systems. • 

Demonstration projects have been tried, but the practical use of these sys-

tems took many years of development work. Figure 12.6 illustrates the arm 

aid system proposed in 1960 at the Electronics Design Center (EDC), Case 

Institute of Technology. Only recently has the Case Arm Aid System been 

approved by Food and Drug Administration (FDA) for patients to gain 

some use of the hand for daily activity (Peckham, 1993). Figure 12.7 is a 

photo showing the fi rst demonstration of EMG controlled limb movement, 

where a K-6 telemetry unit was implanted under the skin on the shoulder of 

Dr Lojze Vodovnik (Miklav č i č   et al ., 2003), an outstanding visiting scholar 

of EDC at Case Institute of Technology in the 1960s. The EMG signal of his 

shoulder muscle was sent to a FM receiver nearby as the command signal. 

Also, an electrical stimulation unit was implanted in a dog’s rear leg muscle. 

The EMG signal of Dr Vodovnik was then used to control the up and down 

movement of the dog’s leg. Similar experiments have been performed to use 

EMG signals to control the speed of a motor. These early experiments dem-

onstrated the feasibility of brain-controlled machines, or a brain-controlled 

environment (Grotz  et al ., 1964; Lorig  et al ., 1967).            
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  12.3.4      Design approaches and samples of implant 
electronic devices 

 As discussed in Sections 12.2.3 and 12.2.4, the implant system design has 

different considerations from other RF MEMS systems. The implantable 

systems are operating in a very harsh environment. Body fl uids are highly 

conductive and corrosive. All foreign objects in the body are attacked by 

antibodies and other biochemical reactions in the body. At the same time, 

the implant, as a foreign material, may cause infl ammation and other toxic 

reactions in the tissue around the implant and some organs. Therefore, the 

material used for the implant should be non-toxic and properly packaged 

Visual feedback

Shoulder
Position

transducer

Control logic

Stimulator

Finger θ, θ, F

Position
Stimulator

 12.6      Illustration of the conceptual arm aid system of 1970 (Hambrecht 

and Reswick, 1977). In this system, the brain generates the commands 

and controls through the shoulder muscles; the implanted or surface-

mounted telemetry unit on the shoulder sends signals to the external 

control unit, which in turn generates stimulation signal that controls 

the arm muscles that actuate the forearm and the fi ngers; the visual 

feedback signal closes the control loop.  

 12.7      Human EMG implant device controls leg motion of a dog.  
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to protect the tissue, the implant, and the host body from any harmful 

reactions. 

 Implant operations are expensive and time consuming. The implant device 

takes a long time to reach stable operation after it is implanted. Therefore, 

when designing implantable systems, reliability and safety are more impor-

tant than many other quality factors, such as broad-band response, high 

accuracy, etc. 

 Biological rhythms generally repeat in fractions of a second to many sec-

onds per cycle. Therefore, the bandwidths of biomedical signals are usually 

in the range from 0.01 Hz to 10 kHz. 

 For a long-term implant, with a lifetime from months to years, the basic 

requirements are: (i) the volume and weight of the packaged implant device 

should be small and light, so that the device will not affect the normal activ-

ity of the host – it is generally agreed that 2% of the host body size and 

weight are the upper limits; (ii) the biocompatibility – the implant should 

not contain any toxic or harmful materials, and the package should be able 

to protect the body and the implant from any harm; and (iii) the implant 

system – implant and the external unit – should be safe, reliable, and easy to 

operate by non-technical biomedical personnel. 

 In the design of long-lifetime implant electronic systems, to meet the size, 

weight and other requirements all the building blocks in Fig. 12.1 need to 

be considered. The largest and heaviest blocks are the chronic power supply 

and the biocompatible package. They have been the most diffi cult problems, 

from the early stages of the fi eld to the present. 

 With the advances of LSICs and MEMS/NEMS the interface electronics 

and the RF link can be designed to achieve minimal size and weight. Several 

approaches were developed in the early periods that may still be of interest 

today. A few examples are given below:  

         The use of low-power electronic devices, such as tunnel diodes and low • 

current transistors in Fig. 12.3 (Ko  et al. , 1970).  

        The integration of  the  sensors with all the signal processing circuits into • 

a single chip.  

        The low duty cycle pulse frequency or pulse position modulated RF • 

approach will greatly reduce the power consumption by a factor equal to 

the duty cycle, which can be of the order of 10 –2 –10 –6  (Ko  et al ., 1970).  

        Split power supply voltage, to share the same current for several • 

devices/circuits, such as using two tunnel diodes to share the same bat-

tery current with a low voltage transistor, as shown in Fig. 12.8, where 

the 1.35 V battery is shared by a transistor and two tunnel diodes (as 

subcarrier oscillators).The two-channel telemetry unit used one sub-

milliwatt power (Ko and Neuman, 1967).  

        Multiple function of a single active device. Figure 12.9 shows the • 

 single-antenna, two-frequency (one for RF powering and one for  signal 
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 12.8      Two tunnel diodes are in series with a transistor to share the 

1.35 V battery current.  

R3
350k

R4
66k From modulator

Q2

R2
1.5k

R1
11

Q3

Q1

D1

C3
33p

Sync pulse

To modulator

L
Ferrite
core

C1
8p

C2
33p

+

D2
5.5 V

R5
1.5K

C5
1.2 µ

C4
0.002µ

Load shift key

Transmitter
RF powering
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transmission) circuit. Normally Q2 and Q3 are off, and the Q1 fi eld-

effect transistor (FET) functions as a diode to rectify the RF power at 

the frequency tuned by L and (C1, C2); when there is a transmitting 

signal from the device Q2, Q3 are on, and Q1 and Q3 function as an 

oscillator and RF transmitter at the frequency of L and C2, respectively 

(Hynecek and Ko, 1975).  

        The three-dimensional RF power receiving coil is shown in Fig. 12.10. • 

High effi ciency high power RF powering is achieved by using an exter-

nal ferrite core to focus the external powering magnetic fi eld to maintain 

alignment with one of the implant receiving coils as the body moves 

around (Ko and Neuman, 1967).                     

  12.4     Progress of implantable systems 
from 1980 to 2010 

 The great advances of the last three decades in the manufacturing of very 

large scale integrated circuits (VLSI) and ASIC, and the miniaturization of 

physical, chemical and biological transducers (sensors, actuators, and elec-

trodes), especially MEMS and NEMS, have cleared many barriers for prac-

ticable implantable microsystems in medical care and life-sciences research. 

The pioneering techniques of short-range MEMS wireless remote monitor-

ing and control have advanced from biomedical research and aerospace 

applications to preventive care, industrial, environmental, and social com-

munication fi elds (Haubrich, 2006). Short range RF links (powering and 

signal transmission) are everywhere in our daily life now. The literature 

in this fi eld is vast. For instance, a comprehensive literature review can be 

found in (IEEE Spectrum Webcast, 2006; Receveur  et al ., 2007). Therefore, 

no detailed and focused review on implantable MEMS systems from 1980 to 

the present is included in this chapter. A sample list of implantable systems 

developed from 1980 to 2010, which have made considerable impacts, are 

briefl y summarized on the next page:  

TO
K-5

(b)(a)

 12.10      The three-dimensional RF power receiving coil structure and 

circuit diagram. (a) Structure of a 3-D RF power unit. (b) Circuit 

diagram of the RF power unit.  
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   Implantable electronic devices: telemetry, stimulation and control systems. • 

   –   Limb prostheses: hand, arm, and leg motion control, drop foot 

stimulator.  

  –   Sensory prostheses: middle ear and cochlear hearing aids, visual 

prostheses, touch sensors, artifi cial taste and smell devices.  

  –   Assistive/artifi cial organs: such as cardiovascular assistive devices, 

heart pacemakers, respiratory pacers, urinary control systems, artifi -

cial vocal cords, etc.  

  –   Drug infusion devices: insulin release devices, cancer treatment drug 

infusion devices, pain release drug infusion devices, etc.    

  Indwelling devices: systems that indwell in the digestive channel or • 

other body cavities. These include ingestive capsules, devices implanted 

in bladders, oral cavities, and ear channels.  

  CNS, for example, brain–machine interface research: With a large elec-• 

trode array implanted in the brain or on the dural surface for telemetry 

and stimulation, in order to treat certain diseases and to establish com-

munication links with the brain to develop CNS and computer commu-

nication network.  

  Surface-attached devices for mobile base line monitoring and early • 

warning of patients’ vital signs.  

  Body energy harvesting and various wireless powering and distribution • 

techniques.     

  12.5     Challenges of implantable/attached electronics 

 The major challenges of implantable, indwelling and surface-attached elec-

tronic systems are the same at present as they were 50 years ago. The only 

difference is the level of sophistication. They have minimum size and weight, 

long-lifetime power supply, micropackaging, and new and better transduc-

ers (sensor and actuator – the large scale stimulator electrode array) inte-

grated with signal processing circuits. As electronic and VLSI technologies 

progress, the major challenges remaining are the chronic power supply and 

the packaging. 

  12.5.1     Long-term power supply 

 The challenge is to combine a small battery with low internal resistance/

impedance for fast recharge and large output transient currents. The super-

capacitors and the long-lifetime rechargeable lithium thin fi lm battery devel-

oped recently may partially satisfy the present needs for energy storage. The 

high effi ciency wireless charging techniques are challenges. How to trans-

fer microwatts to milliwatts of power though a wireless link to mm-sized 
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receiving coils or plates in the body over a distance of 10–20 cm with reason-

able effi ciency (0.01–1%)  safely  is a great challenge. Wireless charging can 

be accomplished by RF magnetic radiation fi eld, ultrasound, infrared light, 

and low frequency magnetic fi eld, as well as by body energy harvesting. The 

implantable body energy harvesting and distribution of harvested energy 

throughout the body are interesting fi elds of research and challenge. The 

safe long-term nuclear power source also would be of interest to explore 

(Ko and Hynecek, 1974).  

  12.5.2      Micropackage of MEMS/NEMS implantable 
systems 

 The function of packaging implantable systems is to protect both the host 

body and the implant device from harm throughout the system’s planted life 

time. In order to protect the host body: (i) the implant unit should not have 

any toxic material and should be sterile; (ii) the structure and the surface 

of the implant should be biocompatible, so that the implant will not irritate 

surrounding tissues and the body after the wound is healed; (iii) the implant 

surface temperature should be close to the tissue temperature (<2 ° C diffe-

rence); (iv) the specifi c gravity of the implant should be close to that of the 

surrounding tissue, so that when the body moves there will be no abnormal 

stress applied to the tissues (Ko and Spear, 1983); and (v) there should be 

means to stabilize the implant’s position in the body. A good package should 

have thin fl exible layer of tissue layer grown over the implant over the life-

time. Good packaging should prevent the rejection of chronic implant units 

(Ko, 1995). 

 In order to protect the implant device the package should: (i) protect the 

implant from water vapour and ionic chemicals that cause current leakages, 

and low resistance paths between leads leading to the degradation of the 

operation of the implant system; (ii) protect the implant from mechanical 

damage during the implant operation and in the body, and (iii) ensure the 

proper functioning of the implant over the desired lifetime. 

 Conventional hermetic packages use hermetically sealed boxes made of 

non-toxic metal, ceramic and glass with biocompatible outer coating. They 

can have very long life times, but generally are large, heavy, and costly to 

make, and have a large amount of wasted space in the box. Presently, the 

volume and weight of hermetic packages are much larger than the unpack-

aged MEMS implantable systems with MEMS sensors/actuators and ASIC 

(Nichols, 1994). Furthermore, the sensors that need to communicate with body 

environment cannot be boxed. The feed-through and the interconnecting 

lead are not reliable. New micropackage technology needs to be developed 
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for the micro-implant systems. The package technology has been intensively 

studied recently (Wong, 1998; Lachhman  et al ., 2011, 2012). Non-hermetic 

packages using polymeric materials, such as epoxy, silicone, parylene and 

ceramic thin fi lms as coating materials, are interesting. Research on non-

hermetic packaging of MEMS implant systems with implant lifetimes from 

several months to several years is being actively studied. When properly 

developed, the package could be made with low volume and weight and 

could be made quickly at low cost, but the life time is expected to be shorter, 

ranging from several months (Bu  et al ., 2009), up to 2–5 years (Lachhman 

 et al ., 2011, 2012). However, the theory and technology need to be devel-

oped, and practical tools and processes with proven reliability need to be 

demonstrated, before they can be used for implantable systems. The devel-

opment of micropackage technology to have package volume and weight 

much less than the unpackaged device and have an implant life time up to 

10–20 years is challenging.  

  12.5.3      Microwatt and nanowatt electronic circuits and 
transducers 

 Although MEMS/NEMS transducers and integrated circuit technologies 

have reduced the size and power consumption of sensory and electronic sys-

tems by orders of magnitude since 1990, the integration of transducer and 

integrated circuits (IC) to further reduce the size, weight and power con-

sumption of implant systems are real challenges now. The power consump-

tion per telemetry channel for 1 kHz bandwidth is about 1–5 microwatts for 

the advanced implantable systems at present (Narasimhan  et al ., 2011). If 

the MEMS/NEMS technology could be developed to reduce the per telem-

etry channel power by two orders of magnitude, to the 10 nanowatt level, 

and to use electronic devices that require supply voltage in the range of 

0.2–1.0 V, then the energy storage component and the implantable systems 

package could have their volume reduced from larger than 1000 mm 3  now, 

to 10 mm 3 . Many future applications of injected implant systems on or in 

body organs would then be possible.   

  12.6     Conclusion and future trends 

 From 1960 to 2010, implantable electronics systems have made tremendous 

progress, thanks to the relentless miniaturization of transducers and elec-

tronics. The pioneering techniques of short-range MEMS wireless remote 

monitoring and control have propagated from biomedical research and 

aerospace applications to clinical health care, industrial, environmental, 

and social communication fi elds. Short-range RF links (powering and signal 
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transmission) are everywhere in our daily life now. Implanted or indwelling 

microsystems will continue to advance to meet human desires and health-

care needs. Based on our experience and understanding of the challenges 

in implantable systems for biomedical research and health care, we suggest 

that the trends of implantable, indwelling and attachable systems for bio-

medical applications may include the following:

   Nanoscale transducers and electronics that can further miniaturize • 

the system volume and weight, and enable minimally invasive, higher-

performance implantable systems, for research on organs, tissues, and 

cells.  

  Individualized medical health care – where normal baseline health infor-• 

mation can be recorded and monitored through RF links to healthcare 

institutions while the person assumes normal activities at home or in 

the offi ce. Deviations from the individualized norm would initiate pre-

ventive actions to avoid serious medical problems from developing. The 

system needs to be reliable, easy and comfortable to use, and available 

at low cost.  

  Home and on line (mobile) monitor and treatment system – when trend • 

A and B are accomplished, the personalized monitoring and warning sys-

tem can be extended to mobile locations, such as during travel or away 

from the offi ce. Medical information collection and remotely controlled 

treatment can be accomplished through cell phone or other mobile com-

munication systems.  

  On-organ monitoring and therapeutic devices – when the implant-• 

able device is small and reliable, on-organ monitoring and therapeutic 

devices would be developed, such as a cardiac pacemaker and defi brilla-

tor on the heart, and powered by the energy harvested from the heart’s 

motion (Feng and Ko, 2010; Zhang  et al ., 2011). Similarly, on the liver, 

on the kidney, on the bladder, on the brain, and other on-organ function 

monitoring and therapeutic devices would be developed by implant sys-

tem engineers teaming up with  biomedical  healthcare researchers.  

  Larger scale multiple-channel (1000 and up) brain–machine intercon-• 

nected network for biology and physiology research, medical diagnosis, 

prosthesis and treatment of body malfunctions would be developed.  

  Artifi cial organs. such as: artifi cial heart, lung, kidney, liver, pancreas and • 

others would be developed by multidisciplinary teams including engi-

neers, biomedical, and clinical researchers.  

  Large scale multichannel monitoring and control systems as well as • 

brain–computer interfaced RF MEMS networks for biomedical as well 

as for engineering, industrial, social, environmental, and energy opera-

tion and research would be studied.     
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 Wireless considerations in ocular implants 

based on microsystems   
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   DOI : 10.1533/9780857098610.2.424 

  Abstract : Artifi cial ocular implants have provided effective diagnostic 
and therapeutic techniques to individuals suffering from neural diseases 
and injuries of optic nerve and peripheral retinal neurons. Advanced 
developments in radio-frequency (RF) microelectromechanical systems 
(MEMS) technology have been widely employed in ocular implants to 
enable wireless power and data transmission between implanted devices 
and external units for chronic implants. This chapter provides an insightful 
overview to state-of-the-art developments and applications of wireless 
microsystems in ocular implants, with emphasis on wireless microsensors 
for glaucoma management and artifi cial retinal prostheses for vision 
restoration in age-related macular degeneration (AMD) and retinitis 
pigmentosa (RP) diseases. 

  Key words : wireless telemetry, RF MEMS, ocular implant, glaucoma, age-
related macular degeneration, retinitis pigmentosa, intraocular pressure 
sensors, subretinal prosthesis, epiretinal prosthesis. 

  Note : This chapter is a revised and updated version of ‘MEMS as ocular 
implants’ by W. Li from the book  MEMS for biomedical applications  
edited by S. Bhansali and A. Vasudev, Woodhead Publishing Limited, 
2012, ISBN: 978-0-85709-129-1.  

   13.1     Introduction 

 Microelectromechanical systems (MEMS), also called micromachines (in 

Japan) or microsystems technology (MST) (in Europe), are microfabri-

cated systems comprising both electrical and mechanical components. 

Typical dimensions of such systems range from hundreds of nanometers 

to millimeters. Over the past few decades, much attention has been drawn 

to the application of MEMS devices as biomedical implants. In addition to 

device development, advanced processing technologies and materials are 

continually evolving, driven by the demand for making biomedical devices 

that are less expensive and invasive, more biocompatible, and long-term 

reliable. 
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 Among various implantable devices and systems, artifi cial ocular implants, 

which aim at rapid, effective, low-cost diagnosis and treatment of incurable 

eye diseases, have been developed by many research groups worldwide and 

are beginning to enter into clinical practice. Despite signifi cant research 

developments and encouraging clinical results, one of the main challenges 

behind artifi cial ocular implants is power and data transmission between 

an implanted device and components outside of the eye in chronic implant. 

Conventional implantable systems involve either batteries placed inside the 

body or wires penetrating through skins and tissues, which are not suitable 

for long-term implantation for several reasons. Batteries often have a short 

lifetime of less than 10 years and require surgical procedures for replace-

ment. In addition, physical connections by wires can result in ocular infection 

and infl ammation at the location of implantation. Finally, hermetic sealing of 

batteries or wires in the sensitive eye environment remains a challenge. 

 Alternative power sources such as visible light, infrared, piezoelectric, or 

thermal sources have been investigated. However, they either have limited 

transfer effi ciency or heavily depend on environmental conditions (light 

intensity, temperatures, etc.). Therefore, wireless power and data telem-

etry emerges as a critical enabling technology for advanced ocular implant 

applications. In particular, inductive coupling is considered as the most 

commonly used technique because of its many favorable properties such 

as miniaturized size, relatively high energy coupling effi ciency, and low cost. 

Inductive coupling transfers electrical energy and signal using inductively 

coupled coils (or inductors) through near-fi eld electromagnetic radiation. 

It has been employed in many ocular microsystems for sensing, diagnosis, 

and treatment. In this chapter, of particular interest is the management and 

therapy of chronic eye diseases including glaucoma, age-related macular 

degeneration (AMD), and retinitis pigmentosa (RP). 

 Here is a map of this chapter. First, the challenges of wireless ocular 

implants including device, system, and material constraints are outlined in 

Section 13.2. Then Section 13.3 discusses the design considerations of ocular 

microsystems from the perspectives of MEMS coils and inductive telemetric 

links. Next, a variety of wireless microsystems for applications in glaucoma 

management and AMD and RP therapy are reviewed and their important 

characteristics are highlighted in Section 13.4. Finally, the challenges and 

future research directions of these wireless ocular microsystems are envi-

sioned in Section 13.5.  

  13.2     Challenges of wireless ocular implants 

 The human eye has limited volume (<1 cm 3 ) and is a corrosive environment 

for electronics. These factors impose multiple constraints on the hardware 

implementation of wireless ocular implants, pertaining to device size, power, 
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and bandwidth of telemetric link, communication range, and biocompatibil-

ity. The following sections will discuss several main challenges from device 

design, system specifi cations, and material biocompatibility perspectives. 

  13.2.1     Device constraints 

 Typically an inductive link is formed by a pair of loosely coupled coils 

placed in a coaxial arrangement. In ocular implants, the coupling effi -

ciency is greatly hindered by the presence of air, skin, tissue, and eye fl uid 

between the two coils. In order to enhance the coupling effi ciency, a second-

ary or implanted coil with high inductance and quality factor is required. 

However, intraocular coils usually suffer from low self-inductances and 

inevitable parasitic effects, namely parasitic resistances and capacitances, 

due to their small physical dimensions. Coupling strength of the inductive 

link is also affected by coil placement including coaxial alignment, angular 

alignment, and separation. Furthermore, inductive coupling in biomedical 

implants often occurs at a low frequency, which limits the quality factor of 

the implanted device. Therefore, it is critical to understand the functional 

properties of the intraocular coil with respect to its geometric design as well 

as the relationship between coil dimension and the transfer effi ciency of the 

system, the essential elements of which will be covered in Section 13.3.1.       

  13.2.2     System constraints 

 It is important to consider the operating frequency and associated health 

risks when designing wireless telemetric links for biomedical applica-

tions. The most commonly used frequency band is 402–405 MHz Medical 

Implant Communication Service (MICS) band, regulated by the U.S. Federal 

Communication Commission (FCC) and the European Radiocommunications 

Committee (ERC). A comprehensive review of the regulatory standards for 

implantable medical devices can be found in Savci  et al . (2005). 

 For power transfer via inductive telemetry in the vulnerable areas such as 

the eyes, the resulting RF heating of the tissue is a primary safety concern 

because of the relative lack of available blood fl ow to dissipate the excessive 

heat load. It is reported that microwave radiation at frequencies above 800 

MHz can cause injury to the eye (Kachanov, 1986). In general, tempera-

ture increases in the eye must be kept to less than 3 ° C to avoid tissue dam-

age and microwave-induced cataract formation (Hirata  et al ., 2000). Safety 

levels of human exposure to RF electromagnetic fi elds for frequencies 

between 3 kHz and 300 GHz are recommended by IEEE Standard C95.1-

2005, in terms of the maximum permission exposures (MPEs) and the spe-

cifi c absorption rate (SAR) (2006). In particular, SAR is the quantity used 
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to measure how much energy is actually absorbed in the human body under 

electromagnetic exposure. It is defi ned as the power absorbed per mass of 

the tissue and can be expressed as SAR = σ ρE2 /    , where   σ   is the electrical 

conductivity of the tissue (in S/m),  E  is the root-mean-square (RMS) elec-

tric fi eld strength in the tissue (in V/m), and   ρ   is the density of the tissue 

(in kg/m 3 ) (Bashirullah, 2010). In the case of whole-body exposure, a maxi-

mum SAR can be detected when RF radiation is in the range of about 80 

and 100 MHz. Therefore, a whole-body average SAR of 0.4 W/kg has been 

set as the restriction at these frequencies, which is within the acceptable 

tolerance range for biological tissue (1998).  

  13.2.3     Material biocompatibility constraints 

 Careful selection of materials is critical for making biomedical devices that 

are intended for chronic implantation. For intraocular implants, complete 

hermeticity and superior biocompatibility are needed to preserve patient 

safety and prevent rejection of the implant, while maintaining normal func-

tionality of devices. Presently, gold is considered as the most favorable con-

ductive material for making implantable coils because its relatively high 

conductivity yields low parasitic resistance for the implantable coil. In addi-

tion, gold is highly resistant to chemical corrosion, which prolongs the life-

time of the coil in long-term implantation. 

 Several factors must be considered when selecting insulation materials 

for wireless implants, including:

   High permittivity and low loss-tangent values of materials in order to • 

confi ne the near-fi eld electromagnetic coupling inside a low-loss encap-

sulation layer for mitigating power loss.  

  Hermetic insulation layer to avoid the permeation of the eye fl uid and • 

protect electrical components from corrosive environment.  

  Biocompatibility and mechanical compatibility to allow intimate con-• 

tact between implantable devices and biological environment, while 

minimizing physical damage to the tissue.  

  Small encapsulation in order to fi t in the limited space inside the eye.    • 

 Commonly used packaging approaches based on hard materials (e.g., tita-

nium, glass, and ceramic) provide hermetic sealing of implants. However, 

they are usually too bulky and require a larger implant space. Other com-

plications, such as surgical diffi culty and high-cost manufacturing, are also 

challenges. As another promising approach, polymer-based packaging pro-

vides many advantages over conventional hard material packaging, such 

as mechanical fl exibility, biocompatibility, low-profi le encapsulation, and 

low cost. For example, poly(dimethylsiloxane) (PDMS) has been widely 
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used in the fabrication of biomedical devices because of its biocompat-

ibility approved by the Food and Drug Administration (FDA) and low 

manufacturing cost. PDMS-based epiretinal electrode arrays have been 

reported by Humayun  et al . (2009) and Majji  et al . (1999). Upon implanta-

tion, no retinal detachment, infection, or uncontrolled intraocular bleed-

ing occurred. PDMS did not undergo fi brous encapsulation, discoloration, 

or structural changes. However, the fabrication of PDMS relies on soft-

lithography, which is not compatible with conventional microfabrica-

tion techniques. PDMS also has a low Young’s module, which makes it 

very fl oppy and diffi cult to handle during surgical operation. Polyimide is 

another commonly used polymeric material in intraocular implants, but it 

provides neither the required hermeticity nor satisfactory biocompatibil-

ity. It has been reported that polyimide can cause retinal disorganization, 

retinal pigment endothelium disruption, glial tissue adhesion, and pigment 

migration in the retina (Montezuma  et al ., 2006). 

 Several research groups (Li  et al ., 2010a; Meng and Gutierrez, 2009; Rodger 

 et al ., 2008) have proposed to use parylene C as the structural and packaging 

material, because of its many unique properties, such as fl exibility (Young’s 

modulus ~4 GPa), chemical inertness, United States Pharmacopoeia 

(USP) Class VI biocompatibility, and lower water permeability compared 

with other commonly used polymers (e.g., PDMS and polyimide) (Licari 

and Hughes, 1990).  In vivo  intraocular implantation in two rabbits for six 

months was performed, during which parylene C did not generate detect-

able immune response affecting their retinas (Li  et al ., 2006). Long-term 

stability of parylene packages has also been studied and preliminary results 

have suggested that the lifetime of parylene-coated metal at body tempera-

ture (37 ° C) could be more than 60 years (Li  et al ., 2010a). 

 Besides the abovementioned methods, other polymer-based packag-

ing efforts include poly(ethylene glycol)-based hydrogels, fi brin, and 

poly(ethylene glycol) block copolymers (Scholz, 2007). Despite the signifi -

cant development of polymer packaging approaches, polymers typically do 

not provide complete hermeticity, and thus additional hermetic coatings are 

necessary. Several candidates include amorphous aluminum oxide (Henry 

 et al ., 1999; Yamada-Takamura  et al ., 2002) and diamond-like carbon (Fedel 

 et al ., 2009; Roy and Lee, 2007; Sweitzer  et al ., 2006). Detailed reviews of 

material aspects for biomedical implants can be found in Ghodssi  et al . 
(2011) and Scholz (2007).   

  13.3     Considerations of ocular microsystems 

 Owing to the abovementioned challenges of the wireless ocular implants, 

specifi c consideration should be given to the design and fabrication of RF 

microcoils and telemetric links, as discussed in the following section. 
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  13.3.1     RF MEMS coil design and microfabrication 

 One of the key and critical components in the inductive link is the implanted 

coil, which enables bidirectional communication with the external control 

and data acquisition units (Fig. 13.1). During the operation, a portion of 

alternating electromagnetic fl ux, generated from the primary or the external 

coil ( L  1 ), is coupled to the secondary or the implanted coil ( L  2 ). The change 

of fl ux linkage results in a voltage across the secondary coil, which is propor-

tional to the rate of change of the electromagnetic fl ux and the turn number 

of the secondary coil. According to Faraday’s law, this induced voltage ( V   2  ) 

can be expressed as V t2VV = ∂n ∂ψ m , where  n  is the number of turns and   ψ   m  

is the magnetic fl ux linkage.      

 For the design of the intraocular receiver coil, the competing require-

ments include small physical geometry, high coupling effi ciency, biocom-

patibility, and long-term mechanical stability. In order to achieve the 

maximum coupling strength of the inductive link, the intraocular coil is 

usually implanted in the anterior chamber of the eyes so as to reduce the 

distance between two coils. Early developed systems mainly use thick and 

stiff hand-wound coils as the receiver coils, which can cause notable deg-

radation in the implant region. Compared with conventional hand-wound 

coils, microfabricated coils have miniaturized dimensions more suitable 

for implantation in the limited space of the anterior chamber. Modern 

microfabrication technologies are well-established, which enables mass 

production, high yield, and low cost of the microcoils. Despite their many 

advantages, microcoils have inherent parasitic effects (e.g., parasitic resis-

tance and capacitance), which lead to a low quality factor and coupling 

effi ciency. To better understand the electrical properties and parasitic 

effects in the microcoil, several analytical models are studied, where the 

coil’s self-inductance, effective series resistance (ESR), and parasitic 

capacitance can be modeled with respect to the geometric parameters of 

the coil. 

AC

R1 R2

L1 L2

13.1      Concept of inductive coupling through alternating 

electromagnetic fi eld.  
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  Self-inductance 

 The self-inductance ( L  s ) of a planar circular coil can be expressed as (Islam, 

2011; Lee, 1998):  
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 where   μ   0  is permeability of free space, d (in cm) is the mean diameter of 

the coil, n is the total number of turns,  c   n   is function of geometry given in 

Islam (2011), and   ρ   is the fi lling factor defi ned as ρ = ( )/( ).− d d+outd in  

In the case where polygon is used as an approximation, the inductance can 

be calculated as:  
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 where  A  out  is the area computed with the outer dimensions and  N  is the 

number of sides of the polygon.  

  Effective series resistance 

 ESR ( R  s ) is commonly used to estimate resistive loss of a microcoil, which 

plays an important role in designing a power effi cient inductive link. The 

ESR can be divided into two parts: DC resistance and frequency-dependent 

resistance. Generally the DC resistance can be calculated using Ohm’s law 

as given in (3),  

    R
L
A

= ρ ,     [13.3]   

 where   ρ   is the resistivity (in  Ω ∙  m),  L  is the total length of conductive wire 

(in m), and  A  is the cross-section area of the wire (in m 2 ). The frequency-

dependent component is attributed to the skin effect and the proximity 

effect, which can change the current distribution and increase the AC resis-

tance of the conductor. In particular, the skin effect can be evaluated using 

a frequency-dependent factor, the so-called skip depth   δ  , as given by:  

    δ ρ
ωμ

=
2

,     [13.4]   

 where   ρ   is the electrical resistivity of the conductor (in  Ω∙ m),   ω   is the angu-

lar frequency (in rad/s), and   μ   is the permeability of metal (in H/m). The 

proximity effect is caused by a time-varying magnetic fi eld induced by an 

AC current fl owing through a conductor. This alternating magnetic fi eld can 
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further induce eddy currents in adjacent conductors, resulting in the change 

of current distribution in those conductors. Mathematical approaches to 

model the proximity effect have been reported in several papers (Ferreira, 

1994; Huan-Shang  et al ., 1997; Huo  et al ., 2006; Xi and Sullivan, 2003).  

  Parasitic capacitance 

 Parasitic capacitance ( C  s ) limits the self-resonant frequency of the coil, above 

which the coil will not behave as an inductor any more. In a fi rst-order approx-

imation, the parasitic capacitance of a planar coil usually has two major com-

ponents: the capacitance between turns and the capacitance between layers. 

A distributed model has been developed to estimate the equivalent parasitic 

capacitance, as discussed elsewhere (Wu, 2003; Zolfaghari  et al ., 2001). In 

this approach, a planar coil is decomposed into equal sections by assuming 

consistent thickness and width of conductive traces everywhere. The voltage 

profi le is obtained by averaging the beginning and ending potential across 

the coil structure. With known voltage variations between the correlated sec-

tions of adjacent turns and layers, the total capacitive energy stored in the coil 

structure can be calculated from the distributed capacitance of each segment, 

which can be derived using the ideal double plate capacitor formula. 

 Equations [13.5], [13.6], and [13.7] show the analytical formulas for cal-

culating parasitic capacitance, where  C   ii   (in F) denotes the capacitance per 

unit length between adjacent metal turns,  C   m ,  m −1  (in F) is the capacitance per 

unit area between the  m -th and (m − 1)-th metal layer,  A   k   (in m 2 ) is the trace 

occupied area of the  k -th turn on each layer, and  d ( k ) =  h  1 +  h  2 +…+  h   k  , in 

which  h   k   is defi ned as the ratio of the wire length of the  k -th turn ( l   k  ) to the 

total wire length ( l  tot ). This simplifi ed model neglects the second order para-

sitic capacitances between non-adjacent turns and layers, which are much 

less than the fi rst-order capacitances.  
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    C C Ceq total eC q turns eq layers−total eq −+CeC q turns     [13.7]    

  Quality factor 

 Quality factor ( Q  factor) is an important metric for evaluating the effi ciency 

of the microcoil, which is theoretically defi ned as the ratio of total stored 
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energy to dissipated energy per cycle in a resonating system. With known  L  s , 

 R  s , and  C  s , the  Q  factor of the coil can be derived from Q L R L C RL RLs sR s sC s , 

where the resonant angular frequency   ω   can be expressed as 

 ω = − ≈
1 1

s s

s
2

s
2

s sL Cs L Ls
2 C

    when R
L
Cs

s

s

�    . 

 For an intraocular coil, the  Q  factor must be enhanced in order to mini-

mize the power loss in the device as well as to maximize the transfer effi -

ciency of power telemetric link. The enhancement of the  Q  factor can be 

achieved by increasing the number of turns ( n ) and the thickness of the 

conductive layer. Considerable research efforts have been directed to maxi-

mize the coupling effi ciency of the three-dimensional (3-D) coils (Fig. 13.2). 

For example, electroplating is often used to create a thick conductive layer, 

which can effectively reduce the parasitic resistance (Mokwa  et al ., 2008). A 

multilayer polymer–metal thin-fi lm technique has also been developed in 

order to increase the number of turns, while maintaining the device fl exibil-

ity. Based on this technique, a variety of fl exible polymer-based intraocular 

MEMS coils have been built (Li  et al ., 2005, 2006). To minimize the fabrica-

tion complication, Li  et al . proposed a fold-and-bond 3-D coil confi guration, 

which signifi cantly improves the quality factor of microcoils by increasing 

the number of stacked layers (Chen  et al ., 2008a). Recently, a microfabri-

cated foil coil with a 17-strand planar Litz design was invented in order to 

reduce the AC parasitic resistance at high frequencies (Zhao  et al ., 2012). 

Future research aims to optimize the design and fabrication of the microcoil 

and maximize the effi ciency of inductive coupling.        

  13.3.2      Wireless telemetry link for power and data 
transmission 

 Inductive coupling is an established fi eld and extensive research has been 

performed to analyze and optimize the operation of inductive links for bio-

medical applications (Kendir  et al ., 2005a; Kim and Wise, 1996; Hamici  et al ., 

 13.2      (Left) An electroplated microcoil developed by EPI-RET. (Image 

reprinted from Mokwa  et al . (2008) with permission of IEEE). (Right) 

A fl exible parylene-based microcoil developed by Li  et al . (2005).  
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1996; Ziaie  et al ., 1997). Typically, an inductive link for biomedical applica-

tions involves both power and data telemetries to transfer electrical power 

from an external unit to an internal unit and exchange data between the 

external and internal units. 

  Power telemetry 

 Power telemetry through two coaxially aligned coils is a commonly used con-

fi guration for biomedical implantation. A basic inductive power link can be 

modeled using a nonlinear circuit, as depicted in Fig. 13.3. In this model, the 

load of the implanted electronics to which power is delivered is represented 

by  R  L . The rectifi er is modeled with a diode ( D  1 ) and a capacitor ( C  L ). The 

lossy transmitter coil is modeled with an ideal inductance ( L  1 ) and an ESR 

( R  1 ). Similarly, the receiver coil is modeled with  L  2  and  R  2 . The parasitic 

capacitors of the coils and the tuning capacitors are combined together as  C  1  

and  C  2 . To maximize coupling effi ciency, the primary and secondary stages 

are both tuned to the same resonant frequency ω = 11 1= 21 1= 2C L C21    .      

 However, analysis of this model is not trivial due to the nonlinearity of 

the rectifi er. To reduce the complication, this nonlinear circuit can be con-

verted into a linear circuit by transferring the DC load into an AC equiva-

lent load (Fig. 13.4), following the approach in Ko  et al . (1977b). In this case, 

Power
amplifier

Inductive link Rectifier

C1 R1

L1 L2

R2

C2

D1

CL RL

13.3      System overview of an inductive power link for biomedical 

applications. The secondary stage is modeled as a nonlinear circuit.  

Power
amplifier C1 R1

R0Vin
L1

M

L2

I1 I2

R2

V2

C2

13.4      The secondary stage is simplifi ed with an approximated linear 

model.  
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the AC linear load can be calculated as R L R0 1 2C R( ) ωω CC R )2
2
2

L
2

2
2LL L2    , 

to maintain a power dissipation equivalent to the DC power. The mutual 

inductance is associated with  L  1  and  L  2  by coupling coeffi cient and defi ned 

as M k L L1 2L    . The coupling coeffi cient, denoted by k, is a function of coil 

geometry and alignment, and can be obtained from Ko  et al . (1977b).      

 Based on the equivalent linear circuit, the overall voltage gain of the 

inductive link can be calculated by keeping the same power consumption 

between the AC load and DC load, as given by:  
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 The total power-transfer effi ciency of the inductive link, defi ned as the ratio 

between the power delivered to the load and the output power from the 

power amplifi er, is expressed as:  
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 The power lost in the receiver coil is determined by the ratio of PR1PP     over  P  in :  
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 From the theoretical analysis, it can be seen that the performance of the 

power telemetry link is affected by several factors. First, the voltage gain 

and the power-transfer effi ciency are functions of the self- and the mutual-

inductances of the receiver and transmitter coils, which are dependent 

on the sizes and the number of turns of the coils (Heetderks, 1988). For 

implantable systems, the limits on the size of the receiver coil are usually 

more stringent than those of the transmitter coil. Second, the alignment and 

spacing between coils can signifi cantly affect the coupling coeffi cient. Two 

typical types of misalignment, including lateral misalignment and angular 

misalignment, can signifi cantly reduce the coupling effi ciency (Soma  et al ., 
1987). It is also reported that, when the receiver coil is placed within the 

circumference of the transmitter coil, the coupling is comparable or even 

better than that with an exact coaxial alignment (Heetderks, 1988). Third, 

reasonably high  Q  factors are desired in order to achieve satisfactory power 

transfer (Ko  et al ., 1977a; Vandevoorde and Puers, 2001). The output volt-

age becomes sensitive to load change if the  Q  factor is low. Therefore, the 

frequency of operation should be carefully designed in order to enhance the 

 Q  factor, while maintaining the tissue absorption of electromagnetic energy 

within an acceptable safe range. Finally, low-loss switching amplifi ers are 
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desired to drive the transmitter coil. The drive transistor should consume 

minimum power in order to achieve a power effi cient system. Most com-

monly used circuit topologies reported are class-C (Ko  et al ., 1977a; Van 

Schuylenbergh and Puers, 1996b), class-E (Guoxing  et al ., 2005; Kendir  et al ., 
2005b; Piedade  et al ., 2005; Puers  et al ., 2000a; Sokal and Sokal, 1975, Sauer 

 et al ., 2005), class-D (Donaldson and Perkins, 1983; Galbraith  et al ., 1987), 

and class-C–E (Vandevoorde and Puers, 2001).  

  Data telemetry 

 Wireless transmission of data is critical for real-time monitoring and diagno-

sis. Closed-loop data telemetry involves data transmission from transmitter 

to power receiver (forward telemetry) and data transmission from receiver 

to transmitter (backward telemetry). For an inductively powered system, 

the wireless transmission of the data signal can be conducted through either 

the power link coils or a separate pair of coils. Several modulation schemes, 

such as amplitude-shift keying (ASK), frequency-shift keying (FSK), or 

load-shift keying (LSK), have been explored to achieve high energy effi -

ciency, by taking the benefi ts of low data rate and short distance communi-

cation associated with biomedical telemetry (Ghovanloo and Najafi , 2004; 

Sacristan-Riquelme  et al ., 2008; Tang  et al ., 1995). 

 Date telemetry for biomedical applications should not interfere with 

existing communication systems. Therefore, medical devices tend to use 

industrial, scientifi c, and medical (ISM) frequency bands with low data 

rate operation. For example, pacemakers, cardiac defi brillators and ana-

log cochlear processors typically use data bandwidths of around 8 kbps 

(Sarpeshkar  et al ., 2005; Wise  et al ., 2004; Wong  et al ., 2004); neural recording 

often uses 800 kbps (Wise  et al ., 2004); and retinal stimulators use 40 kbps 

data rate (Weiland  et al ., 2005).    

  13.4     Applications of wireless microsystems 
in ocular implants 

 This section discusses representative applications of wireless microsystems 

in intraocular implants, including intraocular pressure (IOP) monitoring 

devices and wireless retinal prosthetic systems.      

  13.4.1      Wireless intraocular pressure sensors 
for glaucoma management 

  Overview of glaucoma disease 

 Glaucoma is a group of debilitating eye diseases, and the second leading 

cause of blindness in the world after cataracts. Worldwide, it is estimated 
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that approximately 66.8 million people have developed visual impairment 

from glaucoma, with nearly 6.7 million suffering from bilateral blindness 

(American Health Assistance Foundation (2011a)). It is predicted that the 

number of glaucoma patients will increase to 79.6 million by 2020 (Quigley 

and Broman, 2006). Pathological studies reveal that visual impairment and 

blindness in glaucomatous eyes can be attributed to optic nerve damage, 

which is characterized by the progression of optic disc cupping (Chauhan 

 et al ., 2001). The initial site of injury is the optic nerve head, where retinal 

ganglion cell axons exit the eye and form the optic nerve. A focal point of 

axon injury then travels along the optic nerve in both directions, resulting 

in retrograde degeneration of ganglion cells within the retina and antero-

grade degeneration of their target neurons in the visual thalamus (Weber 

 et al ., 2008). 

 In many glaucomatous cases, abnormal elevation and fl uctuation of IOP 

are considered as the major risk factors for structural changes in the eye, 

optical nerve damage, and a progressive loss of vision. In the normal eye, 

a positive pressure (about 10–15 mmHg), the so-called IOP, is created and 

maintained by continuous aqueous humor fl ow. Aqueous humor is pro-

duced from the ciliary body, then fl ows into anterior chamber though the 

pupil, and fi nally drains from the eye through a drainage pathway presented 

by trabecular meshwork and Schlemm’s canal between the cornea and iris 

(Ethier  et al ., 2004). Among different types of glaucoma diseases, primary 

open-angle glaucoma is known to be the most common and the most refer-

enced type. In such cases, while the production of aqueous humor remains 

unaffected, the drainage pathway is often blocked, leading to ocular fl uid 

buildup and elevated IOP ( ≥ 22 mmHg). Elevated IOP can then result in 

shearing and compressive forces that damage the nerve fi bers by affecting 

the vasculature that sustains them. Other types of glaucoma, such as angle-

closure, low-tension (normal-tension, where no abnormal IOP elevation 

occurs), congenital, and secondary glaucoma, are not always associated with 

IOP elevation, but they are not as common as the open-angle form. 

 Glaucoma diseases often have no pain or signifi cant symptoms until the 

irreversible and incurable optical nerve damage occurs. Therefore, accurate 

real-time IOP monitoring and prompt treatments at the early stages of glau-

coma development are critical for successful glaucoma management. At 

present, tonometry is still the gold standard for clinical IOP measurement, 

in which the IOP is calculated by measuring an external counter force/pres-

sure that balances the internal pressure of the cornea over a pre-determined 

area. Goldmann applanation tonometry (GAT), dynamic contour tonom-

eter, and pneumotonometry are a few examples based on this technique 

(Debry  et al ., 2003; Ducrey  et al ., 1975; Moses, 1958). Although tonometry 

provides a simple and non-invasive solution for monitoring IOP, the achiev-

able accuracy of the measurement strongly depends on many factors, such 
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as corneal thickness, corneal curvature, and ocular mechanical rigidity 

(Chihara, 2008; Elsheikh  et al ., 2011; Francis  et al ., 2007; Tonnu  et al ., 2005). 

In addition, measurement procedures usually require operation from spe-

cialists and cooperation from patients, which are not suitable for continuous 

monitoring of pressure fl uctuations. A direct, convenient, real-time, and reli-

able sensing technology is necessary for prompt diagnosis and monitoring 

of the IOP in glaucoma. 

 MEMS-based IOP sensing devices have received much attention in 

recent years, by leveraging advanced MEMS technology to realize minia-

turized, highly-sensitive, accurate systems for IOP measurement. A num-

ber of continuous IOP monitoring devices have been developed, which can 

be categorized into two types: wired sensors and wireless sensors. Typically, 

wired IOP sensors are designed based on a non-invasive pressure-sensing 

technique proposed by Gillman and Greene in 1974, which placed a soft 

contact lens with embedded strain gauge over cornea to monitor IOP by 

sensing the deformation of the meridional angle at the corneoscleral junc-

tion (Greene and Gilman, 1974). Gauge wires were connected to an exter-

nal Wheatstone bridge circuit through the temporal canthus. The pressure 

variation was recorded by balancing the bridge manually. Leonardi  et al . 
improved the device by integrating a soft contact lens with microfabricated 

platinum–titanium strain gauges (Leonardi  et al ., 2004). The gauges had a 

built-in Wheatstone bridge confi guration and were shaped to match the 

corneal curvature. The devices were tested in porcine eyes with a sensitiv-

ity of 8.36 V/mmHg. Initial clinical trials of such devices in patients with 

open-angle glaucoma recently have been reported, indicating adequate 

safety and functionality to monitor IOP fl uctuations over 24 h (Mansouri 

and Shaarawy, 2011). While the wired IOP sensors allow for non-invasive 

continuous IOP monitoring and eliminate potential surgeical complications, 

the accuracy of the pressure measurement is still affected by tissue-wall 

thickness, corneal rigidity, eye size, and other factors, such as eye movement 

and lid pressure. Unlike wired sensors, wireless IOP sensors permit fully 

intraocular implantation and thus minimize potential interference from cor-

nea and environment.  

  Wireless intraocular pressure sensors 

 Modern wireless IOP sensors can be classifi ed into two categories: passive 

sensors and active sensors, which will be discussed in the following sections. 

  Passive wireless IOP sensors : Passive telemetric sensing has been devel-

oped for decades as a viable method for continuous and accurate non-

contact IOP measurement. The system usually consists of a reader unit 

mounted on a pair of glasses and a sensing unit implanted in the eye, as 

illustrated in Fig. 13.5. The implanted sensing unit is designed in an inductor 
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(L)-capacitor (C) resonant confi guration, which uses a variable capacitor, 

or variable inductor, or both as pressure sensitivity elements. The resonant 

frequency of this LC tank ( f  s ) can be represented as:       

    f
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 When the device operates in sensing mode, the relative frequency variation 

of the LC circuit is directly related to the variations of inductance and/or 

capacitance that have resulted from IOP changes, as expressed:  
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 This frequency shift can be interrogated with the external reader coil by 

sweeping either impedance magnitude or phase in the frequency domain. 

 The earliest passive wireless sensor was reported by Collins in 1967 

(Collins, 1967). The device contained a gas bubble encapsulated in a glass 

cylindrical container ranging in size from 2 to 6 mm, with fl exible polyester 

diaphragms to seal the ends of the container. A pair of parallel, coaxial, spiral 

coils was attached to the inner surfaces of the diaphragms as an inductive 

link. As IOP rose, the distance between the diaphragms decreased, resulting 

in the increase of mutual inductance and fi nally the decrease of the resonant 

frequency. Based on this concept, Rosengren  et al . (1992, 1994) introduced 

silicon microfabrication technologies into the fabrication of a passive pres-

sure sensor for device miniaturization. In their approach, a micromachined 

thin membrane and a substrate acted as capacitor plates, which were bonded 

together using silicon fusion bonding. A hand-wound coil made of 6–12 turns 

of 50  μ m diameter gold wire was attached to the capacitor plates to form a res-

onant circuit. Silicone encapsulation with overall dimensions of 3  ×  3  ×  1 mm 3  

was used to ensure device biocompatiblity and ease of surgery. This sensor 

Extraocular readout unit
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instrument Zeq
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Extraocular RLC
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coupling

 13.5      Conceptual illustration of the passive wireless IOP sensor.  

�� �� �� �� �� ��



 Wireless considerations in ocular implants based on microsystems 439

© Woodhead Publishing Limited, 2013

was tested in both  in vitro  and  in vivo  (in the anterior chamber of a rabbit 

eye) experiments, showing an  in vitro  sensitivity of 4 mV/mmHg. 

 Recently, the rapid growth of MEMS technology has generated tremen-

dous opportunities for the development of IOP sensors. As one of the most 

signifi cant innovations, MEMS RF coils are adapted to replace bulky hand-

wound coils in order to facilitate monolithic integration and packaging 

of LC elements with a high degree of miniaturization. The fi rst reported 

MEMS coiled passive sensor involved a plannar coil patterned on capacitor 

electrodes (Van Schuylenbergh and Puers, 1996a). Further improvements 

include: the application of electroplating technique to achieve high  Q  factor 

of coils (Puers  et al ., 2000b); the introduction of a ferrite core to enhance 

telemetric coupling effeciency (Baldi  et al ., 2003); and the development of 

inovative integration/packaging techniques (e.g., glass–silicon bonding, fl ip-

chip interconnect, and surface macromachining) (Akar  et al ., 2001; Dehennis 

and Wise, 2002; Katuri  et al ., 2010). These devices, however, are all made of 

hard materials, such as glass or silicon. Material biocompatibility and long-

term reliability still remain as the main challenges. 

 As an alternative option, polymer-based MEMS techniques have become 

very attractive, because of their excellent biocompatibility and fl exibility 

compared to conventional semiconductor materials. Forseca  et al . (2006) 

reported two types of fl exible passive IOP sensor, in which microcoils were 

fabricated from laminated sheets of copper–clad liquid–crystal polymer 

(LCP) and polytetrafl uoroethylene (PTFE) and bonded with PTFE/ceramic 

capacitor chambers. The sensors had overall dimensions of ~11 mm in outer 

diameter and ~0.3 mm in total thickness. The device was very fl exible and 

could be rolled into a catheter with an internal dimater of less than 4 mm. 

The devices were tested in canine models for over 30 days with a total sen-

sitivity of 5.76 kHz/mmHg and a resonant frequency of 35.677 MHz respec-

tively, indicating the possibility for long-term implant. Similar devices have 

been monolithically microfabricated by utilizing parylene C (poly-chlorop-

xylylene) as a structural and packaging material to improve the hermetic-

ity of packaging, while maintaining device fl exibility and biocompatibility 

(Chen  et al ., 2008b, 2010). 

 Examples of several reported wireless passive IOP sensors are given in 

Fig. 13.6. Despite the numerous benefi ts of passive IOP sensors, they often 

suffer from low inductive coupling effi ciency due to the size constraints 

of microcoils (Katuri  et al ., 2008). Consequently, such passive sensors are 

limited in detectable distance, and require perfect alignment between the 

implant and the external data acquisition unit. In addtion, inevitable dielec-

tric losses in the eye fl uid can further impair coil coupling, resulting in mal-

function of passive devices in chronic applications.      

  Active wireless IOP sensors : As the implanted coil becomes smaller and 

smaller, active telemetry provides a suitable solution to transmitting power 
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and data effi ciently and effectively over a larger separation. Capacitive 

transducers are usually used in active devices as pressure-sensing elements 

to ensure low power consumption, low noise, high sensitivity, low tempera-

ture drift, and good long-term stability. In addition, active sensing systems 

often contain on-chip circuitry and memory for data analysis and storage 

and thus do not constantly require an external data acquisition unit. In con-

trast to passive sensing that has relatively fl exible design considerations, the 

telemetric link design of active sensing has critical concerns such as power/

data transmission, coil dimension, and signal-to-noise ratio. 

 There are many active IOP sensing devices in the research-and- development 

phase from several leading groups (Fig. 13.7). For example, Eggers  et al . 
(2000) reported a fl ip-chip mounted multichip module (MCM) with overall 

dimensions of 6.5 mm  ×  9 mm. The MCM consisted of a capacitive absolute 

pressure sensor for IOP monitoring, a readout circuitry for data conversion, 

a telemetric chip for data reduction, and a coil for data transmission. The sys-

tem operated at a resonant frequency of 125 Hz with a sampling rate of 30 

samples per second and a current consumption of less than 85  μ A at a supply 

(a) (b) (c) (d)

 13.6      Examples of several reported wireless passive IOP sensors 

(a) image reprinted from Collins (1967) with permission of IEEE, (b) 

image reprinted from Puers  et al . (2000b) with permission of IOP 

Publishing Ltd, (c) image reprinted from Dehennis and Wise (2002) 

with permission of IEEE, (d) image reprinted from Chen  et al . (2010) 

with permission of IEEE.  
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(a) (b) (c)

Read-out chip

Cap array MEMS sensor

ASIC Antenna

Sealed tadpole

Coil SMD capacitor

 13.7      Examples  of several reported wireless active IOP sensors: 

(a) image reprinted from Chen  et al . (2011) with permission of IEEE, 

(b) image reprinted from Eggers  et al . (2000) with permission of IEEE, 

(c) image reprinted from Chow  et al . (2010) with permission of IEEE. 

The inset fi gure in panel (a) represents the location of the implanted 

device in the eye.  
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voltage of 3.5 V. Later on, Stangel  et al . (2001) made signifi cant improvements 

by integrating a micromechanical pressure-sensor array, a temperature sen-

sor, readout and calibration electronics, a  μ C-based digital control unit, and 

an RF transponder on a single complementary metal oxide semiconductor 

(CMOS) chip. Pressure independent reference capacitors were incorporated 

to reduce possible parasitic effects. The sensing unit was mounted to an artifi -

cial intraocular lens with a diameter of ~10 mm (Mokwa, 2007). The telemet-

ric link was implemented at an operation frequency of 13.56 MHz. The power 

consumption of the data readout and calibration electronics was measured to 

be less than 210  μ W. However, these active devices still use inductive coupling 

for power transmission and thus have a limited operation range. In addition, 

the devices are mounted on the intraocular lens, resulting in relatively large 

sizes. The constant requirement of an external data acquisition unit also limits 

its fl exibility for use in continues monitoring.      

 To address these challenges, Chow  et al . (2010) proposed a low-power 

active sensing system for IOP monitoring. The sensor consisted of a MEMS 

sensor, a microscale antenna, an on-chip memory, a capacitive powering 

array, and an application-specifi c integrated circuit (ASIC) assembled on 

a liquid-crystal polymer-based tadpole-shaped package. The sensor oper-

ated at 2.4 GHz, allowing for orientation independent transfer of power 

and data over a 50-cm telemetric distance. The on-chip FeRAM memory 

permitted continuous data recording every 5 min over a 24 h monitoring 

period. At the end of each period, wireless data transmission and power 

capacitor recharging were performed simultaneously through an external 

unit. The average power consumption of the entire system over one moni-

toring period was measured to be ~675.67 pW. A similar system has been 

reported by Chen and his colleagues at the University of Michigan (Chen 

 et al ., 2011). In their approach, a 0.07 mm 2  solar cell and Cymbet thin-fi lm 

lithium battery were assembled in a 1.5 mm 3  biocompatible transparent 

housing, along with other system components (e.g., data converter, MEMS 

sensor, telemetry circuitry, microprocessor, and memory). This system had 

a large transmission distance of 50 cm in saline. Given the average power 

consumption of 5.3 nW, it is estimated that this device could be used for 

28 days without energy harvesting. The integrated solar cell can convert 

light energy into electric energy, which can potentially extend the operating 

lifetime of the implanted device. 

 Whereas active wireless IOP sensors have shown better performance in 

transmission distance and data management, such device designs are more 

complex compared with passive devices. In addition, the fabrication compli-

cation makes active devices more expensive and less reliable, and thus batch 

manufacturing techniques are necessary to improve device productivity and 

reliability. The device biocompatibility and long-term use in a biological 

environment will need further investigation. Besides the abovementioned 

wireless sensing techniques, IOP sensors based on other techniques, such 
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as the mechanical Bourdon tube, have been reported in Chen  et al . (2007). 

A comprehensive review of IOP sensing techniques can be found in Katuri 

 et al . (2008).   

  13.4.2     Wireless retinal prosthetic systems 

 Retinal prosthesis is also a very rapidly moving fi eld of wireless MEMS 

systems. Whereas the previous section described microsystems that could 

prevent blindness of individuals by continuous IOP monitoring, this section 

will concentrate on implantable electronic devices designed to replicate the 

function of the retina for patients with loss of vision due to AMD and RP. 

  Overview of age-related macular degeneration and retinitis pigmentosa 

 AMD and RP are two of the most common outer retinal degenerative dis-

eases that result in the vision impairment and blindness of millions of peo-

ple worldwide. AMD primarily affects the central vision regions in people 

age 60 and older. It cannot be easily diagnosed until its advanced stages, 

because the brain will compensate for central dark patches during its early 

stages. According to the World Health Organization (WHO), AMD has 

become the third leading cause of blindness on global scale, and ranks fi rst 

in developed countries (2008). RP is a genetic eye disease, in which visual 

deterioration develops gradually and progressively, starting from defective 

dark adaptation, followed by the reduction of peripheral vision (known as 

tunnel vision), and, sometimes, a complete vision loss in the advanced stage. 

It is estimated that RP has affected more than 500,000 people in the United 

States, among which 20,000 are legally blind (Artifi cial Retina Project, 

2011b). 

 Although the mechanisms of these diseases have not been fully under-

stood, histopathological studies reveal that they are mainly restricted to the 

outer retinal region and are associated with damage to the photoreceptor 

cells (Berson, 1993; Curcio  et al ., 1996; Green and Enger, 1993; Verhoeff, 

1931). The photoreceptor cells (rods and cones) are situated in a deep ret-

inal layer, and they, along with bipolar, ganglion, horizontal, and amacrine 

cells, perform signifi cant visual processing and communication tasks in nor-

mal vision. In a healthy visual pathway, the photoreceptors initiate neural 

responses to incoming light by converting light into chemical and electrical 

signals. The bipolar and ganglion cells in the inner retina then pass the visual 

signals to the optic nerve. Along the way, the horizontal and amacrine cells 

provide lateral interaction between neighboring cells. 

 Presently, blindness due to outer retinal degenerative diseases remains 

incurable. Current clinical interventions include gene replacement therapy, 

pharmaceutical therapy, nutritional therapy, and dietary measures to slow 
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down the progressive development of retinal degeneration (Bennett  et al ., 
1996; Berson  et al ., 1993). Whereas photoreceptor and stem cell transplanta-

tions can be possible solutions to cure these diseases by replacing the dam-

aged retinal cells (Maclaren  et al ., 2006; Tropepe  et al ., 2000), they are still 

in the early stages of development, and not yet ready for clinical practice. 

Other concerns, such as high costs and ethical issues, also limit the use of 

such techniques in neural therapy. 

 Alternative approaches, known as bioelectronic visual prostheses, have 

been developed, which utilize electrical stimulation to partially restore 

the lost vision function of patients, bypassing the damaged photoreceptor 

cells. Early work toward visual prostheses started from electrical stimula-

tion of visual cortex (Brindley and Lewin, 1968; Dobelle, 2000; Dobelle and 

Mladejovsky, 1974). This technique provides good protection for implanted 

devices and enables treatments of various types of blindness due to both 

optic nerve and retina damages. However, visual cortex usually has com-

plex spatial organization so that patterned electrical stimulations may not 

produce the same perceptional patterns. Other challenges include surgical 

complexity, long-term reliability, limited resolution, and local heating. Optic 

nerve prosthetic devices have also been developed to directly stimulate the 

optic nerve to treat both retinal degenerative and non-retinal degenerative 

blindness (Veraart  et al ., 1998; Yagi  et al ., 1999). However, several inevitable 

problems associated with this approach are: (1) diffi culties with high-density 

stimulation and detail perception due to the high density of the axons; (2) 

surgical complexity and possible harmful side effects after implantation; 

and (3) the diffi culty of implementing a complete intraocular system. 

 In the 1990s, Humayun  et al . conducted morphometric analysis of RP 

patients’ retinas and found that, although their photoreceptors are defec-

tive, the optic nerves and bipolar and ganglion cells, to which the photo-

receptors synapse, still remain largely functional (Humayun  et al ., 1999). 

Similar results were discovered later in AMD patients (Kim  et al ., 2002). 

These profound results created the possibility of using retinal prostheses 

to treat AMD and RP patients. To date, many high-quality techniques have 

been developed and some of them have been utilized in clinical trials. In 

particular, microscale retinal implants provide many advantages, such as 

the possibility of high-density stimulation, better heat dissipation through 

aqueous humor fl ow, miniaturized overall device dimension, and lower 

stimulating threshold. Furthermore, the applications of RF microtechnolo-

gies in the retinal prosthetic system enable wireless power delivery and 

data communication between the implanted devices and external units to 

achieve truly intraocular implants. Depending on the layer of retina receiv-

ing the implanted device, there are two main categories of ocular pros-

theses currently being studied by several groups: subretinal and epiretinal 

prostheses.  
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  Wireless subretinal prostheses 

 Subretinal prosthesis is performed behind the retina between the bipolar 

cell layer and the retinal pigment epithelium by replacing the degenerated 

photoreceptors with electronic devices. The fi rst form of wireless subretinal 

implants, known as artifi cial silicon retinas, was developed based on optical 

transmission by Chow and his colleagues in the 1990s (Chow, 1993, Chow 

 et al ., 2001, 2004). This device contained 5000 integrated microphotodiodes 

on a disk with thickness of around 50–100  μ m and diameter of 2–3 mm. 

Upon implantation into the subretinal space, these light-sensitive micro-

photodiodes can be activated by 500–1100 nm incident light through the 

transparent retina and the resulting electric stimulation pattern is projected 

onto the retina to excite adjacent sensory neurons in the remaining retinal 

network. Based on this concept, similar wireless systems have also been 

investigated with various modifi cations by: (1) combining amplifi cation cir-

cuitry with photovoltaic pixels to improve power effi ciency (Loudin  et al ., 
2007; Palanker  et al ., 2005); (2) incorporating laser diodes to increase image 

brightness (Asher  et al ., 2007); (3) improving power consumption and chip 

resolution (Mazza  et al ., 2005, Rothermel  et al ., 2009); and (4) applying an 

extraocular wired unit as energy sources of photodiodes (Zrenner  et al ., 
2011). The effi cacy and safety of these devices have been proven in animal 

tests and clinical trials (Chow  et al ., 2004; Zrenner  et al ., 1997, 1999). 

 To improve the stimulation effi ciency for clinical applications, a subretinal 

approach based on inductive telemetry (Fig. 13.8) has been investigated by 

the Boston Retinal Implant Project. In this case, the stimulation current was 

directly transmitted from an extraocular data acquisition unit through tele-

metric coupling of a pair of coils (Rizzo, 2011). The external unit consisted 

of a small camera for collecting visual images and an RF transmitter coil 

to transfer power and signals to a receiver coil located around the limbus. 

A stimulation electrode array, with more than 200 individually controlled 

electrodes, was the only component implanted in the subretinal space. This 

system allowed independent control and adjustment of the stimulation 

parameters to individual electrodes based on the feedback of patients. The 

electrodes integrated on the fl exible substrate can bend to match the ocular 

contours and minimize the disruption of the eye anatomy. Current efforts 

primarily focus on clinical trials to assess the long-term functionality and 

biocompatibility of this system. However, similar to the abovementioned 

subretinal implants, the electrode array introduces a barrier between the 

outer retina and the choroid, resulting in disruption to the nutritional supply 

of the retina derived from the choroid. Furthermore, subretinal fl uid, which 

is initially released as the response to subretinal foreign bodies, may disrupt 

the contact between the retina and the electrode array.      

 Other wireless approaches, based on optogenetics, have also been explored, 

which eliminate the need for surgical implant and allow for individual 
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access to target receptive fi elds and cells. For example, a biochemical-based 

photostimulation approach was proposed in which non-light-sensitive 

retinal ganglion cells (RGCs) and/or bipolar cells were biochemically re-

engineered to become light sensitive using a protein (Channelrhodopsin-2) 

as phototransduction mechanism (Nikolic  et al ., 2006). However, the effec-

tiveness of subretinal prosthesis could be limited if the inner retinal layers 

had been damaged following photoreceptor degeneration (Matthaei  et al ., 
2011). Therefore, many researchers are interested in using epiretinal pros-

thetic devices to directly stimulate ganglion cells with localized stimulator 

electrodes, bypassing the normal visual pathway.  

  Wireless epiretinal prostheses 

 In the epiretinal approach, an array of electrodes must be introduced into 

the vitreous space in contact with the ganglion cell layer. These electrodes 

stimulate the remaining neural cells to partially restore vision upon the 

Biocompatible
flex substrate

Power supply
components

Controller
microchip

Microfabricated thin-film
electrode array

Power and data
receiver coils(a) (b)

(c) (d)

 13.8       Images of the fi rst-generation and the second-generation 

subretinal prosthetic devices developed by the Boston Retinal 

Implant Project. (a) First generation retinal prosthetic device. 

(b) Conceptual schematic of the hermetic implant concept. (c) A 

prototype of the hermetic retinal prosthetic device attached to a 

plastic model eye. The power and data secondary coils are formed 

on a sphere to match the eye’s curvature. (d) The primary coils are 

potted in a PDMS mold. (Image reprinted from Kelly  et al . (2011) with 

permission of IEEE.)  
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reception of signals through data transmission and processing units. A num-

ber of engineering approaches have been developed by several leading 

groups in the United States, Germany, Australia, and Korea. As shown in 

Fig. 13.9, these wireless epiretinal prosthetic systems all have similar system 

confi gurations, which consist of:

   an electrode array implanted on the surface of the inner retina between • 

the vitreous and internal limiting membrane;  

  a data acquisition system located outside of the body for capturing • 

images from the surroundings and converting analog information into 

patterns of electrical signals;  

  a power and data transmission unit through a telemetric link.         • 

 As early as 1994, Humayun  et al . reported that stimulation of the vertebrate 

inner retinal layers can elicit a localized light perception (Humayun  et al ., 
1994). Since then, his team at the Doheny Eye Institute at the University of 

Southern California (USC), collaborating with a group of researchers and 

industrial partners, has developed a series of extraocular retinal prosthesis 

techniques. The implanted unit of the fi rst generation model consisted of 

an intraocular part (an electrode array) and an extraocular part (an elec-

tronic box including a receiving coil). A 16 platinum microelectrode array on 

a 5 mm  ×  5 mm area made by Second Sight Medical Products, Inc (Sylmar, 

CA, USA) was positioned to the fovea and attached to the inner retinal sur-

face using a retinal tack. A hand-made coil was hung outside of the eye, in the 

temporal skull, to transfer power and data through inductive coupling. After 

demonstrating the device functionality in animal models and short-term 

human studies, clinical trials have started since 2002 to verify the  long-term 
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 13.9      Conceptual illustration of a typical wireless epiretinal prosthetic 

system. (Images reprinted from Trieu  et al . (1998) with permission 

of IEEE.)  
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feasibility of this 16-electrode implant (Argus-I). Six human  subjects with 

minimal or no light perception could distinguish motion and locate objects 

(plate, cup, and knife) after receiving the implants (Weiland  et al ., 2005). 

Recently, this research has progressed into its second phase, in which a 

60-electrode device (Argus-II) has succeeded in  in vivo  animal studies and 

is currently being tested in 17 human subjects (Fig. 13.10). It is reported that 

these patients have shown 86% and 73% improvements in door fi nding and 

line tracking 6 months post-operatively (Humayun  et al ., 2009).      

 Clinical trials of similar epiretinal implants have also been performed 

by two German epiretinal prosthesis teams. The fi rst, Intelligent Medical 

Implants AG, reported the implantation of an intraocular stimulation array 

with 49 platinum electrodes in human subjects. Patients with such implants 

were able to see phosphenes and crude shapes correlating to the applied 

stimuli (Weiland and Humayun, 2008). The second German group, EPI-RET 

GmbH, has also successfully implanted a 25-electrode array (EPIRET3) 

into six patients with RP and blindness for a period of 4 weeks (Fig. 13.11). 

(a) (b)

 13.10      (a) Schematic view of the Argus TM  II system and (b) photograph 

of the Argus TM  II electrode array located on a degenerated retina. 

(Image reprinted from Mokwa (2011) with permission of IEEE.)  

© Retina Stimulator TYp ELMA 1, BMBF verbund RETINA IMPLANT
   AG 1 Opthalmologie & Technik

1 mm

 13.11      Epiretinal implant developed by German EPI-RET team. The 

system is encapsulated with parylene C and silicone rubber. (Image 

reprinted from Stieglitz (2009) with permission of IOP Publishing Ltd.)  
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The results show that this wireless implant was well tolerated with tempo-

rary moderate postoperative infl ammation, and the position of the implants 

remained stable until removal (Klauke  et al ., 2011; Walter  et al ., 2009). 

Several other groups have also designed varied confi gurations of epireti-

nal implants based on the concept of Second Sight. The Australian Vision 

Prosthesis Group (AVPG) has implemented an epiretinal implant system 

that features a unique hexagonal electrode array and wireless power/data 

telemetric link (Wong  et al ., 2007). The device has been tested in animal 

models (Kerdraon  et al ., 2002) and is entering into acute human testing 

(Dowling, 2008).      

 Table 13.2     Summary on several power telemetric links for wireless retinal 

prostheses  

 Application  Power transfer  Frequency  Coil type  Reference 

 Epiretinal 

prosthesis 

 45 mW  1–10 MHz  N/A  David  et al . 

(2009) 

 Epiretinal 

prosthesis 

 250 mW  1 MHz  Litz wire  Kendir  et al . 

(2005b) 

 Epiretinal 

prosthesis 

 N/A  2.5 MHz  Copper wire  Suaning and 

Lovell (2001) 

 Epiretinal 

prosthesis 

 6 mW  13.56 

MHz 

 Wire  Schwarz  et al . 

(1999) 

 Subretinal 

prosthesis 

 2 mW  500 kHz  Gold magnet 

wire 

 Rizzo  et al . 

(2011) 

 Subretinal 

prosthesis 

 N/A  125 kHz  Wire  Shire  et al . 

(2009) 

 Table 13.1     Summary on several date telemetric links for wireless retinal 

prostheses 

 Application  Modulation type  Data rate carrier  Reference 

 Epiretinal 

prosthesis 

 ASK  300 kbps 

 402–405 MHz 

 David  et al . (2009) 

 Epiretinal 

prosthesis 

 FSK  ~2 Mbps, 20 MHz  Jung  et al . (2007) 

 Epiretinal 

prosthesis 

 LSK-PWM  3.3 kbps, 1 MHz  Guoxing  et al . (2005) 

 Epiretinal 

prosthesis 

 ASK  N/A, 200 kHz  Schwarz  et al . (2000) 

 Epiretinal 

prosthesis 

 ASK–PWM*  25–250 kbps 

 1–10 MHz 

 Liu  et al . (2000) 

 Subretinal 

prosthesis 

 ASK  100 kbps, 

 13.56 MHz 

 Theogarajan (2008) 

 Subretinal 

prosthesis 

 ASK  100 kbps 

 15 MHz 

 Shire  et al . (2009) 

*PWM: Pulse-Width Modulation
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 The data and power telemetric links used in several representative epiret-

inal microsystems are summarized in Tables 13.1 and 13.2, respectively. 

Extensive reviews on artifi cial retinal implants can be found in Dowling 

(2008), Lovell  et al . (2010), Ng  et al . (2009), Tombran-Tink  et al . (2007), and 

Weiland  et al . (2005).    

  13.5     Necessary improvements in wireless 
ocular implants 

 The wireless ocular implants summarized in this chapter, although varying 

in detail, all rely on inductive coupling for power and/or data transmission 

between the extraocular and intraocular units. Power telemetry in particular 

is a major performance-limiting factor for intraocular prostheses, because of 

several biological constraints including small intraocular space, eye motion, 

and lossy fl uidic environment. In addition, advanced development of high-

density retinal interfaces to achieve large-print reading and adequate face-

recognition vision requires the delivery of more power to the intraocular 

system through the telemetric link (Chader  et al ., 2009). Intensive efforts 

have been undertaken in recent years to optimize the power-transfer effi -

ciency of the inductive link. For example, Ghovanloo and his group have 

studied the power telemetric links with 3-coil or 4-coil confi gurations, both 

theoretically and experimentally (Kiani  et al ., 2011, Kiani and Ghovanloo, 

2012). The 3-coil inductive link was demonstrated to achieve higher power-

transfer effi ciency, as well as power delivered to the load, as compared with 

the conventional 2-coil confi guration and the 4-coil design. In addition to 

the development of innovative inductive telemetry circuits, there is criti-

cal need for the improvement of coil design and manufacturing techniques. 

Advanced surgical tools and operation procedures should also be investi-

gated to optimize the spatial alignment between the intraocular coil and 

the external transmitter coil, while minimizing the disturbance of biological 

environment. 

 System integration plays an important role in the implementation of a 

fully implantable intraocular system. Techniques should be developed to 

enable high lead-count interconnects, large-scale integration, high yield, 

low cost, and system biocompatibility. Traditional packaging technologies 

such as wire-bonding, fl ip chip, and tape automated bonding do not meet 

these requirements, due to their low reliability, non-biocompatibility, and 

high fabrication costs. A MicroFlex interconnection (MFI) technique has 

been developed based on a rivet-like approach, utilizing gold ball studs 

with thermosonic bonding (Meyer  et al ., 2001). This method can enable 

high-density electrical and mechanical interconnections between the pads 

on a fl exible polyimide carrier and individual chips or electronic compo-

nents. Center-to-center bond-pad distances of less than 100  μ m have been 
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achieved. Specifi cally for epiretinal implant, a chip-level integrated inter-

connect (CL-I 2 ) packaging technology has been reported based on the bulk-

micromachining technology, allowing for direct integration of CMOS IC 

chips with prosthetic electrodes and microcoil on a single parylene platform 

to achieve high-level system functionality (Li  et al ., 2010b; Rodger  et al ., 
2005) (Fig. 13.12). In this approach, individual prefabricated chips and pas-

sive components were embedded in a carrier silicon wafer and protected 

with parylene. Planar MEMS structures, such as electrode arrays and RF 

coils, were constructed subsequently on the same platform. All intercon-

nections between MEMS devices and chips were processed simultaneously, 

using standard photolithography and metal patterning method. Although 

both of these integration techniques are promising for achieving high-den-

sity interconnections, their biocompatibility and long-term reliability have 

not been fully proven in  in vivo  tests and thus require further investigation.       

  13.6     Conclusion 

 Advanced RF MEMS technology is a powerful enabling tool for realizing 

miniaturized, long-term reliable, safe, and complex microsystems for neu-

ral prostheses and medical diagnosis and therapy. Of particular interest is 

Si

(a) Deposit parylene on photoresist Deposit and pattern 2nd layer of metal

Deposit parylene encapsulating layer

Release the device from Si substrate

Etch trenches from the back side of
Si to release chip

Deposit and pattern 1st layer of metal

Etch Si cavity to house the chip

Embed the chip in the Si cavity

Deposit parylene and etch interconnect vias

(b)

(c)

(d)

(e)

(f)

(g)

(h)

(i)

Photoresist Parylene C Epoxy Chip Metal

 13.12      (a–i) Process  fl ow of the CL-I 2  technique and an integrated radio-

frequency identifi cation (RFID) chip with a fl exible MEMS coil (Li  et al ., 

2010b).  
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the application of wireless microsystems in ocular implants. This chapter 

has reviewed various types of retinal prosthetic systems that utilize induc-

tive telemetry for power and data transmission. Other innovative wireless 

microsensors for IOP monitoring in glaucoma have also been discussed. 

While these research efforts are primarily being conducted at universi-

ties and research institutes, an increasing number of companies are being 

formed based on the initial developments from the academic laboratories. 

Some devices are currently entering into clinical practice and are being com-

mercialized by existing companies, such as Second Sight, Intelligent Medical 

Implants, and Boston Retinal Implant, to name just a few. Given the level 

of technology development and innovation, it is anticipated that within the 

next few decades these implantable devices will profoundly impact the diag-

nosis and therapy of incurable eye diseases.  
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  Abstract : Glaucoma is an eye disease resulting from excess intraocular 
pressure (IOP) and affects millions worldwide; moreover, it gives very 
little warning sign, until vision is affected. A reliable technique for 
continuous monitoring of IOP has been long sought after. However, it 
took the advent of microelectromechanical systems (MEMS) technology 
to introduce a step change in the possibilities of miniaturization to 
truly open the door to such a possibility. This chapter tracks the major 
developments of the interdisciplinary effort to miniaturize the necessary 
components, such as low-power electronics, energy harvesting, wireless 
telemetry, and biocompatible materials to realize a fully autonomous IOP 
system. 

  Key words : glaucoma, intraocular pressure, MEMS sensor, wireless 
sensors, microsensors. 

    14.1     Introduction 

 Glaucoma is an eye disease that results from blockage of the drainage path-

way from the eye for aqueous humour, leading to an increase of intraocular 

pressure (IOP) and subsequent injury to the optic nerve and even blindness. 

Presently, almost 70 million people in the world suffer from glaucoma, and 

it is the second most common cause of blindness around the world. Often 

there are no visible warning signs to its onset until visual impairment occurs. 

The elevation of IOP occurs slowly without pain and the fi rst symptoms 

may be vision reduction itself. Timely intervention via surgery or topically 

applied drugs to lower the IOP has demonstrated that damage to a patient’s 

vision can be signifi cantly reduced (Fang  et al ., 2008). 

 It is therefore highly desirable that the value of IOP in a patient with 

suspected glaucoma should be regularly or (preferably) continuously moni-

tored. The standard method to measure IOP is Goldmann applanation 

tonometry (Sarkisian, 2006). During this process, the patient visits a clinic 

and a skilled operator uses the instrument to measure the force required to 
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fl atten an area of the external cornea, and from the measurement infers the 

fl uid pressure inside the eye. For tonometry, a local anaesthetic is used to de-

sensitize the cornea, since the instrument touches the cornea and can be an 

irritant for the patient. The pressure is usually quoted in millimetres of mer-

cury (mmHg). Millimetres of mercury are manometric units routinely used 

in medicine and physiology. One mmHg is defi ned as the pressure exerted at 

the base of a column of mercury exactly 1 mm high, and 760 mmHg is equal 

to one atmosphere (101.325 kPa or 760 Torr). Normal eye pressure is in the 

range 10–20 mmHg above atmospheric pressure, and 21 mmHg is regarded 

as the onset of glaucoma. The standard tonometric test has a resolution of 

1 mmHg. A single measurement of IOP is insuffi cient since the pressure 

can vary signifi cantly throughout the day depending on patient activity (Liu 

 et al ., 2003). 

 Rapid spikes in IOP are believed to damage the optic nerve (Asrani  et al ., 
2000) and non-continuous tests are likely to miss the spikes if the IOP peaks 

are outside the testing hours of a clinic. Using a conventional tonometer 

for continuous monitoring would require the subject to undertake at least 

daily visits to a clinic (which is very inconvenient) or even a hospital stay for 

overnight measurements. In addition, some studies have shown that people 

with ocular hypertension have thicker corneas than those without, resulting 

in an applanation measurement from the thicker cornea above that due to 

an elevated IOP. Hence, a more accurate internal IOP measurement tech-

nique is highly desirable to give the most reliable results. (Bron  et al ., 1999; 

Copt  et al ., 1999; Whitacre and Stein, 1993). Therefore, the development of 

a technique or system for continuous measurement of IOP to an accuracy 

of 1 mmHg or better by a miniature sensor implanted within the eye would 

be a revolutionary step, and the desire for such technology has been around 

for some time.  

  14.2     Passive miniature implants for 
intraocular pressure (IOP) sensing 

 The concept of a wirelessly (inductively) linked implant for IOP measure-

ments can be traced back to when Collins (1967) published his seminal paper 

on a pressure sensor as small as 2 mm in diameter that could be implanted 

within the anterior chamber of an animal eye and the pressure accessed via a 

telemetric link. The device consisted of two separated fl at spiral coils encap-

sulated in glass tubing with polyethylene diaphragms at each end adjacent 

to the coils (Fig. 14.1). External pressure changes deformed the diaphragms 

and altered the coil separation (essentially forming a bubble tonometer).      

 A grid-dip type oscillator supplied electromagnetic energy, which was 

absorbed by the coils, and the resonant frequency of the circuit varied with 

high sensitivity to the coil spacing. The resonant frequency is given by:  
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    f
LC

=
1

2π
       [14.1]   

 where  L  is the mutual inductance and  C  is the capacitance, which both 

vary as the coil separation varies, and thus the value of resonant frequency 

changes as the surrounding pressure deforms the capsule. The dip in the fre-

quency spectrum corresponds to the highest absorbed power at its resonance 

frequency (RF). After pressure calibration, the device could be repeatedly 

scanned over a frequency range, and changes in resonant frequency (due to 

changing surrounding pressure) could be monitored continuously. 

 The wonderful simplicity of the device (requiring no batteries) facilitated 

miniaturization and demonstrated a possible methodology towards smaller 

implants that could remain  in vivo  for an extended period of time and be 

monitored periodically with external equipment (as illustrated in Fig. 14.2). 

This demonstration opened up the possibility of continuous monitoring of 

IOP, as desired for better patient treatment. However, it was not until the 

early 1990s, with the adoption of microelectromechanical systems (MEMS) 

processes, that further miniaturization of transducers was enabled, when the 

next signifi cant miniature IOP device was reported by Uppsala University.      

 The passive sensing ethos was essentially that which was demonstrated 

by Collins, but the fabrication of the next generation of passive IOP sen-

sors now took advantage of the material processing capabilities of MEMS 

to micromachine to at sub-mm dimensions and to fabricate a thin silicon 

membrane to act as the sensing element in the capacitor device (Backlund 

et al ., 1990). An inductively coupled sensor was made from two silicon 

wafers (Rosengren  et al ., 1992). A thin rim 100  μ m wide enclosing a 10  μ m 

Coil

Pressure

Diaphragm

Pillbox

~2 mm

14.1      Illustration of the pressure sensor created by Carter Collins in 

1967. External pressure deforms a pair of diaphragms on a small 

pillbox and the metallic coils are moved closer together, which causes 

the observed resonant frequency on a grid-dip oscillator to move to a 

lower value (redrawn with permissions from Collins, 1967).  
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deep cavity was etched into the top wafer before being inverted and set 

upon the bottom wafer (Fig. 14.3). A silicon fusion bonding process was 

used to hermetically seal the wafers together, which has the benefi t of 

reducing the detrimental effects of differential thermal expansion and 

long-term sensor drift. The bonding requires hydration of the silicon sur-

faces by boiling in nitric acid then pressing them together at 1000 ° C in 

wet oxygen for one hour. A 20  μ m thick and 1800  μ m wide membrane was 

then etched into the top wafer to form the pressure- sensitive element of 

a parallel-plate capacitor. A ten-turn gold wire coil was incorporated into 

the sensor to form an induction coil for remote detection (up to a maxi-

mum distance of 22 mm) of the RF via a grid-dip swept frequency oscilla-

tor. This limited distance is due to the small dimensions of the antenna and 

can thus be regarded as a near-fi eld situation whose magnetic fl ux density 

will vary as:       

    B
INrNN
d

=
μII 2

32
       [14.2]   

 where   μ   is the permeability of the core,  I  is the loop current,  N  is the num-

ber of turns in the coil,  r  is the radius of the antenna, and  d  is separation 

distance (Hoskins  et al ., 2009). The sensors demonstrated by Uppsala had 

good linearity over the range 0 to 100 mmHg, but the device suffered from 

stray capacitance and a low Q-factor of 5.5, due to inherent series resistance 

in the bottom wafer.  
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Cornea

Aqueous
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Inductor
coilEnergyL
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Implanted
sensor

 14.2      A passive pressure sensor implanted into the eye can be 

addressed by electromagnetic energy supplied by an external 

oscillator.  
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  14.3     Introduction of active MEMS systems for 
IOP implants 

 Around the year 2000, Eggers  et al . (2000) made full use of the advances in 

micromachining to create an active miniature integrated IOP sensing sys-

tem comprising a capacitive sensor, a 0.7  μ m complementary metal oxide 

semiconductor (CMOS) readout circuitry, and a telemetry chip. A sensing 

and a reference capacitor side by side were fabricated on a chip in an eight-

mask metal oxide semiconductor (MOS) and micromachining process with 

overall chip dimensions of 0.8 mm  ×  2 mm. 

 The current consumption of the readout circuitry was less than 85  μ A for 

a supply voltage of 3.5 volts and the dimensions of this application-specifi c 

integrated circuit (ASIC) was again 0.8 mm  ×  2 mm  ×  0.5 mm. The telemetry 

chip (0.9 mm  ×  2.9 mm) supplied a rectifi ed 3.5 V to power the system via 

an inductive transmission on a 125 kHz link. For this prototype, the antenna 

coil consisted of several hundred turns of 31  μ m wire. 

 The individual chips were assembled using fl ip-chip technology and 

encapsulated in poly-methyl-meta-acrylate (PMMA) to form a system of 

size 6.5 mm  ×  9 mm that could be located on the edge of a modifi ed intraoc-

ular lens implanted during cataract operations. During experimental evalu-

ation using calibration, the IOP system measured to an accuracy  ± 2 mmHg, 

thus demonstrating the necessary accuracy and resolution required for 

implantation. 

 Also in the year 2000, a group of German researchers comprising RWTH 

Aachen, Fraunhofer Institute of Microelectronic Circuits and Systems 

(IMS), and Cologne University discussed and investigated the concept of 

embedding an IOP sensor in an artifi cial polydimethylsiloxane ((PDMS), a 

non-toxic inert silicon-based polymer) lens implanted into the eye and inter-

rogated by a dedicated external reader (Mokwa and Schnakenberg, 2001; 

Schnakenberg  et al ., 2000). The micromachined silicon capacitive pressure 

sensor (plus a reference sensor for drift compensation) sat alongside other 

40 μm

100 μm

1800 μm
Gold
coil

Silicon wafer
Membrane

 14.3      Schematic of a passive IOP sensor micromachined in silicon with 

gold induction coil (redrawn from Rosengren  et al ., 1992).  
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monolithic components (data conversion, signal conditioning, and wireless 

modules) and this integrated unit could be wholly implanted into a soft 

artifi cial eye during cataract surgery replacing the lens at the front of the 

anterior chamber. The components were fabricated using a 1.2  μ m CMOS 

process and then subsequent micromachining was applied. 

 Figure 14.4 illustrates a schematic layout of the sensing scheme. Energy 

was sent by an RF fi eld to power up the implanted sensor, so again no bat-

tery was required. The integrated sensor took a measurement of both pres-

sure and temperature and returned this to the external reader, together 

with sensor identifi cation and checksum for validation. The algorithm uses 

sensor-specifi c calibration data in the external reader’s memory for making 

the calculations of pressure.      

 In this proof-of-concept, non-optimized telemetric components were posi-

tioned on a printed circuit board (PCB) and then encapsulated in PDMS (to 

give a device of total diameter of 15 mm) and this system was placed into a 

pressure chamber for testing. The resultant measurements were offset com-

pared to a non-encapsulated sensor, but they showed a good linear correla-

tion and thus the effect could be calibrated out. 

 The micromachined system was then tested  in vivo  in rabbit eyes for per-

formance under fl owing intraocular fl uids. At the same time, conventional 

applanation tonometry was also applied to the same eyes and infusion pres-

sure was varied to directly compare the performance of the intraocular sen-

sor with the external conventional counterpart. Figure 14.5 shows the very 

good agreement between the traditional measurement system accepted by 

the ophthalmic industry and the newly developed wireless implant.      
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clock extract
power control
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Data Clock

Control logic

Memory

Readout
electronics

Pressure
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Reference
sensor

Energy

Data
RF-transmitter

RF-receiver

Micro-
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RS232

 14.4      Layout of active circuitry implant powered remotely for IOP 

sensing (redrawn with permissions from Schnakenberg  et al ., 2000).  
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 The IMS continued this area of research to produce a micromechani-

cal pressure sensor containing a non-volatile memory (40-bit EEPROM), 

a microcontroller, and signal electronics (Stangel  et al ., 2001). Again a 

wireless data and power link was established via an antenna coil (fl ip-chip 

bonded) and the non-volatile memory could be programmed externally to 

calibrate the sensor. Data were sent to external electronic modules using an 

RF carrier operating in the Industrial, Scientifi c and Medical (ISM) band 

at 13.6 MHz. The capacitive pressure sensor was formed with defl ectable 

polysilicon diaphragm upon a wafer with a vacuum gap inside the capac-

itor. Similarly, a reference sensor was fabricated beside the pressure sen-

sor but with an oxide passivation layer upon its diaphragm to increase the 

rigidity, thereby stopping it fl exing with increased pressure. The size of this 

integrated prototype was 6.8 mm 2 , dissipated 210 mW for a power supply 

voltage of 3 volts. The small footprint of this system gave it the potential for 

implantation on the edge of an artifi cial lens and to still have the normal 

optical transmission path into the eye unhindered. 

 However, implanting an IOP into an artifi cial lens has the disadvantage of 

restricting the possible size of device, thus forcing miniaturization of the RF 

telemetry, therefore requiring on-chip processing and amplifi cation, which 

leads to increased manufacturing cost and reduced uptake. In 2008, a group 

from Flinders University, Australia took a different approach and opted for 

combining a commercial MEMS capacitive pressure sensor (E1.3N from 

Microfab Bremen, Germany) together with a planar inductor (formed from 
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 14.5      Measured pressure  in vivo  with MEMS implant compared with 

a simultaneous external tonometry measurement (reproduced with 

permission from Schnakenberg  et al ., 2000).  
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copper spiral tracks printed directly onto a polyimide PCB) in order to form 

a simple parallel resonant circuit that would reduce the complexity of the 

implanted system and thus the cost (Kakaday  et al ., 2008). 

 The researchers also decided to mount this miniature system onto the 

plate of a glaucoma drainage implant (GDI), which is a medical device 

implanted below the conjunctiva and connected via a tube to the anterior 

chamber to allow pressure reduction inside the eye for patients with severe 

glaucoma. Compared to an artifi cial lens, the GDI plate can accommodate 

a larger diameter antenna and sensor, so that passive telemetry can be 

used with its reduced cost. A frequency-swept external spectrum analyser 

monitored the RF of the implant. Experiments were conducted with the 

GDI connected via tubing to the anterior chamber of an explanted sheep’s 

eye, and the infusion pressure varied from 5 to 50 mmHg. Results showed 

that the pressure at the sensor implant rapidly followed the variation in the 

anterior chamber. However, the resolution of the sensor implant in the IOP 

range was reported as 10 mmHg (believed to be due to the low Q-factor of 

the capacitive sensor), but even this resolution can still be useful for indi-

cating an elevated level of IOP. The non-intraocular lens implant allowed 

larger diameter antenna coils (4–32.5 mm) to be tested and signals from the 

sensor implant were detected through 4 mm of PDMS, as well as through 

sheep corneal and scleral tissue. This demonstrates that a low-cost implant 

selectively located may fi nd applications for patient use.  

  14.4     Flexible parylene platforms for 
long-term MEMS implants 

 Also in 2008, researchers at Caltech and the University of Southern 

California fabricated a novel micromachined wireless passive IOP sen-

sor encapsulated in biocompatible parylene C (poly-chloro-p-xylylene) 

to allow the freedom to locate the implant other than in an artifi cial lens, 

thus minimizing surgical complexity (Chen  et al ., 2008). The US Food and 

Drug Administration (FDA) has approved the parylene with a Class VI bio-

compatibility rating suitable for human implantable devices (United States 

Pharmacopeia Class VI grade and ISO 10993). In fact, in parallel research 

at Caltech it was found that a 10  μ m thick layer of parylene C was suffi cient 

for safe encapsulation of microelectrodes for use in saline (whilst retaining 

very good fl exibility of the platform) and subsequent accelerated ageing 

experiments predicted that parylene C can stay viable for retinal implants 

in excess of 60 years (Li, 2009). 

 Parylene could also be used to fabricate the diaphragm of the capacitor 

sensor due its ability to form large micromachined areas at room tempera-

ture and its inherent fl exibility (Wolgemuth, 2000). The encapsulated pack-

age was designed with smooth edges to reduce irritation due to the implant, 
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and the overall size was less than 4 mm  ×  2 mm  ×  1 mm. For this proto-

type device the researchers investigated two sensor confi gurations, namely 

that of a variable capacitor with fi xed surrounding inductor and that of a 

variable capacitor and variable inductor as shown in Fig. 14.6. As the dia-

phragm fl exes with pressure, the capacitance changes and also the mutual 

inductance, which may lead to an improved sensitivity. Experimentally 

the researchers found that a combined variable capacitor/inductor format 

gave the same performance as a single capacitor sensor but with a smaller 

footprint.      

 The sensors were surgically implanted into an animal, and a six month 

trial of the implanted sensor demonstrated the  in vivo  compatibility with-

out complications.  Ex vivo  experiments demonstrated successful pressure 

measurements of an implant; however, the measurement data was noisy, 

believed to be due to the short wireless transmission distance of this partic-

ular sensor through the surrounding fl uid and tissue. 

 The researchers sought to modify the sensing platform to improve upon 

the sensing distance for an implanted sensor and came up with an alternative 

geometry. They also exploited the excellent fl exibility shown by parylene to 

create a foldable structure (Fig. 14.7) that would minimize surgical opening 

required to implant the device (Chen  et al ., 2010). The sensor was fi xed to 

the iris within the anterior chamber of a rabbit and the surgical implant pro-

cedure took less than 15 min and required a corneal incision under 2 mm in 

length.      

 The sealed circular capacitor sensor is at the centre of the platform with 

a circular gold/titanium antenna coil (4 mm diameter), all encapsulated in 

parylene. Gold layer thicknesses were varied from approximately 3 to 7  μ m 

Variable C: 4 mm × 2 mm (planar) Flexible diaphragm
chamber

Parallel metal
plates

Dual-layer
metal wires

Ls Cs

Ls Cs

Rs

Rs

Variable C&L: 4 mm × 1 mm (planar)

  

 14.6      Designs and dimensions of variable capacitor and variable 

inductor/capacitor IOP sensors encapsulated in biocompatible 

parylene for surgical implant (reproduced with permission from Chen 

 et al ., 2008).  
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between sensors, which varied the bench test Q-factor from 30 to 45. These 

bench tests also revealed the strong infl uence of the surrounding media on 

the RF and Q-factor. The resonance dip of the sensor changed from 350 to 

275 MHz when going from air to water (dielectric constant changing from 

1 to 80) as the capacitance of the medium increases, whilst the Q-factor 

remain unchanged around 45 in each case. However, moving from water to 

0.9% saline caused the quality factor to fall dramatically to six, due to this 

medium being more lossy. The conclusion of this is that the electromagnetic 

energy reduces faster with distance in the anterior chamber. Bench top tests 

with a pressure chamber using a minimum signal-to-noise ratio (SNR) of 

10 (to achieve an anticipated pressure resolution of 1 mmHg) revealed a 

maximum sensing distance of 2.5 cm in water, dropping to 1.5 cm in saline 

solution, thus showing the detrimental infl uence of the medium around a 

sensor. 

 Next the researchers decided to take an alternative approach to place-

ment of the implant for passive IOP sensing as a method for increasing the 

sensing distance to an external reader. This required a modifi cation of the 

sensor platform and fabrication procedure (Lin  et al ., 2012). The fabrication 

process is shown in Fig. 14.8.      

 After spin coating a wafer with a sacrifi cial layer of photoresist, a 5  μ m 

layer of parylene was deposited, followed by a patterned 3  μ m Ti/Au layer, 

and then a second photoresist layer, which was patterned to give a 10  μ m 

thick localized section that would eventually be removed to form the cavity 

of the capacitor sensor. Another layer of parylene was added to encapsulate 

the gold tracks already deposited, and a second deposition of 0.5  μ m Ti/

Au then took place. A last layer of parylene was then deposited and pat-

terned with oxygen plasma to form the fi nal sensing capacitor section. The 

photoresist between the capacitor plates was removed with acetone, as was 

1 mm Folded width = 1.5 mm

(a) (b)

  

 14.7      (a) Unfolded geometry of 4 mm diameter wireless IOP sensor. 

(b) Reduced width designed for minimizing surgical incision length 

(reproduced with permission from Chen  et al ., 2010).  
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the underlying silicon substrate. An access hole of 180  μ m diameter into the 

capacitor cavity was created by oxygen plasma, and a tube of inner diameter 

320  μ m, outer diameter 450  μ m, was fi xed over the hole using a biocompat-

ible epoxy (Fig. 14.9).      

(1) Sacrifical photoresist coating and patterning
(2) First layer parylene deposition and patterning (5 μm)

Silicon

Photoresist

Ti/Au

Parylene

(1) First layer Ti/Au deposition and patterning (3 μm)
(2) Sacrifical photoresist coating and patterning (10 μm)
(3) Second layer parylene deposition and patterning (8 μm)

(1) Second Ti/Au deposition and patterning (0.5 μm)
(2) Third layer parylene deposition and patterning (7 μm)

(1) Device released in acetone

 14.8      Summary of processing steps for creating fl exible parylene 

encapsulated IOP sensor (reproduced with permission from Lin  et al ., 

2012).  

A

A′

Sensing capacitor
Pressure access

hole

Biocompatible
epoxy sealed

Applied pressure

Implantation tube

Sensing inductor

 14.9      Illustration of pressure sensor for penetration through the eye 

wall. Left image is top view showing spiral inductor and right image is 

side view with added implantation tube  (reproduced with permission 

from Lin  et al ., 2012).  
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 The unusual confi guration of this sensor was purposely designed to allow 

the option of implanting the sensor beneath the conjunctiva whilst the tube 

penetrates the choroid of the eye at pars plana (Fig. 14.10), and thus the IOP 

modulates the capacitance of the sensing platform.      

 Furthermore, bench top tests demonstrated that increasing the thick-

ness of parylene (to around 35  μ m) upon the sensor could more adequately 

contain the electric fi eld generated by the coils, and thus it was possible to 

increase the Q-factor, when immersed in saline, close to that measured in 

air. This passivation layer fi nding was useful because, even though the sen-

sor is outside the anterior chamber it is still beneath human tissue that will 

absorb the electromagnetic energy, and by optimizing the parylene around 

the sensor, the Q-factor can be maintained at a high value.  

  14.5     Design of custom ultra-low-power 
autonomous IOP sensors 

 In 2010 at the Center for Implantable Devices, Purdue University 

(Indiana), Chow and co-workers reported the design of a custom circuit 

Conjunctiva

Pars plana

Superior
rectus

IOP sensor

7.5 mm

5.5 mm7.0 mm

6.5 mm

Medical
rectus

Lateral
rectus

Inferior
rectus

 14.10      Intended location of new IOP sensor with implantation 

tube reaching through the eye wall to measure interior pressure 

(reproduced with permission from Lin  et al ., 2012).  
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to allow ultra-low-power operation of an implanted MEMS capacitance 

sensor using a 1 nanoamp current to charge a capacitor (Chow  et al ., 2010). 

The circuit (Fig. 14.11) incorporated a pressure measurement capacitor 

and a reference capacitor, and the charging time was directly proportional 

to the capacitance of each. Pulses of different widths proportional to the 

charging time were digitized and stored in memory. To further facilitate 

a stand-alone independent measuring system, a non-volatile memory was 

included, of ferroelectric RAM (FeRAM) type since it has benefi ts of rel-

atively lower power operation. Data was stored using a sleep–wake cycle 

that stores capacitance data every 5 min in the FeRAM.      

 The limited space within the eye limits the suitability of conventional bat-

tery technologies as a power source; hence, an array of miniature ceramic 

capacitors (52 in total) was created as a power-storage unit that was capable 

of supplying the IOP monitoring system for 24 h. 

 A liquid-crystal polymer (LCP) (Wang  et al ., 2003), which is a material 

found to outperform other biocompatible materials, was employed to cre-

ate a housing for the IOP measuring system and was shaped into a ‘tadpole’ 

geometry (Fig. 14.12). The tail of the tadpole housed an antenna for 2.4 GHz 

transmitter data transfer and remote powering via a RF rectifi er, whilst the 

head of the tadpole contained the MEMS capacitor sensor, power supply, 

and customised ASIC. In total, the ASIC had dimensions 700  μ m  ×  700  μ m 

and was fabricated through a Texas Instruments 130 nm CMOS process. The 
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 14.11      Ultra-low-power dual capacitance (sensing and reference) to 

time conversion circuit for autonomous IOP implant (reproduced with 

permission from Chow  et al ., 2010).  
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tadpole geometry (with a 3  ×  6  ×  0.3 mm head and a 27 mm tail) was also 

useful, as it was able to follow the curvature of the anterior chamber, and 

it was suggested that it was best located in front of the of the iris and the 

natural lens, thereby leaving the natural lens intact and vision unimpeded 

(Fig. 14.13).           

 The authors made a comparative evaluation of the power consumption 

of their developed system (in the wake cycle) with previous implantable 

Sealed tadpole

Cap array MEMS sensor

ASIC
Antenna

 14.12      Tadpole geometry of LCP encapsulated IOP sensor incorporating 

a long antenna and ultra-low-power circuitry and power-storage unit 

(reproduced with permission from Chow  et al ., 2010).  
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 14.13      Recommended implant position of ‘tadpole’ shaped IOP sensor 

to allow unobstructed vision (reproduced with permission from Chow 

 et al ., 2010).  

�� �� �� �� �� ��



 MEMS-based wireless intraocular pressure sensors 477

© Woodhead Publishing Limited, 2013

IOP devices reported earlier, which revealed that this IOP sensor consumed 

approximately 200 000 times less power, which alone demonstrates the dra-

matic progress made in only a few years (see Table 14.1).      

 The long tail of the tadpole is convenient for increasing the antenna 

length, and thus the transmission distance.  In vivo  the system had bit error 

rate (BER) around 10E–4 over a distance of 50 cm operating at 8 Mb/s, 

whereas this BER was reduced to 7.5  ×  10E–5 in free space for the same 

distance. This sizeable transmission distance is viewed as a signifi cant step 

forward compared to previous IOP systems, but in addition the telemetry 

performance was found to be largely independent of orientation, a problem 

that also plagued previous devices. 

 After a measurement run that could last for up to 24 h, an external reader 

could be used to download the data whilst simultaneously supplying power 

and recharging the capacitor array. The measurement data were sent from 

the reader via USB for storage on a PC. During evaluation tests of the devel-

oped sensor within a pressure chamber (Fig. 14.14) the measurement system 

demonstrated an average sensitivity of 6.64 fF/mmHg over the IOP range, 

transmitting this data to a reader situated outside the chamber.      

 With a similar philosophy of making more autonomous implants, Turner 

and Naber in the same year (Turner and Naber, 2010) introduced their 

initial confi guration for a commercial capacitive sensor combined with a 

radio-frequency identifi cation (RFID)-based operating system (operating 

 Table 14.1     Comparison of the power consumption of the implant developed by 

the Centre for Implantable Devices (Indiana) with those reported by previous 

researchers 

 Authors  System description  Year  CMOS 

process 

node 

 Supply 

voltage 

 Current 

 Chow  et al . 

(2010) 

 IOP monitor 5 min 

sampling with 

FeRAM and 

wireless powering 

and transmission 

 2009  130 nm  1.5 V  676 pW 

 Eggers  et al . 

(2000) 

 IOP SC-relaxation 

oscillator 

 2000  700 nm  3.5 V  297  μ W 

 Stangel  et al . 

(2001) 

 Programmable 

IOP sensor with 

EEPROM and RF 

transponder 

 2001  1.2  μ m  3.0 V  210  μ W 

 Mokwa and 

Schnakenberg 

(2001) 

 IOP sensor and RF 

transponder 

 2001  1.2  μ m  3.0 V  150  μ W 

   Source : Reproduced with permission from Chow  et al . (2010).  
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at 13.6 MHz) with on-chip FeRAM. The use of RFID was motivated to 

reduce the complexity of previous wireless interfaces. A custom ASIC 

(manufactured using a 0.5  μ m CMOS process) sampled the IOP at 10 min 

intervals and stored the data for later download by an external reader 

using custom Wireless Serial Peripheral Interface (SPI) to link to exter-

nal SPI-enabled modules. A super-capacitor power-module was charged 

externally and allowed the implant to operate independently for 24 h. 

Power consumption was estimated at 30  μ A during wireless transmission. 

However, the range of the implant was limited to a few centimetres. In the 

following year (2011), they reported a new prototype system operating at 

915 MHz that extended the range up to 100 cm (Faul  et al ., 2011). 

 Also that year Haque and Wise at the University of Michigan reported on 

some fabrication aspects of a project that was developing an autonomous 

IOP sensor incorporating a capacitive pressure sensor, an ultralow power 

ASIC, a custom power supply, and wireless components, all of which were 

hermetically sealed within a glass package and encapsulated in parylene 

(Haque and Wise, 2010). Micromachining of glass is problematic and there-

fore a new glass-in-silicon wafer process was developed to form the glass 

topology, which also allowed electrical connections to be made through the 

glass to the capacitor thereby keeping these components within the sealed 

implant. In the fabrication process DRIE was used to form a mould by etch-

ing 250  μ m deep channels into a silicon wafer substrate, and a 500  μ m thick 

glass wafer was then bonded upon this. These two materials were heated 

together above 750 ° C for a period of eight hours, which caused the glass 
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 14.14      Experimental evaluation of IOP sensor within a pressure-

regulated chamber demonstrating similar trends with and without a 

calibration factor (reproduced with permission from Chow  et al ., 2010).  
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to fl ow into the moulded wafer. The silicon was then lapped away until the 

glass was exposed. 

 This hybrid structure could then be used with conventional micromachin-

ing fabrication techniques to form the fi nal capacitive pressure sensor. The 

glass-in-silicon wafer serves as the substrate to which the silicon pressure 

sensing diaphragm (0.85 mm  ×  1.65 mm) rim is bonded, and an example 

device is shown in Fig. 14.15 with the vacuum-sealed silicon diaphragm on 

the front. The capacitance sensors were tested in a pressure-regulated cham-

ber and showed a sensitivity of 26 fF/mmHg, resolving better than 1 mmHg 

over the IOP range. The second generation of sensor design (Haque and 

Wise, 2011) using the glass-in-silicon process employed a two-step DRIE 

process to create additional cavities for an ASIC, and a miniature battery 

(Fig. 14.16).           

 In the following year, the University of Michigan team developing an 

ultralow power IOP implant sensor reported their progress to date (Chen 

 et al ., 2011). In the system described in their paper, the researchers have 

addressed each of the issues to create possibly the most advanced active IOP 

implant yet, that may make a long-term autonomous implant a real possibil-

ity. One signifi cant component of the implant is an energy harvesting tech-

nique. A custom rechargeable 1  μ Ah thin-fi lm lithium battery (EnerChip ™ ) 

was manufactured by Cymbet ™  Corp (Minnesota, USA). With no recharg-

ing these batteries can last up to 28 days. However, a miniature photovoltaic 

diode (of dimensions 0.7 mm 2 ) is integrated into the system and this con-

verts light entering through the cornea into electrical charge that is stored in 

 14.15      Capacitive pressure sensors made from a glass refl ow process 

in silicon upon a U.S. penny (reproduced with permission from Wise, 

2010).  
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the battery. Being rechargeable extends the life of the implant, with possibly 

as little as 1.5 h of sunlight daily being enough to recharge it. 

 The implant is fabricated in 0.18  μ m CMOS and incorporates a MEMS 

capacitive pressure sensor, a 7  μ W capacitance to digital converter (CDC), 

90 nW microcontroller, 4 kb static RAM, and wireless (UWB) transceiver. 

The standard operation of the implant is waking up and taking a measure-

ment of IOP every 15 min, storing this data and going back to sleep. Using 

the 10-bit data format means that after 24 h around 1 kb of memory has 

already been used and therefore there is an option to wirelessly reprogram 

the microcontroller to compress the memory data so that data logging can 

be extended to more than one week. 

 Power consumption is  μ Ws during IOP measurements and rises to mWs 

for wireless data transmissions. However, these events are periodic and 

short-lived, and overall average power consumption is kept below 10 nW, 

which allows the implant to be autonomous. This is facilitated by the pro-

cessor power being 30 pW when on standby. The integrated circuits and 

components are wire-bonded together and stacked vertically in four layers 

(Fig. 14.17) within a biocompatible glass housing formed by the glass refl ow 
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 14.16      Multi-layered enclosure fabricated with a novel glass-in-silicon 

wafer process containing gold interconnects between cavities that 

will house dedicated circuitry and components for a future IOP 

sensor. Dimensions given are anticipated following fabrication 

(reproduced with permission from Haque and Wise, 2011).  
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process developed by Haque and Wise. This glass housing is itself encap-

sulated inside parylene to give an implant of approximately 1 mm 3  in size 

(Fig. 14.18).      

 The recommended implant location is upon the iris (Fig. 14.19) so that the 

maximum amount of light coming through the transparent cornea can be 

used to recharge the battery. The researchers have also addressed the surgi-

cal aspects of the implantation by including glass fasteners (haptics) on the 

micromachined platform (Fig. 14.20) that fi x the implant with the help of the 

natural elasticity of the iris. This negates initial tissue damage via tacking but 

also reduces damage if the implant needs to be removed later.                
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 14.17      Final stacked components layout within parylene encapsulated 

housing (reproduced with permission from Wise, 2010).  
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 14.18      Final one cubic millimetre operational IOP sensor on U.S. penny 

(reproduced with permission from Chen  et al ., 2011).  
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 In addition, the IOP sensor resolution of 0.5 mmHg betters the typical 

1 mmHg of external tonometric measurement systems. After a desired 

period of IOP measurements within the eye of the patient, the stored data 

can be transmitted to an external device using 400 and 900 MHz frequen-

cies to increase the distance. The implant was demonstrated as having a 

BER less than 10E–6 after passing through 5 mm of saline and then through 

10 cm of air. As yet, human testing of the implant is still a few years away but 

the biocompatibility of the components has been demonstrated previously 

over extended periods and thus an autonomous long-term implant for IOP 

monitoring is now a very real possibility.  

 14.19      Demonstrating the implant (minus circuitry) in a human cadaver 

eye (see arrow) using haptics to negate the need for tacking. Position 

of implant indicated by white arrow (reproduced with permission 

from Haque and Wise, 2011).  

 14.20      Close up of glass haptics used to secure IOP sensor 

(reproduced with permission from Haque and Wise, 2011).  
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  14.6     Active and passive MEMS contact lenses 
for IOP monitoring 

 In 2003 Leonardi  et al . (2003) introduced a novel method for the continuous 

measurement of IOP using an external technique that if successful would 

alleviate the need for implant and removal surgery, and perhaps lower the 

cost of IOP sensors, thus promoting their uptake globally. The methodology 

is to measure changes in the external curvature of the cornea and relate this 

to internal IOP variations. 

 Research during the 1990s on human volunteers revealed a direct link 

between a step change in IOP and changes in radius of corneal curvature 

(Lam and Douthwaite, 1997) as well as a detailed  in vitro  investigation cor-

relating corneal biomechanics with incremental IOP changes confi rming 

this association (Hjortdal and Jensen, 1995). 

 Therefore, to try to access these corneal changes, Leonardi and co-work-

ers created microfabricated strain gauges encapsulated in a soft (silicone) 

contact lens that would measure the changing curvature of the cornea 

via changes in the measured strain of the gauges. In total, four platinum– 

titanium strain gauges (two for corneal curvature measurements and two 

for temperature compensation) were confi gured in a Wheatstone bridge 

format. The gauges were composed of 200 nm platinum with 20 nm of tita-

nium encapsulated in insulating polyimide (PI 2611, Dupont), creating a 

sensor approximately 6  μ m thick. The fi nal contact lens was made from 

silicone (NuSil MED-6015) by several cast moulding steps, which allowed 

the sensors, microprocessor and antenna to be embedded within the lens. 

Silicone was used for its known low water absorption and thus the sen-

sor would be less affected by changing atmospheric moisture. In the initial 

proof-of-concept design a 3 cm connection wire ran from the contact lens to 

the  measuring electronics. 

 Theoretical analysis revealed that the Wheatstone bridge voltage (V) can 

be related to the change in IOP ( Δ  p ) by the expression  

    Δ =pΔ
bV
GIRII

2

αGG
       [14.3]   

 where  I  is the applied current,  R  is the inherent resistance of the gauges,  G  

is a gauge factor,  b  is a proportionality constant, and   α   is the initial angle of 

a point on the contact lens. Thus a change in IOP can be directly related to 

the Wheatstone bridge voltage. 

 Initial experiments conducted on model eyes revealed encouraging 

results yielding a reproducibility of about 2 mmHg for this novel IOP sen-

sor for pressure variations applied to the eye. This research laid the founda-

tion for the company Sensimed AG (Switzerland) in 2003 to commercialize 
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this non-invasive technology for continuous monitoring of IOP. Subsequent 

improvements in contact lens design included the removal of the connec-

tion wire and replacement with a 50  μ m thick ASIC for wireless data trans-

fer to a portable reader operating in the ISM band at 27 MHz. Power is sent 

externally from either a pair of glasses or an eye patch to a 10 mm diameter, 

30  μ m thick gold antenna in the contact lens (Fig. 14.21). Antenna and 

gauges are connected to the ASIC via conductive glue.      

 In 2009, Leonardi  et al . reported on  in vitro  experiments using the devel-

oped contact lens sensor with ten enucleated pig eyes fed with saline through 

a cannula and sitting vertically upright. By varying the saline pressure, the 

IOP could be varied and data from the contact lens sensor was wirelessly 

transmitted to a computer for analysis. Even though the contact lens was 

designed for the dimensions of a human eye rather than a pig eye, the results 

demonstrated that the contact lens sensor followed the variation in IOP 

between 20 and 30 mmHg very well and in a linear fashion, to a reproduc-

ibility of  ± 0.2 mmHg under these simplifi ed conditions (no blinking or lens 

movement). 

 The system developed by Sensimed AG was given the commercial name 

Triggerfi sh ™  and in early 2009 received its CE-mark paving the way for 

human clinical trials (Fig. 14.22). One disadvantage of using silicone is that 

it is naturally hydrophobic and before clinical use the lens has to be oxygen-

plasma treated to render a hydrophilic surface between the lens and the 

cornea. However, if the lens is removed the surface becomes hydrophobic 

again and thus CE-mark compliance required each lens was for single use 

up to 24 h.      

 In 2010, a 24-h study on the continuous monitoring of IOP with the contact 

lens (Sensimed AG whitepaper, 2010) was conducted on healthy volunteers, 

Soft silicone lens
(14 mm dia., 8.6 mm R)

Antenna
(PI-gold: 30 μm)

Telemetry
microprocessor

(PI-CMOS ASIC: 100 μm)

Passive gages
(PI-Pt-PI: 7 μm)

Active gages
(PI-Pt-PI: 7 μm)

 14.21      Soft contact lens technology developed by Sensimed AG for 

continuous monitoring of IOP (© Sensimed AG-2012).  
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which revealed that the sensor performed well on the subject’s eyes (no tol-

erability issues) and the use of the sensor to monitor peaks and troughs of 

IOP can support decision making regarding treatment (e.g. effectiveness of 

medications to lower IOP). However, reproducibility and validation of the 

results still need to be confi rmed at this stage. Another trial more recently 

in August 2012 (Mansouri  et al ., 2012) on 40 patients, with and without glau-

coma, also revealed good tolerability and concluded that the IOP sensor 

showed fairly good reproducibility. 

 Particular issues that arise when using the contact lens on humans are the 

frequent blinking and eye movements, which can lead to signal fl uctuations 

and deviations of the sensor. The repetitive blink actions are likely to cause 

short-lived spikes in the sensor trace and can thus be fi ltered out. The con-

tact lens will also repeatedly move across the cornea during blinking and 

eye movements, but overall it is expected to return to the same position, 

thus averaging out errors. Other physiological parameters regarding the liv-

ing cornea (such as thickness, rigidity and diversity amongst subjects) may 

affect the calibrated sensor over time and need more research and trials. 

 A recently established company called Ophtimalia (France) have recently 

reported initial investigations of a passive contact lens with an embedded 

coil that uses a mutual inductance system with a secondary external coil to 

sense changes in resonant frequency in the embedded coil as the curvature 

of the cornea changes (Auvray  et al ., 2012). By appropriate modelling of the 

complete system, the sensor response can be correlated to changes of IOP 

that can be detected by an external reader built into a spectacle frame. The 

philosophy behind this methodology is for the contact lenses to be dispos-

able and the complex electronic signal processing to be done externally. If 

the technology can be suffi ciently low cost then this approach may one day 

allow the technology to be used globally.  

 14.22      Approval of European CE-mark has led to human clinic trials of 

Sensimed AG soft contact lens IOP sensor (© Sensimed AG-2012).  
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  14.7     Conclusion 

 In just two decades microelectronics and MEMS technology and processes, 

combined with wireless data transfer, have provided the tools to create 

novel devices that were once the realm of science fi ction. For the success-

ful treatment of glaucoma, ophthalmologists have long sought continuous 

monitoring of IOP whilst allowing the patient to carry on with their daily 

lives. The steady progress in the fi eld of MEMS and microelectronics in 

creating ever smaller features and functions, lower power-consuming cir-

cuitry, and autonomous self-powering systems, has delivered for the fi rst 

time technology that can be implanted into the eye, or worn on the eye, to 

monitor the internal pressure bringing hope that glaucoma can be detected 

early enough to prevent total blindness. Already several companies, such as 

AcuMEMS Inc (Menlo Park, California), Implandata Ophthalmic Products 

GmbH (Hanover, Germany), and LaunchPoint Technolgies Inc (Goleta, 

California), are developing and commercializing implantable MEMS sen-

sors that collect continuous IOP measurements inside the anterior chamber 

of the eye and transmit the data to an external device worn by the patient. 

Other companies, such as Sensimed AG (Switzerland) and Ophtimalia 

(France), are developing contact-lens-based technologies to be worn for 

a short time externally, collect a set of IOP measurements, and then be 

removed. Each approach has its advantages and disadvantages, issues and 

concerns, but it is always advantageous to have different cross-disciplinary 

teams addressing a problem from different angles, fi nding new and unex-

pected ways to use MEMS to make a meaningful difference in the lives of 

people. Extrapolating from the progress we have witnessed over the last 

twenty years, in the next twenty years implanted MEMS IOP sensors may 

well be integrated with automated MEMS relief valves and a MEMS drug 

delivery system to lower the IOP to provide a long-term closed-loop moni-

toring and treatment system.  
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  Abstract : Drug delivery is essential for the treatment of chronic 
conditions. Implantable site-specifi c drug delivery devices offer 
direct delivery to the site of therapy, improving treatment outcomes 
while reducing side effects and overall associated healthcare costs. 
Microelectromechanical systems (MEMS) miniaturize infusion pumps 
such that they are implantable; wirelessly-powered to eliminate the 
use of bulky, limited lifetime batteries; and volume effi cient. Wireless 
communication allows remote monitoring of device status and 
performance, and remotely initiated changes to the drug regimen for 
patient tailored therapy. Requirements for a MEMS drug delivery device 
with wireless powering and data communication are presented along with 
an example of such a device. 

  Key words : implantable site-specifi c drug delivery device, micro infusion 
pump, MEMS wireless communication, wireless power and data 
transmission. 

    15.1     Introduction 

 Drug therapy is critical for the management of chronic diseases, such as 

cardiovascular disease, cancer, diabetes, arthritis, and respiratory disease. 

Together, these conditions are projected to affect an estimated 50% of 

Americans by 2030. The management of chronic conditions contributes 

to an estimated 83% of total healthcare costs today (The Council of State 

Governments, 2006). The average annual healthcare coverage cost for 

individuals suffering from a chronic condition is $6032, which is fi ve times 

higher than for healthy individuals (Menehan, 2006). Therefore, effective 

drug therapy is a critical healthcare need. 

 Conventional pharmacological therapies rely on oral, topical, or par-

enteral drug administration. Parenteral drug injection uses conventional 

needles and catheters, and requires repeated time- and labor-intensive pro-

cedures for chronic treatment. These are associated with frequent clinical 

visits, lost productivity at the work place or in the fi eld, low patient compli-

ance, and elevated risk of infection. Many drugs are delivered systemically 
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(throughout the entire body directly through circulation, or via the skin or 

the gastrointestinal route) which requires high doses for effi cacy and results 

in signifi cant waste of expensive drugs and serious unintended side effects. 

 External infusion pumps are used extensively in hospitals for post-sur-

gery pain management. Most systems currently used, such as Hospira’s 

Symbiq ®  Infusion System (Hospira Inc., 2011) and the Carefusion Alaris ®  

System (CareFusion Corporation, 2011), are computer-controlled syringe 

pumps that provide considerable improvement in safety and accuracy over 

old-fashioned drip-chamber and roller-clamp systems (Fig. 15.1a). Modern 

infusion pumps provide the desired fl ow rate to the patient’s intravenous 

line, and include safety features to ensure failures are promptly reported 

(Maxim, 2010). Recent designs, such as Baxter’s Spectrum Infusion System 

(Fig. 15.1b), include a bi-directional wireless communication system. Wireless 

pumps reduce the number of cables that tether the patient to the equipment 

and allow for the freedom of patient movement beyond the hospital bed 

(Baxter, 2011). However, all these systems deliver the drug systemically, a 

route which is associated with such side effects as constipation, dizziness, 

drowsiness, headache, and nausea (Drugs.com, 2000–2011), for which addi-

tional medical intervention may be required. Also, the large dose of drug 

associated with systemic delivery could lead in the case of pain medications 

to patient dependency.      

 Site-specifi c drug delivery systems allow for the precise amount of drug 

to be delivered in the therapeutic range directly to the site of therapy. 

Localized delivery lowers the amount of drug required to reach therapeutic 

concentrations in the body, and enables the use of more potent drugs (Tang 

 et al ., 2008). These systems can reduce the cost of healthcare and the num-

ber of doctor visits, and improve patient compliance. Furthermore, the use 

of automated and implantable drug delivery systems for the management 

of chronic conditions will maximize drug effi cacy, reduce side effects, and 

improve treatment outcomes (Fiering  et al ., 2009). 

 In this chapter, we discuss the motivation for wireless drug delivery devices 

and the advantages of a MEMS approach for implantable infusion pumps. 

Design requirements for wireless powering and wireless data communica-

tion, including biological and security concerns, are reviewed. Finally, we 

explore a case study of an implantable MEMS drug delivery system.  

  15.2     Wireless power and data for 
drug delivery applications 

 Drug delivery devices that are tetherless are highly desirable. Eliminating 

the use of wires and catheters would lead to a higher patient mobility 

range, and allow for drug administration to take place outside of clinical 

settings. Despite advances in battery technologies on their miniaturization, 
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batteries are still large in comparison to MEMS devices and can signifi -

cantly increase the overall device size and weight. Also, batteries have a 

limited lifetime and may pose risk to the patient if leakage or malfunc-

tions occur (Si  et al ., 2007). Wireless powering of drug delivery devices can 

eliminate the battery and considerably reduce the size of the device. The 

system lifetime is also improved. 

 There are two levels of data transfer relevant to medical implants. The 

fi rst is short-range communication with the device, to monitor device status 

and performance and send commands to adjust operation. Changes in dos-

ing tailor the therapeutic regimen to each patient’s needs during the course 

(a)

(b)

 15.1      (a) Carefusion Alaris ®  System (CareFusion Corporation 2011, 

used with permission), and (b) Baxter’s Spectrum Infusion System 

(Baxter, 2011, used with permission).  
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of therapy. The second is remote monitoring, through data transfer between 

the device and an internet-based network. Remote monitoring of clinical 

events and symptoms reduces the frequency of routine follow-up visits. This 

in turn reduces staff time and costs, while improving the patient’s quality of 

life (Panescu, 2008). 

 Medtronic’s MiniMed Paradigm REAL-Time Revel System (Fig. 15.2) is 

an example of wireless communication used to inform the drug regimen in 

the treatment of diabetes. The device combines a wireless glucose sensor 

with an insulin infusion pump that is worn externally. A catheter delivers 

insulin through the skin. The sensor wirelessly updates the glucose read-

ing every fi ve minutes. Wireless communication is also used to monitor 

device activity. The externally worn receiver stores data for up to 30 days, 

after which it can be downloaded to a computer (Medtronic Inc., 2011). 

Medtronic has also set up the Medtronic CareLink Pro  ®   Network to provide 

an internet-based implant monitoring system (Medtronic Inc., 2011).      

 Many sites cannot be easily accessed through the skin with a simple cath-

eter. For such targets, the diabetes pump format is not suitable. Factors such 

as discomfort, risk of infection, and the impact on daily activities, may point 

to the use of a completely implantable pump. MEMS technology can be 

 15.2      Medtronic’s MiniMed Paradigm® REAL-Time Revel™ System 

(Medtronic Inc., 2011, Manufactured by the Diabetes business unit of 

Medtronic, Inc., used with permission).  
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leveraged to miniaturize drug infusion pumps to meet a form factor that is 

suitable for implantation.  

  15.3     A MEMS approach to drug delivery 

 One of the major concerns for implantable biomedical devices is minia-

turization (Albason  et al ., 2011). Using MEMS technology will allow for 

complete implantation of miniaturized devices, which reduces patient dis-

comfort, reduces the risk of infection, and eliminates tampering with or 

damage to the device (Si  et al ., 2007). 

 There are two types of MEMS drug delivery systems: passive and active. In 

passive devices, such as osmotic pumps, the rate of drug delivery is controlled 

by diffusion and so the fl ow cannot be modifi ed or stopped after the device is 

implanted or injected into the targeted area. Such passive devices do not require 

electrical powering. For active devices, the rate of drug delivery is directly con-

trolled following an external trigger (Smith  et al ., 2007). Here, we will focus on 

active devices in which fl ow of drug can be started or stopped as desired, and 

the rate can be modifi ed at any time during the course of treatment. 

 Debiotech’s JewelPump  ®   is an example of an insulin micropump for diabetes 

treatment (Fig. 15.3). The micropump contains a pumping chamber with a fl ex-

ible membrane, two passive check valves and a pressure sensor. The pressure 

sensor increases safety by monitoring the performance of the pump during use 

(Schneeberger  et al ., 2009). The pump is worn as a patch on the skin and can be 

wirelessly programmed and monitored using a personal handheld device such 

as a cellphone. Each disposable reservoir is worn for six days. However, wire-

less technology is only used for communication, and the device still requires 

a battery for operation (Debiotech S.A. Switzerland, 2011). Debiotech is in 

 15.3      Debiotech’s JewelPump ®  (Debiotech S.A. Switzerland 2011, used 

with permission).  
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the process of further miniaturizing the device so that it can be completely 

implantable inside the body (Debiotech S.A. Switzerland, 2011).      

 The MicroCHIPS  ®   micro-reservoir device (Fig. 15.4) is an example where 

MEMS technology is used to enable an implantable drug delivery system. 

An array of tiny reservoirs is used to store drug until it is ready to be released 

in the body. Each individual reservoir is wirelessly actuated to initiate drug 

release and has the ability to control precisely the dose delivered. Dosing 

can be terminated without the need for device extraction (Prescott  et al ., 
2006). The devices are compatible with preprogrammed microprocessors, 

wireless telemetry, and sensor feedback loops, which can be integrated in 

the future (MicroCHIPS Inc., 2011).      

  15.3.1     MEMS drug delivery system requirements 

 A microtechnology-enabled drug delivery system should allow for accurate, 

effi cient, targeted on-demand delivery of drug without the need for patient 

intervention. The drug pump should be implanted and refi llable through the 

skin, eliminating the need for multiple surgery and catheters. Pumps should 

Microchip

 15.4      The MicroCHIPS ®  micro-reservoir device (Farra  et al ., 2012, 

reprinted with permission from AAAS).  
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be compatible with an assortment of drugs (both conventional and new) to 

fi t the needs of different patients in treating a wide variety of conditions. 

 From a design standpoint, the pumping mechanism chosen should be small, 

reliable, and biocompatible, with low power consumption and cost (Laser 

and Santiago, 2004). Micropumps are categorized into two groups based 

on the pumping mechanism: mechanical and non-mechanical. A majority 

of mechanical micropumps (electrostatic, piezoelectric, thermo-pneumatic, 

bimetallic, shape memory alloy (SMA), and ionic conductive polymer fi lm 

(ICPF)) operate based on reciprocating displacement, in which a deformable 

plate with fi xed edges does work by periodically applying pressure to the 

fl uid (Amirouche  et al ., 2009; O’Brien and Santhanam, 1985). Smits intro-

duced the fi rst MEMS-based piezo-electrically actuated peristaltic pump to 

deliver insulin to diabetic patients in 1984 (Smits, 1989). Since then, there 

has been a substantial amount of research and development in this fi eld 

(Amirouche  et al ., 2009). Electrostatic and piezoelectric micropumps require 

a high driving voltage and high power, so they are not suitable for wireless 

applications. SMA micropumps suffer from low fl ow rate, and are usually 

not biocompatible. Non-mechanical micropumps utilize the transformation 

of a certain available non-mechanical energy into kinetic momentum to 

drive fl uid. Generally, non-mechanical micropumps (magnetohydrodynamic 

(MHD), electrohydrodynamic (EHD), electroosmotic (EO), electrochemi-

cal, osmotic, capillary, electrowetting (EW), and diffuser/nozzle) are smaller, 

simpler in design and easier to fabricate because they do not require physi-

cal actuation components; however, their performance with regards to fl ow 

rate, response time, and back pressure may be inferior to mechanical micro-

pumps. EHD and MHD micropumps require the working fl uid (drug) to be 

electrically conductive which limits their application (Tsai and Sue, 2007). 

Electrochemical pumps have low power operation ( μ W–mW range) making 

them suitable for wireless applications. Also they generate negligible heat, 

deliver accurate fl ow with their large driving force, and can be constructed 

with biocompatible materials (Sheybani and Meng, 2011). 

  Case study 

 An example of an implantable drug delivery system that includes all the 

requirements mentioned above is being developed at the Biomedical 

Microsystems Lab at the University of Southern California (Li  et al ., 2010). 

The implantable micropump consists of an electrochemical actuator adja-

cent to, and acting on, a separate drug reservoir, whose outfl ow leads to 

a catheter (Fig. 15.5). Constant current applied to an electrode pair in 

the actuator electrolyzes water, which consequently produces a pressure 

increase due to gas expansion. This defl ects the fl exible membrane and 

drives drug out of the adjacent drug reservoir through the delivery catheter. 
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For repeated bolus delivery, the pump is turned on and off by supplying cur-

rent to the actuator only when dosing is desired. This design allows the cath-

eter to be placed virtually anywhere in the body to target the specifi c tissue 

affl icted by the chronic condition. Accurate and reliable dosing is possible 

by controlling the magnitude of the applied current (to control the fl ow 

rate) and its duration (to control of dose). Therefore, the dosing regimen 

can be altered remotely in an on-demand manner at any point during the 

treatment. The drug pump is implanted subcutaneously and the reservoir 

is refi llable through the skin, eliminating the need for multiple surgery and 

daily catheterization. This technology is scalable and compatible with an 

assortment of drugs (both conventional and new) to enable the treatment 

of a wide variety of conditions.        

  15.3.2      Wireless powering requirements for an 
implantable MEMS drug delivery system 

 There are four types of wireless power transmission. In practice (through 

design), only one method is selected as the preferred mode. For transcuta-

neous powering, inductive transmission is most suitable compared to other 

forms of wireless powering (radiative, conductive, and capacitive). Due 

to size restrictions, radiative powering would require the frequency to be 

in the GHz range for suffi cient power reception. This would lead to large 

Refill port(a)

(b)

Delivery catheter

Drug reservoir

Electrochemical
actuation
chamber

  

 15.5      Implantable MEMS micropump: (a) device schematic and 

(b) operation principle.  
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power dissipation in biological tissue and attenuation of the transferred 

power, which are both undesirable. Conductive and capacitive links rely 

on the electric fi eld. The body acts as a bad conductor and leaky dielectric, 

which means both these methods would encounter large losses. Inductive 

powering, however relies on magnetic fi eld coupling and the transmission 

frequency can be chosen to minimize power dissipation (Lenaerts, 2008). 

Therefore, we will focus on inductive powering and provide a brief explana-

tion of the design requirements of a simple powering system. 

 A typical inductive powering system consists of two separate coils, a 

transmitter (primary) and a receiver (secondary), which, in the case of an 

implantable device, would be placed inside the body (Albason  et al ., 2011). 

An alternating current applied to the transmitting coil can induce a magnetic 

fi eld, which is then picked up by the receiving coil. The electromotive force 

that is produced as a result can be converted to a direct current (DC) volt-

age or current source to drive an attached load (Lenaerts, 2008) (Fig. 15.6).      

 Transmission effi ciency is increased when the coils are tuned to the same 

resonant frequency. The resonant (e.g. operating) frequency of the device 

is selected based on the device placement and the resulting attenuation of 

the magnetic fi eld when traveling through air and biological tissue. At lower 

carrier frequencies, transmission may be slow and insuffi cient. However, at 

higher frequencies (e.g. GHz range), the rate of power attenuation is also 

higher due to water absorption, and could cause excessive heating that might 

lead to tissue damage when transmitting a power signal (Albason  et al ., 2011; 

Liang  et al ., 2005). The size of the implant also affects the selected frequency. 

Generally, higher frequencies would allow for smaller receiver coils sizes; 

for example, if the frequency is shifted from the MHz to the GHz range, 

the coil size can be reduced 104 times (Poon  et al ., 2007). Therefore, the 

size restrictions and the required transmission power and time should be 

carefully considered when selecting the operating frequency. It is important 
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 15.6      Wireless powering circuit.  
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to note that while it is preferable for the receiver coil to be small so that 

the overall implant size is minimized, within those limits, the largest pos-

sible coil is required to maximize pick-up of the transmitter’s magnetic fl ux. 

Once the size of the receiver and the frequency are decided upon, based on 

the aforementioned considerations, and the working distance between the 

coils is fi nalized, the optimal size for the transmitter can be derived based 

on a DC fi nite-element model of the secondary coil explained in Lenaerts 

(2008). 

 One of the important quantities defi ned for inductive coupling is the ratio 

between mutual inductance and self-inductance of the transmitting and 

receiving coil, named the coupling coeffi cient,  K . This coeffi cient is unitless 

and can be defi ned as:  

    0 1
1 2

M

L L1

        

 where  M  is the mutual inductance and  L  1  and  L  2  are the self-inductances of 

the two coils (Glisson, 2011).  K  is zero when there is no coupling at all, and 

equals 1 for perfect coupling. When the geometry is held constant, the value 

of  K  is independent of the number of turns of the coils. The coupling coef-

fi cient captures the magnitude of the magnetic fl ux induced by the trans-

mitter that is linked to the receiver (Tang  et al ., 2008), so it is desirable to 

maximize the coupling effi ciency (Lenaerts, 2008). 

 Another important coil parameter for each of the coils is the quality fac-

tor,  Q , which is defi ned as:  

    Q
L

R
≡

ωLL
        

 where  R  is the frequency dependent equivalent series resistance of the 

coil and ω is the transmission frequency (Glisson, 2011). At the selected 

transmission frequency, a high quality factor (>100) is required to maximize 

the induced fi eld on the secondary. High  Q  can be achieved through coil 

design (Liu  et al ., 2010; Tesla, 1893) and construction; using multi-wound 

Litz wire to fabricate the receiver coil will alleviate the shift in resonant 

frequency caused by winding and ohmic losses; and by increasing self-

resonance of the coil due to inherent parasitic capacitances that can be 

used benefi cially (Lenaerts, 2008; Liu  et al ., 2010). Sullivan uses standard 

analysis of proximity-effect losses in combination with a power law model-

ing of insulation thickness to fi nd the optimal stranding of Litz wire when 

designing coils (Sullivan, 1997). High power transfer effi ciency (defi ned as 

η = K Q K+ Q Q2 2Q Q K+ 2
tranQ smitter rQ eceiver tranQQ smitter rQ eceiver/( )  (Schuylenbergh and Puers, 

2009)) can be achieved through maximizing  Q , or  K , or both (Kumar  et al ., 
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2009). However, when maximizing  Q  and  K , it is important to note that 

these parameters are not independent of each other (Lenaerts, 2008). 

 Typically, the transmitter circuit is tuned in series to lower load impedance, 

and the receiver circuit is tuned with a parallel capacitor that cancels the induc-

tive impedance of the coil since this leads to better performance when driving 

a non-linear rectifi er load (Albason  et al ., 2011). If DC power is required to 

drive the implant, a rectifi er is used to convert alternating current (AC) power 

to DC power. Even though the transmitted power can be kept constant, the 

received magnetic fi eld can fl uctuate due to coil foveation or changes in dis-

tance, with respect to one another or changes in the transmission medium. To 

limit the voltage supplied to the load, a voltage regulator can be used after the 

rectifi er (Tang  et al ., 2008). Similarly, if constant current is desired, current reg-

ulator circuitry may be utilized. Otherwise the power can be controlled on the 

transmitter side by detecting changes in the peak to peak AC signal refl ected 

by the receiver circuitry. Donaldson describes the steps required to create the 

necessary feedback loop to achieve this (Donaldson, 1985). 

 During the prototyping stage, using surface mount components will reduce 

size, and negative/positive zero temperature coeffi cient (NPO) capacitors 

can reduce power loss due to thermal effects of non-ideal components 

(Liang  et al ., 2005). However, once the design of the implantable circuitry 

is fi nalized, it is preferable to fabricate the design in customized applica-

tion specifi c integrated circuits (ASIC), using complementary metal oxide 

semiconductor (CMOS) technology. Integrated circuits will increase the 

reliability and allow for a considerable reduction in device size compared to 

surface-mounted components. Also, customized chips have reduced power 

consumption and dissipation which is preferred in order to prevent tissue 

heating (Albason  et al ., 2011). 

 Wireless powering has some limitations, such as short operating range, 

imperfect transfer effi ciency due to frequency tuning, and required align-

ment between coils (Zhang  et al ., 2009). When designing a wireless implant, 

it is assumed that the receiver coil is placed inside a freely moving subject. 

Depending on the orientation of a single transmitting and receiving coil, 

if the coils are oriented perpendicularly with regards to each other, then 

the mutual inductance would be zero and, essentially, no power would be 

transmitted (Lenaerts, 2008). Therefore, it is important to account for the 

possible foveation in the design. One solution would be to have multiple 

transmitting or multiple receiving coils. When using multiple transmitting 

coils, at least three coils should be used that are linearly independent. In this 

confi guration, feedback from the receiver is used to determine the trans-

mitter coil with the best coupling, and that coil is used for powering while 

the other two coils are turned off (Fig. 15.7). The second approach would be 

to use multiple receiving coils with one transmitter. Once again, three coils 

with perpendicular winding axes are suffi cient. With three series resonant 
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secondary tanks, and three parallel rectifi ers, the power received from all 

three coils can be combined in a common fi lter capacitor (Fig. 15.8). This 

approach does not require feedback (Lenaerts, 2008).            

  15.3.3      Wireless data transfer requirements for a 
MEMS drug delivery system 

 If designed appropriately, it is possible for the wireless powering inductive 

link to also support data fl ow from the transmitter to the receiver and vice 
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versa. For transfer towards the receiver, the current driving the transmit-

ter is manipulated, usually through amplitude modulation. The rectifi er on 

the receiving circuit can be used to demodulate the data signal (Lenaerts, 

2008). For data transfer from the receiver to the transmitter, passive absorp-

tion modulation can be used, in which a switch is manipulated by the data 

signal to short the resonant tank, affecting the current passing through the 

receiver coil. Since the coils are coupled, the modulation is refl ected in the 

transmitter. A separate coil decoupled from the transmitter could be used to 

better decipher the magnetic fi eld of the receiver (Lenaerts, 2008). Another 

approach would be to use ‘sub-carrier modulation’ (Finkenzeller, 2003), in 

which logic gates are used to multiply the data stream by a subharmonic 

 ( f  is frequency and  m  is an integer) obtained using a digital counter 

(Coosemans and Puers, 2005). After transmission, a band-selective fi lter is 

used to fi lter the power signal and obtain the data stream (Lenaerts, 2008). 

 Bi-directional data transmission can also be achieved by combining both 

methods mentioned above, that is, amplitude shift keying (ASK) used for 

sending commands and data to the receiver, and load shift keying (LSK) 

or ‘refl ectance modulation’ as a backward transmission method (Fig. 15.9) 

(Albason  et al ., 2011).      

 For wireless communication of data between the transmitter and an inter-

net-based external device, protocols such as Bluetooth and ultra-wide band 

(UWB) are often used (Chow  et al ., 2009; Panescu, 2008). Other commu-

nication protocols that are specifi cally designed to work in the Industrial, 

Scientifi c, and Medical (ISM) bands, which show promise in the medical 

device monitoring area, but require a custom integrated circuit (IC) kit 

to connect to internet-based devices, include the WiseNet sensor network 

and the IEEE 802.15.4 ‘ZigBee’ wireless standard (El-Hoiydi  et al ., 2006; 

IEEE, 2007). The advantage of using Wisenet and ZigBee is that these small 
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device communication protocols are much lower power and simpler than 

Bluetooth and UWB. Attenuation in the data signal due to water in tissue 

severely limits data transfer for implanted devices in the GHz range; there-

fore, it is important to consider the data communication protocol operating 

frequency. 

 The GHz frequency range can be utilized for data communication to 

achieve faster data transfer without concerns over high attenuation since 

higher bandwidths are available (Lenaerts, 2008). However, while faster 

transfer rates are desirable, faster rates generally require more power and 

more sophisticated integrated circuit designs, (Panescu, 2008) therefore a 

careful balance should be reached. 

 When designing wireless data transfer, the environment in which the 

device is primarily used should be considered and the carrier frequency and 

communication protocol should be carefully chosen, so that other RF sources 

do not interfere with communication. The U.S. Federal Communications 

Commission (FCC) has allocated a 14 MHz range (608–614, 1395–1400, and 

1427–1432 MHz) as a wireless medical telemetry service (WMTS) spec-

trum to be used by medical telemetry systems without interference to and 

from other users of the electromagnetic radio spectrum. Authorized health-

care providers are eligible to use this spectrum without a license as long 

as their device is registered with FCC’s designated frequency coordinator, 

the American Society for Healthcare Engineering of the American Hospital 

Association (ASHE/AHA) (Federal Communications Commission, 2010). 

 Qualcomm Life has recently developed the 2net TM  platform, a cloud-

based system designed to be universally-interoperable with different medi-

cal devices and applications. Access to the platform is via a ‘plug-and-play’ 

gateway hub that supports Bluetooth, Bluetooth Low Energy, WiFi, and 

ANT+ local area radio protocols. Data is acquired from the medical device 

through the 2net hub TM , and then transferred and stored in the cloud. This 

information can be accessed securely by medical device users and their phy-

sicians or caregivers (Qualcomm Life Inc., 2011).   

  15.4     Biological constraints and requirements 

 Wireless powering and data communication with an implantable device 

requires an inductive coupling link through skin and biological tissue. When 

designing such a system, it is important to consider the effects of the device 

and inductive coupling on the surrounding tissue and vice versa. 

  15.4.1     Effects of an inductive fi eld on biological tissue 

 At frequencies below 100 kHz, direct physiological interaction with the tis-

sue should be considered, in which the fi eld causes particle displacement 
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inside living tissue. Excessive displacement may result in diffi cult breath-

ing, pain, uncontrolled muscle contractions, and interfere with heart func-

tion (Polk and Postow, 1995). At higher frequencies, particles do not move 

effectively, and instead the dominant issue is tissue heating. To assess the 

heating effects, specifi c absorption rate (SAR), which is the amount power 

absorbed per unit of mass, is used as a metric. The thermo-regulatory sys-

tem of the body is affected if the overall SAR exceeds 4 W/kg (International 

Commision on Non-Ionizing Radiation Protection, 1998). It is also advised 

to limit exposure time to prevent heating. Regardless of the frequency used, 

a healthy human adult cannot perceive current densities below 10 mA/m 2  

(International Commision on Non-Ionizing Radiation Protection, 1998). 

 International Commission on Non-Ionizing Radiation Protection (ICNIRPs) 

guidelines (International Commision on Non-Ionizing Radiation Protection, 

1998) and IEEE standard levels with respect to human exposure to radio fre-

quency electromagnetic fi elds (Committee, 1999; Committee, 2002) should be 

used to limit exposure and prevent damage to biological tissue.  

  15.4.2     Effects of biological tissue on an inductive fi eld 

 Electromagnetic fi elds are affected by biological tissue. Brown describes 

tissue as a leaky dielectric (Brown, 1999). This could cause losses in trans-

fer effi ciency and limit the operating distance between the transmitter 

and receiver. The effects vary, depending on the location and depth of the 

implant and also on the composition of the surrounding tissue (Chow  et al ., 
2009), including a fi brous capsule of collagenous tissue that may be cre-

ated around the implant as a result of the body’s natural immune system 

response (Prescott  et al ., 2006). 

 It is essential that medical implant development includes stringent tests 

and experiments to identify possible harmful effects of the device on the 

body and the body on the device. Saline and  ex vivo  tissue are good models 

for fi rst preliminary evaluation. It is important to remember that when using 

 ex vivo  tissue, additional tissue material should be placed behind the implant 

to simulate back-scattering and better represent the actual implant condi-

tions (Chow  et al ., 2009). Several formulas have been proposed to simulate 

the electrical properties of biological tissue (Chou  et al ., 1984; Fukunaga  et al ., 
2004; Karacolak  et al ., 2009; Lazebnik  et al ., 2005; Stuchly  et al ., 1987). As 

an example, Table 15.1 lists simple formulas to simulate the electromagnetic 

properties of muscle, brain, lung, and bone tissue (Hartsgrove  et al ., 1987).        

  15.5     Security concerns for wireless implants 

 While there are many advantages to wireless powering and data trans-

fer, there are also vulnerabilities that need to be considered. Wireless 
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communication between devices opens the device to possibilities of tam-

pering or information theft. Devices triggered by a wireless cue can allow 

a hacker to cause harm to a patient by sending commands that alter the 

prescribed drug regimen. For instance, on 4 August 2011, Jerome Radcliffe, 

a security researcher and diabetic, showed the audience at the Black Hat 

security conference in Las Vegas, how he could hack into his wireless insulin 

pump and tamper with the dose regimen (Takahashi, 2011). Data transfer 

from the device may allow a ‘data harvester’ or a hacker to steal patient 

information. Therefore, communication to and from the device should be 

secure (Malasri and Wang, 2009; Panescu, 2008). 

 In order to prevent tampering with an implantable device, measures 

should be taken so the device only responds to requests and commands 

from an approved external device. Two approaches have been patented:

   1.     In U.S. Patent 6,880,085 by Balczewski and Lent, a password-based 

approach was proposed. Before implantation of a device, a specifi c pass-

word is programmed that would be required for all subsequent com-

munication with the device (Balczewski and Lent, 2005). However, as 

pointed out by Malasari and Wang, the patent does not explain how the 

password is protected after implantation when it is transmitted between 

the implant and external device (Malasri and Wang, 2009).  

 Table 15.1     Simple formulas to simulate the electromagnetic properties of 

muscle, brain, lung, and bone tissue 

   Material  Percentage by weight 

 Muscle 

tissue 

 Water  52.4 

 NaCl salt  1.4 

 Sucrose sugar  45.0 

 Hydroxyethyl cellulose (HEC)  1.0 

 Bacteriacide (Dowicil 75  ®  )  0.1 

 Brain 

tissue 

 Water  40.4 

 NaCl salt  2.5 

 Sucrose sugar  56.0 

 Hydroxyethyl cellulose (HEC)  1.0 

 Bacteriacide (Dowicil 75  ®  )  0.1 

 Lung 

tissue 

 Muscle Material  47 

 Hollow silica microspheres ( Ø  30–180  μ m)  54 

 Bone 

tissue 

 TWEEN  57.0 

  n -Amyl alcohol  28.5 

 Paraffi n oil  9.5 

 Water  4.5 

 NaCl salt  0.5 

   Source : Hartsgrove  et al ., 1987 (reprinted with permission from Wiley Company).  
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  2.     In U.S. Patent 7,155,290, von Arx, Koshiol, and Bange present a two-step 

method to secure wireless communication. First, the external device 

should send an unlock command to the implant through short-range 

communication. Then the two devices must share an authentication code 

before communication can commence (von Arx  et al ., 2003).    

 However, the problem with both schemes is that the device needs to be 

extracted before the password can be reprogrammed after the device secu-

rity has been compromised (Malasri and Wang, 2009). 

 Besides intended tampering, there is also the issue of accidental device 

compromise due to interference from surrounding wireless communication. 

For this, the European Communication Commission (ECC) has recom-

mended two types of interference avoidance techniques. The fi rst is to ‘listen 

before talk’ in which frequency agility is used to adapt to a frequency band 

with low ambient signals, and the second is to use a decreased transmitted 

power level with a duty cycle of <0.1% (Panescu, 2008). 

 It is the responsibility of developers of wireless implantable drug delivery 

devices to implement security measures to protect the device from tamper-

ing by unauthorized users, including the patients themselves.  

  15.6     Wireless inductive powering and uni-directional 
data system for a MEMS drug pump 

 The electrochemical micropump in the aforementioned case study requires 

constant current to be supplied to a pair of interdigitated electrodes to elec-

trolyze water into hydrogen and oxygen and provide the actuation driving 

force. Depending on the desired fl ow rate (0.3–141.9  μ L/min), the current is 

set (0.1–13 mA). Power ranging from 0.6 to 60 mW is required to supply the 

constant current. The wireless power system should be capable of providing 

this power, with high transfer effi ciency and low heat dissipation in the sur-

rounding tissue. The operating distance is affected by the implant depth. The 

pump is designed to be placed under the skin to be refi lled percutaneously. 

  15.6.1     Case study 

 For the fi rst prototype, a simple Class D amplifi er wireless powering system 

(Fig. 15.10) was developed (Sheybani  et al ., 2011). Class D systems can provide 

the large current needed to create the magnetic fi eld; however, series-tuning 

of the primary coil cancels inductance leakage through the coil, lowering 

the required driving voltage. They are also less dependent on coupling as 

long as the load stays well above the switch-on resistance (Schuylenbergh 

and Puers, 2009). These features make Class D systems suitable for simple 
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fi rst stage prototyping. The transmitter circuit consisted of a voltage reg-

ulator (LM2937IMP-5.OCT-ND, National Semiconductor, Agoura Hills, 

CA), a metal oxide semiconductor fi eld effect transistor (MOSFET) Class 

D amplifi er (TC4420CPA-ND, Microchip Technology, Chandler, AZ), and a 

2MHz clock crystal (CTX755- ND, CTS-Frequency Controls, Albuquerque, 

NM). The receiver circuit included a full wave rectifi er with Schottky diodes 

(BAS7006ZXCT-ND and BAS7005CT-ND, Diodes Zetex Semiconductors, 

Oldham, United Kingdom), along with a current regulator (LM334SM, 

National Semiconductor, Agoura Hills, CA) to control the power being 

delivered to the electrochemically driven MEMS drug delivery system.      

 The design was implemented using discrete components. The effects of 

distance between coils and foveation between the transmitter and receiver 

were studied (Fig. 15.11) before fl ow rate testing was performed on the drug 

delivery device (Table 15.2). Flow rates higher than that of a constant current 

source (Keithley, 2400 source meter, Cleveland, OH) were measured for the 

same set current with <2% standard error for each set current. While simple in 

design, this Class D system using discrete components had several drawbacks. 

The MOSFET driver chip had large process variations, making it diffi cult to 

fi ne-tune the amplifi er. MOSFET switching and the open loop confi guration 

caused the MOSFET driver to heat up and sometimes burn out.           

 A second receiver device was designed with a low drop-out (LDO) 

switching regulator (LTC3670EDDB#PBF, Linear Technology, Woodland 

Hills, CA) with a faster response time and higher linear effi ciency compared 

to the current regulator previously used (Fig. 15.12). In this design, a half-

wave rectifi er was implemented to reduce the noise level and the number 

of components needed. A Zener diode (MM3Z4V3CCT-ND, Fairchild 

Semiconductor, San Jose, CA) was attached in parallel with the circuit to 

limit the input voltage (4.3 V) to the regulator. This design was fi rst simulated 

using LTSpice, before being implemented using surface mount components 

on a fl exible printed circuit board (PCB) on a scale that could be integrated 

to an implantable drug delivery device. Benchtop testing was performed 
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using the transmitter described in (Givrad, 2007). Flow rates were compa-

rable to that achieved with (Keithley 2400 source meter, Cleveland, OH). 

The results of changing distance between coils and foveation between the 

transmitter and receiver are shown below (Fig. 15.13). The device was then 

packaged for  in vivo  testing: electronics were encapsulated using epoxy and 
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attached to the drug delivery device. The completely packaged system was 

covered in medical-grade silicone rubber (MDX-4, Factor II Inc., Lakeside, 

AZ) before being coated by a 9  μ m thick conformal layer of Parylene C to 

enhance biocompatibility and reduce moisture permeability. A 30 day trial, 

with the packaged device immersed in a 37 º C water bath, showed continued 

accurate and reliable dosing with <3.7% standard error.      

 It is important to note that due to the nature of electrolysis and the linear 

relationship between current and fl ow rate, a receiver with a constant cur-

rent output would be more suitable for this application. 

 The next phase in design was connecting a purchased Bluetooth radio (2.4 

GHz) to the transmitter circuitry for wireless control. A Parallax Board of 

Education USB carrier board kit, a Basic Stamp 2 Module microcontroller, 

and an Easy Bluetooth Module were purchased (Parallax Inc., Rocklin, 

CA). The output of the Bluetooth module was used to control a single pole 

OptoMos relay (LCA 717, Clare, Inc., Beverly, MA), controlling the power to 

the transmitter circuit. Basic Stamp 2 Editor (v. 2.5.2) was used to program 

the communication. The program created allowed for the transmitter circuit 

to be controlled wirelessly via Bluetooth. Figure 15.14 shows a photograph 

 Table 15.2     Flow rate results 

 Current (mA)  Flow rate with constant 

current source ( μ L/min) 

 Flow rate with wireless 

system ( μ L/min) 

 2  14.16  ±  0.34  20.00  ±  0.14 

 5  46.40  ±  0.32  59.00  ±  1.11 

 8  82.65  ±  0.38  98.67  ±  0.41 

 10  106.8  ±  0.72  125.67  ±  1.44 
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 15.12      Second receiver device with a LDO switching regulator.  
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of the entire setup for wireless powering with wireless Bluetooth control of 

the transmitter.             

  15.7     Suggested improvements and future 
generation device 

 An improved wireless power and bi-directional control data system com-

posed of new transmitter and receiver will require establishing a new set 
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of design goals to improve the wireless power transfer and to include 

control data transfer at the desired 2 MHz frequency. These include: (1) 

to design a receiver coil which possesses a higher  Q  in order to more 

effectively transfer power to the implanted circuitry; (2) to be able to 

increase or decrease the transmitted power delivered by the transmitter 

to accommodate for when changes in distance and/or foveation between 

the transmitter and receiver coils occur; and (3) to have a method for 

controlling and monitoring the amount of drug delivered by the drug 

pump. 

 In the receiver implanted circuitry, obtaining a high  Q  in the coil is of 

prime importance, in order to allow for effi cient power transfer and gener-

ally a smaller implanted coil. Also, equally important is matching the res-

onant frequency of the receiver circuitry to the transmitter’s transmitted 

frequency signal to reach maximum power transfer between the two coils, 

since the coupling coeffi cient,  K , is usually low (i.e. on the order of 0.1–0.3) 

when transmitting power through tissue (Ghovanloo and Atluri, 2007). A 

parallel RLC (resistor, inductor, and capacitor) tank circuit can be utilized 

 15.14      Wireless powering system with Bluetooth circuitry for wireless 

control: (a) Parallax Board of Education, Basic Stamp 2 Module 

microcontroller, and an Easy Bluetooth Module; (b) transmitter circuit; 

(c) packaged micropump and receiver PCB.  
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for matching to the desired resonant frequency of 2 MHz in the receiver. 

Two techniques to increase the inductor quality factor,  Q , and further match 

the self-resonant frequency,   ω  , of the receiver parallel tank inductor to the 

desired 2 MHz signal include: (1) using multi-wound Litz wire; and (2) 

applying the Tesla bifi lar coil structure to the design (Tesla, 1893). These two 

techniques could potentially allow for the tank’s tuning capacitor compo-

nent to be eliminated, due to the creative utilization of the natural, distrib-

uted parasitic parallel capacitances between the wires (in both the Litz and 

the Tesla bifi lar coils). 

 Improvements could also be made to both the transmitter and receiver 

circuitry to account for undesired fl uctuations in the transmitted power lev-

els, which must be kept in check in order to maintain a constant current 

delivered to the drug pump. Common circumstances when the power drops 

lower than desired include the transmitter and receiver coils moving away 

from the optimal distance (e.g. 1 cm) or when misalignment in the angle 

between the coils takes place. To remedy this, the transmitter circuitry can 

be designed so that it is able to sense refl ected power off the receiver in a 

wireless closed loop fashion and adjust the amount of power sent from the 

transmitter circuitry. 

 There are a variety of methods on how to approach controlling the 

amount of drug delivered by the drug pump if given minimal limitations in 

the areas of power, size, and cost. For example, in the receiver, a microcon-

troller could be added to the design and programmed with an implantable 

radio to change the desired current levels (e.g. 8–10–12 mA), thus chang-

ing the rate of drug dosage. This receiver design is confi ned by size, due to 

the desire for the device to be implantable, and cost. Therefore, tradeoffs 

must be accounted for and analyzed. The challenges faced with employing 

a pre-packaged microcontroller and a separate implantable radio include 

power consumption, complexity, size, cost, and programming effort. Ideally, 

a microcontroller, inductive powering circuitry, and a low power implant-

able radio designed on a single custom integrated circuit would be the end-

all solution. A different approach that allows for a much simpler, low power 

system design is to keep the current delivered to the drug pump constant, 

and to change the duty cycle of the transmitted primary signal to alter the 

rate of fl ow of drug dosage. 

 The future goal for the wireless powering and bi-directional data trans-

fer circuitry is to take the re-design and characterize the transmitter and 

receiver design for the MEMS drug pump based on the aforementioned 

requirements, and then to create a custom integrated circuit chip in CMOS 

technology based on the fi nalized design. The planned future design includes 

the wireless control circuitry, a microcontroller, and a custom implanted 

medical band radio on the same die.  
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  15.8     Conclusion 

 Management of chronic conditions that require drug therapy contributes 

to a large portion of healthcare costs. Current methods are inadequate and 

give rise to large overdoses and associated side effects that adversely affect 

the patient’s quality of life, while further imposing burden on healthcare 

providers. Wireless implantable site-specifi c drug delivery systems can alle-

viate these problems and allow for safe and effective treatment. Several fac-

tors need to be carefully considered when designing a wireless system for an 

implantable device, including power consumption, communication range, 

data transfer rates, size and cost, security, and the effects of environment on 

the device and vice versa (Panescu, 2008). 

 Using MEMS technology will allow for complete implantation of minia-

turized devices that reduce patient discomfort, reduce the risk of infection, 

and eliminate tampering or damage to the device (Si  et al ., 2007). MEMS 

micropumps can be divided into active and passive pumps, based on the 

actuation method they employ, and there are several pumping mechanisms. 

Depending on the specifi c application, the appropriate actuation mecha-

nism should be chosen based on the size, power consumption, fl ow rate, 

response time, fabrication requirements, reliability, biocompatibility, and 

cost. This chapter has focused on active MEMS micropumps that could be 

programmed to release the required amount of drug at a specifi c time and 

be tailored to each patient’s needs. These pumps need to be powered. 

 Batteries are often employed to power fully implantable devices. However, 

despite advances in battery technologies on their miniaturization, batteries 

are still large in comparison to MEMS devices and can signifi cantly increase 

the overall device size. Also, batteries have a limited lifetime and may pose 

risk to the patient if leakage or malfunctions occur (Si  et al ., 2007; Tang  et al ., 
2008). Wireless powering of drug delivery devices can eliminate the battery 

and considerably reduce the size of the device. 

 Of the four types of wireless power transfer, inductive transmission is 

most suitable for transcutaneous powering. When designing the powering 

system, several factors considered: transmission frequency should be care-

fully chosen;  Q  and  K  need to be maximized to achieve higher transfer effi -

ciency; and solutions for limited power transfer due to foveation between 

transmitting and receiving coils, as a result of the subject movement, should 

be implicated (Lenaerts, 2008). 

 Wireless data communication allows device status and performance to 

be monitored remotely, as well as remotely initiated changes to the drug 

regimen by caregivers throughout the course of treatment to tailor the drug 

regimen to the individual needs of each patient. There are two levels of data 

transfer relevant to medical implants. The fi rst is short-range communica-

tion with the device to monitor device status and performance and send 
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commands to adjust operation. Changes in dosing tailor the therapeutic 

regimen to each patient’s needs during the course of therapy. The second is 

remote monitoring through data transfer between the device and internet-

based network. Remote monitoring of clinical events and symptoms reduces 

the frequency of routine follow-up visits. This in turn reduces the staff time 

and costs, while improving the patient’s quality of life (Panescu, 2008). 

 Wireless powering and data communication with an implantable device 

requires inductive coupling linkage through skin and biological tissue. When 

designing such a system, it is important to consider the effects of the device 

and inductive coupling on the surrounding tissue and vice versa. 

 Lastly, it is the responsibility of developers of wireless implantable drug 

delivery devices to implement security measures to protect the device from 

tampering by unauthorized users, including the patients themselves, as well 

as interference from other wireless devices the patients may come in contact 

with through everyday life. 

 The case study example presented in this chapter introduces a MEMS 

electrochemically actuated micropump. The pump allows for accurate and 

reliable dosing, so that the dosing regimen can be altered remotely in an 

on-demand manner at any point during the treatment. The drug pump is 

implanted subcutaneously and the reservoir is refi llable through the skin 

when drug is exhausted, eliminating the need for multiple surgeries and 

daily catheterization. This technology is scalable and compatible with an 

assortment of drugs (both conventional and new) to enable the treat-

ment of a wide variety of conditions. A Class E wireless powering system 

is presented, which could be fabricated in a modular fashion apart from 

the pump. Wireless control of the transmitter is enabled through a commer-

cially available Bluetooth kit and feedback data transfer from the implanted 

micropump is underway. Suggestions for further improvements are also 

presented.  
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  Abstract:  Radio-frequency microelectromechanical systems (RF MEMS) 
devices and circuits have attracted interest in applications such as car 
radar systems, particularly in the 76–81 GHz frequency band, due to their 
near ideal signal performance and compatibility with semiconductor 
fabrication technology. This chapter gives an introduction to state-of-
the-art car radar sensors and architectures, describes the most commonly 
engaged RF MEMS components and circuits, and gives examples of RF 
MEMS-based automotive radar prototypes. 

  Key words : RF, MEMS, car radar, automotive radar, phase shifter. 

  Note : This chapter is a revised and updated version of Chapter 5 ‘RF 
MEMS for automotive radar sensors’ by J. Oberhammer, N. Somjit, 
U. Shah and Z. Baghchehsaraei, originally published in  MEMS for 
automotive and aerospace applications , eds M. Kraft and N. M. White, 
Woodhead Publishing Limited, 2013, ISBN 978-085709-118-5. 

    16.1     Introduction 

 Automotive safety is evolving from the use of passive systems, such as 

 airbags and seat belts, to the use of active sensors for collision avoidance. 

The competing technologies to achieve active vehicular surround sensing 

functions include radar, lidar, ultrasonic, and video cameras. 1  Automotive 

radar is one of the leading technologies, owing to its weather indepen-

dence and high information content, including range and speed detection, 

when compared to many alternative sensors, especially visual sensors. 

Additional information from the radar signal, for example angle of tar-

gets, can be extracted using advanced techniques. Automotive radar has 

been under development since the mid-1960s. The fi rst applications using 

automotive radar were adaptive cruise control and collision warning sys-

tems. The collision warning systems were successfully introduced in the 

United States in the 1990s, with Greyhound installing more than 1600 

radar systems in their buses resulting in reduction of accidents by 21% 
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in 1993 compared to the previous year. 2  Radar based autonomous cruise 

control (ACC) systems were fi rst introduced in the Mercedes S class series 

in 1999. 3  Additional safety functions, such as pre-crash sensing and colli-

sion mitigation using active brake assist, are also offered in the 77 GHz 

radar sensor providing much higher braking forces for deceleration when 

a threat situation arises. 2,3  Frequency regulation is an important aspect of 

any commercially functioning radar and same is true for automotive radar. 

The 76–77 GHz band was regulated in the 1990s and now it is allocated for 

Intelligent Transport Services (ITS) in Europe, North America and Japan. 2  

The Federal Communications Commission (FCC) regulated ultra-wide 

band (UWB) for the North American market in 2002. For the automo-

tive UWB short-range radar systems the FCC allocated the band 22–29 

GHz. 2  Because of strong objections from the telecom industry and earth 

observation institutions, a considerable effort was dedicated to fi nding a 

compromise and hence to enabling automotive UWB radar systems. In 

January 2005 it was decided by the European Commission to allocate the 

frequency band of 21.625–26.625 GHz for UWB short-range radar (SRR) 

for automotive applications on a temporary basis from July 2005 to 30 

June 2013. It is expected that in eight years work will be done towards the 

introduction of inexpensive SRR sensors operating at a new frequency, 

without impairing other commercial, scientifi c or military systems and ser-

vices. Hence, in March 2004 the European Commission allocated the fre-

quency range 77–81 GHz for UWB SRR with permitted usage from 2005 

onwards. Anticipating the allocation of this band also in Japan and North 

America, the SRR suppliers will probably shift their UWB developments 

from 24 to 79 GHz in the medium term. 

  16.1.1     Sensor types and architecture 

 Automotive radar sensors can be divided into two categories: short-range 

radar (SRR), and long-range radar (LRR). The combination of these types 

of radar provides valuable data for advanced driver assistance systems. The 

combination of SRR and LRR can be seen in Fig. 16.1, where LRR can 

track three motorway lanes over a distance of up to 150 m and SRR uses an 

angle of 80° to monitor the immediate area up to 30 m. 3       

  Short-range radar (SRR) 

 For short-range applications, UWB sensors are preferred because of their 

low-cost perspective and their high resolution in range. Since these sen-

sors do not require long-range capability, lower frequencies are preferred. 2  

The applications of SRR are shown in Fig. 16.2, which include 3 : (1) ACC 

support with Stop and Go functionality; (2) collision warning; (3) collision 
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mitigation; (4) blind spot monitoring; (5) parking aid (forward and reverse); 

(6) lane change assistant; (7) rear crash collision warning.       

  Long-range radar (LRR) 

 The automotive LRR functions at 77 GHz to access blind areas in front of 

the automobile. This sensor provides information about the traffi c situation 

in front of the vehicle, making it possible to react to altered traffi c condi-

tions. This radar is the fundamental part of the ACC with active brake assist. 

In contrast to the smooth deceleration capability of the ACC, the active 

brake assist provide much higher braking forces for deceleration. 2  LRRs 

measure the range, angle and relative radial velocity of multiple targets by 

using multi-beam antenna systems. 

 Radar sensors for automotive applications are typically divided into two 

categories: (1) continuous-wave (CW) radar and (2) pulse radar.  

  Continuous-wave radar 

 CW radar transmits and receives at the same time. The transmitter gener-

ates a continuous sinusoidal oscillation at frequency  f  t  which is radiated 

by the antenna. On refl ection by a moving target, the transmitted signal is 

30 m
150 m

80°

 16.1      Combination of LRR and SRR for advanced safety features. 1    

 16.2      Applications using SRR. 1    
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shifted via the Doppler effect by an amount  f  d . It is also possible to measure 

range using a CW radar system by frequency modulation, or digital modu-

lation techniques such as phase shift keying (PSK). A systematic variation 

of transmitted frequency or phase places a unique time stamp on the trans-

mitted wave at every instant. By measuring the frequency or phase of the 

received signal, the time delay between transmission and reception can be 

measured and therefore the range can be measured. 4   

    R c
T f

f f
ff

2 1f ff f
        

 where  c  is the speed of light,  Δ  f  is the difference between the transmitted 

and received signals,  f  2  is the maximum transmitted frequency,  f  1  is the min-

imum transmitted frequency and  T  is the period between  f  1  and  f  2 , and the 

velocity is given by 4   

    v
R
t

=
d

d
         

  Pulse radar 

 The pulse Doppler-radar has the advantage of being able to detect small 

amplitude moving target returns against a large amplitude clutter back-

ground. Pulse-delay ranging is based on the measurement of the time delay 

between the transmitted pulse and the received echo. 4   

    R c
TΔ
2

        

 where  c  is the speed of light,  Δ  T  is the time difference between transmit-

ted and received pulse and echo. The velocity is related to the Doppler fre-

quency shift between the transmitted pulse and received echo: 4   

    v
f

= d off λo

2
        

 where  f  d  is the Doppler frequency shift and   λ   o  is the free space wavelength 

at the centre frequency. Pulse Doppler radars are half duplex, meaning that 

they either transmit or receive, which results in high isolation between the 

transmitter and receiver, thus increasing the dynamic range of the receiver 

and the range detection of the radar. The disadvantage of this system is the 

existence of a blind zone given by: 4   

    R cb

( )tp st+
2
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 where   τ   p  is the pulse width, and  t  s  is the switching time of the transmit and 

receive switch, if applicable. Pulse Doppler radar systems are therefore bet-

ter suited for long-range detection, whereas frequency-modulated continu-

ous wave (FMCW) radar is better suited for short-range detection. 4    

  16.1.2     Requirements for car radar sensors 

 The acquisition parameters for high resolution LRR data are given below: 3 

   Centre frequency 76.5 GHz  • 

  Maximum fi eld of view  • ± 10 °   

  Azimuthbeamwidth 1 • °   

  Elevation beamwidth 5 • °   

  Range resolution 1 m  • 

  Velocity resolution 1 km/h  • 

  System sensitivity  • − 20 dBm at 150 m    

 Typical specifi cations for a 79 GHz SRR sensor are as follows 3 :

   Frequency 79 GHz  • 

  Bandwidth 4000 MHz  • 

  Maximum fi eld of view  • ± 80 °   

  Range 30 m  • 

  Range Accuracy  • ± 5 cm  

  Bearingaccuracy  • ± 5 °       

  16.2     RF MEMS components for automotive radar 

 This section gives an overview of RF MEMS components suitable for auto-

motive radar, in particular switches, phase shifters, and oscillators. 

  16.2.1     RF MEMS switches and tunable capacitors 

 RF MEMS switches and tunable capacitors are the principal components of 

most RF MEMS circuits and devices, such as phase shifters, 5  reconfi gurable 

antennas and matching circuits, 6,7  and beam-steering applications, 6,8,9  which 

are suitable for automotive radar applications. 

 Low insertion loss, high signal linearity, high isolation, near-zero power 

consumption, large bandwidth of RF MEMS switches, high tuning range, 

low series resistance and high linearity of mechanically tunable capacitors 

are the advantages of these components as compared to their semiconduc-

tor equivalents. As their semiconductor counterparts, they can be fabricated 

in large volume parallel processes on semiconductor wafers, resulting in 
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high product uniformity, potentially very low cost, and ease of integration/

assembly with semiconductor components and systems. However, they suf-

fer from reliability issues, low switching or actuation speed, low number of 

cycles corresponding to lifetime, low power handling capabilities and lim-

ited hot switching in high power applications; and most of them require 

complex fabrication and integration processes in non-standardized process 

fl ows. 10  

 Electrostatic actuation is the most widely used, because of the near-zero 

actuation power consumption, simple design and fabrication, well-devel-

oped theory, maximum force in the contact position, pull-in hysteresis for 

robustness, and good integration compatibility with IC technology. 

 In general, RF MEMS switches can be categorized by the nature of the 

switching mechanism (metal contact or capacitive contact), and the usage 

on a circuit level (series or shunt confi guration). The most commonly used 

embodiments are electrostatically actuated metal-contact series switches 

and electrostatically actuated capacitive shunt switches, schematically illus-

trated in Fig. 16.3, and shortly summarized in the following:

   Electrostatically actuated series switch with metal contacts: a cantilever • 

or membrane with a metal contact bar opens or closes the signal line by 

a metal-to-metal direct ohmic contact. Switches of this category are nor-

mally OFF. The ohmic contact characteristic of this switch type makes 

it capable of switching direct current (DC) to RF signals of even up to 

100 GHz, but they normally suffer from low isolation at high frequencies 

Cantilever

Interrupted
signal line

Movable,
RF grounded
metal bridge

Transmission
line (CPW)

Capacitive
shunt switch

OutIn
Isolation
layer

Bottom
electode

Metal switching bar

In Out
Series metal

contact switch

G
S

G

 16.3      The two most commonly used electrostatically actuated MEMS 

switch types. 10   
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because of the UP-state capacitance and substrate wave coupling. The 

metal contact physics is rather complicated and large-force actuators 

must be employed for high reliability. Lifetime is limited by contact deg-

radation, and these switches typically fail in short-circuit by the metal 

contacts getting stuck, the most mature designs surviving billions to tril-

lions of switching cycles.  

  Electrostatically actuated capacitive shunt switches: these consist of a • 

metal bridge or membrane connected to an RF ground and moving ver-

tically above the signal line which is isolated by a thin dielectric fi lm. 

The switch is normally in up position (ON-state) where the signal freely 

propagates. In the DOWN-state, the bridge capacitively short-circuits 

the signal line to the RF ground (OFF-state).Due to its capacitive nature, 

this switch type is not suitable for low frequency signals and mostly used 

in applications above 10 GHz. Its performance is limited by the DOWN-

state parasitic inductance. The main reliability factor is the dielectric 

charging of the isolation layer, which results in non-reproducible actu-

ation, or even in failure of the switch to open the signal line.         

 As an example, an inline DC-contact microelectromechanical systems 

(MEMS) series switch, 11  developed for V-band applications (50–75 GHz) is 

shown in Fig. 16.4. Table 16.1 gives an overview of MEMS switches, mainly 

designed for W-band (75–110 GHz), thus suitable for 76–81 GHz automo-

tive radar.           

 Another RF MEMS component of importance is the tunable capacitor. 

In MEMS-based tuning circuits, either MEMS-switched capacitor banks 

are used, or electromechanically tunable capacitors. The capacitance can be 

tuned, either by varying the gap between parallel plates, or by changing the 

 16.4      An in-line DC-contact MEMS series switch. 11   
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overlapping area between a fi xed and a moving electrode. An example of 

the latter concept, i.e. area-tuning capacitors, is a comb-drive tunable capac-

itor which, however, is not suitable for higher-GHz frequencies because of 

limited Q-factors. Actuators tuning the gap between two parallel plates are 

built similar to RF MEMS capacitive shunt switches. However, instead of 

keeping the suspended part either in the DOWN-state or UP-state, it is pos-

sible to tune the position of the capacitive membrane in analogue mode, and 

thus the capacitive loading of the line, which results in very high Q-factors 

and hence suitability for W-band applications. The limited tuning range and 

non-linearity effects of analogue tuning, though, have rendered tunable 

capacitors less suitable for W-band circuits as compared to MEMS-switched 

capacitive loads. 

 Examples of a MEMS tunable W-band capacitor for beam-steering appli-

cations are demonstrated in. 8,17  The tunable varactors are composed of metal 

patches suspended with four folded fl exures above the fi xed electrode. The 

gap can be tuned gradually from the initial distance of 1.0–0.4  μ m with an 

actuation voltage below 35 V.  

  16.2.2     MEMS phase shifters 

 Phase shifters are widely employed in radar systems based on phased antenna 

arrays. MEMS technology offers much lower insertion loss, higher linearity 

over a large bandwidth and lower power consumption as compared to solid-

state technology. Ferrite-based phase shifters have good performance, but 

cannot be easily integrated and are more expensive in fabrication as com-

pared to MEMS technology. 

 Three main types of MEMS phase shifters have been presented in the liter-

ature to date: (a) MEMS-switched true-time delay (TTD)-line phase shifter 

networks; 12  (b) distributed MEMS transmission line (DMTL) phase shift-

ers; 7  and (c) a novel concept based on tuning the loading of a three dimen-

sioned (3D) micromachined transmission line by a dielectric block placed on 

top of the line, which is vertically moved by MEMS actuators. 18  A discussion 

of each of these types with examples is provided in the following. 

  MEMS-switched true-time delay (TTD) phase shifter networks 

 MEMS-switched TTD-line phase shifters consist of various phase shifter 

sections in a cascaded arrangement. MEMS switches are employed in dif-

ferent lines to switch the line length of the signal, resulting in different phase 

shifts. Since RF MEMS switches are used to switch between different paths, 

this kind of phase shifter inherits all the advantages of RF MEMS switches, 

resulting in excellent performance. However, they are not suitable for the 

millimetre-wave frequency, including W-band, because the performance of 
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multiple switches and the necessary lengths of the transmission line degrade 

the performance. 18  

 Stehle  et al . 12  describe a phase shifter consisting of a 45 °  loaded-line phase 

shifter element, and a 90 °  as well as a 180 °  switched-line phase shifter ele-

ment, resulting in a three-bit RF MEMS phase shifter. For the complete 

device, return loss was better than –12 dB, and the insertion loss was –5.7 dB 

at 76.5 GHz. 

 Design equations for a MEMS-switched TTD phase shifter comprising 

impedance-matched slow-wave unit cells, with the optimization goal to maxi-

mize the fi gure-of-merit  Δφ /dB, are presented by B. Lakshminarayanan  et al . 20  

To verify the equations, one-bit phase shifters were implemented by cascading 

numbers of unit cells corresponding to various maximum design frequencies. 

The phase shifter with maximum frequency of 110 GHz showed insertion loss 

of about 2.65 dB, measured  Δφ /dB of 150 ° /dB, and return loss below –19 dB.  

  Distributed MEMS transmission line phase shifters 

 The second type, DMTL phase shifter, is based on periodically loading the 

transmission line with capacitive MEMS bridges to vary the line capaci-

tance. Consequently, the propagation coeffi cient of the line and the signal 

phase between the input and the output of the phase shifter are altered. 

Varying the capacitance of the line, in addition to changing the propagation 

coeffi cient, changes the line impedance. This effect imposes another limita-

tion on the maximum usable capacitance ratio, in addition to those required 

by the switch design parameters, according to the acceptable mismatch. The 

capacitance ratio is reported to be limited to approximately 1.3–1.6 in. 7  

 In general, DMTL phase shifters have excellent performance in the 

millimetre-wave regime, in comparison to TTD phase shifters. However, 

there are some disadvantages to take into consideration. Capacitive MEMS 

bridges incorporated in DMTL phase shifters are composed of thin metal 

bridges that cannot handle large induced current densities at high RF power 

because of limited heat conductivity to the substrate due to their suspension 

above the substrate. This results in reliability issues due to buckling (plastic 

deformation) or even melting of the thin metal layer. Additionally, thin gold 

bridges, as employed in both types of MEMS phase shifters, are subject to 

drastically losing their elastic behaviour, at even slightly elevated tempera-

tures of around 80 ° C, resulting in decreased reliability. 18  

 It is also possible to load the transmission line digitally by employing 

fi xed capacitances, which can be switched to load the line. This alternative 

method provides the capability of increasing the capacitance ratio, which is 

more suitable in the millimetre-wave regime. 7  

 Barker and Rebeiz 5  presented the design and optimization of DMTL 

phase shifters for U-band and W-band with analogue tuning capability of 
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the bits on quartz substrate. The W-band DMTL phase shifter consisted of 

48-bridge DMTL elements with pull-down voltage of just over 26 V and 

corresponding capacitance ratio of 1.15. Measured phase shift per decibel 

loss was 70 ° /dB from 75 to 110 GHz. Average measured insertion loss was 

−2.5 dB and return loss was –11 dB at 94 GHz. 

 Hung, Dussopt and Rebeiz 21  demonstrated a low-loss distributed two-bit 

W-band MEMS phase shifter on glass substrate, as shown in Fig. 16.5. Each 

unit cell of this phase shifter consisted of a MEMS bridge and the sum of two 

metal–air–metal (MAM) capacitors, which were fabricated using the cross-

over between the MEMS bridge and the coplanar waveguide (CPW) ground 

plane. Since the simulated phase shift of the unit cell was about 1.2 °  at 80 GHz, 

a 90 °  section with eight switches and a 180 °  degree section with 16 switches 

were cascaded. Phase shifts of 0 ° , 89.3 ° , 180.1 ° , and 272 °  were measured at 

Anchor
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85 Ω
feed

Reference
plane
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plane
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m

 16.5      A low-loss distributed two-bit W-band MEMS DMTL phase shifter: 

(a) single cell with its corresponding profi le; (b) entire two-bit DMTL 

phase shifter composed of 24 switches. 21   
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81 GHz that were close to the designed frequency and phase shifts. Return 

loss was better than –11 dB, the average insertion loss was –2.2 dB and phase 

error was equal to  ± 2 ° . The worst insertion loss was –2.9 dB at 94 GHz.       

  MEMS tunable dielectric-block loaded-line phase shifter 

 The third type of MEMS phase shifter was presented by Somjit  et al ., 18  

based on tuning the loading of a 3D-micromachined transmission line by a 

dielectric block placed on top of the line and moved by MEMS actuators, 

shown in Fig. 16.6. The single cell of this phase shifter consisted of a high-

resistivity monocrystalline silicon block placed upon and loading a 3D high-

impedance micromachined CPW. The relative phase shift was achieved by 

vertically moving the dielectric block above the transmission line by elec-

trostatic actuation, which resulted in different propagation constants for the 

microwave signal depending on the vertical displacement of the dielectric 

block. Periodic patterns were etched into the dielectric block, and the ratio 

of the etched to the unetched area made it possible to artifi cially tune the 

macroscopically effective dielectric constant of each individual block. By 

cascading multiple stages of such unit cells a binary coded 15 °  + 30 °  + 5  ×  45 °  

phase shifter was implemented. At the design frequency of 75 GHz, maxi-

mum return and insertion loss were –17 and –3.5 dB, respectively, which was 

corresponding to a loss of –0.82 dB/bit, and a phase shift effi ciency of 71.1 ° /

dB and 490.02 ° /cm. This phase shifter type was found to be very linear with 

a third-order intercept point IIP3 of 49.27 dB. 18  Also, as this concept does 

not employ any thin metallic bridges, which limit the current and thus the 

power handling of conventional MEMS TTD and DMTL phase shifters, 

the power handling is effectively only limited by the heat-sink capability of 

the transmission line itself, i.e. not by the MEMS part. A comparable study 

found that even at 40 dBm power at 75 GHz, the hottest spot on this phase 

shifter design has only increased by 30  ° C, which is 10–20 times less than for 

conventional MEMSTTD and DMTL phase shifter designs. 19       

 To summarize the section on RF MEMS phase shifters, a comparison 

among several W-band phase shifters is provided in Table 16.2. Most data 

are reproduced from Somjit  et al.  18  with some additions.        

  16.2.3     MEMS oscillators 

 Resonators can be classifi ed into two types; electromagnetic wave resonators, 

and electromechanical or (electro)acoustic wave resonators, based upon their 

principles of operation. Since the second type is mostly based on mechanical 

resonance, it is not usable in high frequency applications. Among various res-

onators of the fi rst type, cavity and dielectric resonators can be used at milli-

metre-wave frequencies with Q-factors above 500. Since dielectric resonators 
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Dielectric block
etched patterns for

different phase shifts

(a)

(b)
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30°: 800 μm
45°: 760 μm

CPW 20/60 μm
gap/signal line with

50-μm deep slots
100-nm thick Si3N4
distance keeper

Up state Down state
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Phase resolution: 15°

15°
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45°

45°
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Phase resolution: 45°

L = λ/2φ = –180°,φ = –135° Δφ = –45°

35 μm

 16.6      Binary-coded 4.25-bit W-band monocrystalline-silicon MEMS 

multistage dielectric-block phase shifters: (a) working principle of a 

single stage of the phase shifter, (b) microscopic pictures of fabricated 

seven-stage phase shifters. 18   

�� �� �� �� �� ��



© Woodhead Publishing Limited, 2013

 T
a
b

le
 1

6
.2

   
  C

o
m

p
a
ri

s
o

n
 a

m
o

n
g

 s
e
v
e
ra

l W
-b

a
n

d
 R

F
 M

E
M

S
 p

h
a

s
e

 s
h

if
te

rs
 

 R
e
fe

re
n

c
e
  

 S
te

h
le

  e
t 

a
l .

 

(2
0

0
8
) 1

2
  

 R
iz

k
 a

n
d

 

R
e

b
e

iz
 

(2
0

0
3

) 1
4
  

 R
iz

k
 a

n
d

 

R
e

b
e

iz
 

(2
0

0
3

) 2
2
  

 L
a

k
s
h

m
i-

n
a

ra
y

a
n

a
n

 a
n

d
 

W
e

ll
e

r 
(2

0
0

7
) 2

0
  

 H
u

n
g

 

 e
t 

a
l .

 

(2
0

0
4

) 2
3
  

 B
a

rk
e

r 

a
n

d
 R

e
b

e
iz

 

(2
0

0
0

) 5
  

 H
u

n
g

 

 e
t 

a
l .
 

(2
0

0
3

) 2
1
  

 S
o

m
ji
t 

 e
t 

a
l .
 

(2
0

0
9

) 1
8
  

 T
y
p

e
 

 L
o

a
d

e
d

 

li
n

e
 a

n
d

 

s
w

it
ch

e
d

 

li
n

e
 

 S
w

it
ch

e
d

 

li
n

e
 

 S
w

it
ch

e
d

 

li
n

e
 a

n
d

 

re
fl 

e
c
t 

li
n

e
 

 T
T

D
 

 D
M

T
L

 
 D

M
T

L
 

 D
M

T
L

 
 L
o

a
d

e
d

 

li
n

e
 w

it
h

 

d
ie

le
c
tr

ic
 

b
lo

ck
 

 S
u

b
s
tr

a
te

 
 S

i 
 Q

u
a

rt
z 

 Q
u

a
rt

z 
 Q

u
a

rt
z 

 G
la

s
s
 

 Q
u

a
rt

z 
 G

la
s
s
 

 S
i 

 N
o

m
in

a
l 
fr

e
q

u
e
n

c
y
  f

  n  
(G

H
z)

 
 7
6
.5

 
 9
0

 
 8
0

 
 11

0
 

 7
8

 
 9
4

 
 8

1
 

 7
5

 

 N
u

m
b

e
r 

o
f 

b
it

s
 

 3
 

 1
 

 2
 

 1
 

 3
 

 A
n

a
lo

g
u

e
 

 2
 

 4
.2

5
 

 C
o

n
fi 

g
. 
p

o
s
s
ib

il
it

ie
s
 

 8
 

 2
 

 4
 

 2
 

 8
 

 A
n

a
lo

g
u

e
 

 4
 

 1
9

 

 M
a
x
. 
 Δ   φ

   o
f 

 f  n
 ( °

 ) 
 3
1
5
 

 1
8

0
 

 2
8

2
 

 4
1
0

 
 3

1
5

 
 1
7

0
 

 2
7

2
 

 2
7

0
 

 M
a
x
. 
IL

 o
f 

 f  n
  (

d
B

) 
  ≥ 5

.8
 

  ≥ 2
.5

 
  ≥ 6

.1
 

  ≥ 2
.6

5
 

  ≥ 3
.2

 
  ≥ 2

.5
 

 >
2

.2
 

  ≥ 3
.5

 

 M
a
x
. 
IL

/b
it

 o
f 

 f  n
  (

d
B

/b
it

) 
 

  − 1
.9

3
 

  − 2
.5

 
  − 3

.0
5

 
  − 2

.6
5

 
  − 1

.0
7

 
 –
 

  − 1
.1

 
  − 0

.8
2

 

 M
a
x
. 
 Δ   φ

   l
o

s
s
  o

f 
(°

/d
B

) 
 5
5
.2

6
 

 8
5

.7
1

 
 7
0

.5
 

 1
5

0
 

 9
5

.7
5

 
 7
0

 
 –
 

 7
1.

0
5

 

 M
a
x
. 
 Δ   φ

  /l
o

s
s
 (

°/
d

B
) 

 –
 

 3
2

.8
5

 
 –
 

 –
 

 8
3

.3
 

 –
 

 –
 

 9
8

.3
 

 M
a
x
. 
R

L
 o

f 
 f  n

  (
d

B
) 

  ≤ 1
2
 

  ≤ 1
2
 

  ≤ 9
.5

 
  ≤ 1

9
 

  ≤ 1
2
 

  ≤ 1
1
 

  ≤ 1
1

 
  ≤ 1

7
 

 M
a
x
. 
IL

 a
t 
W

 (
d

B
) 

  ≥ 8
 

  ≥ 6
 

  ≥ 7
 

 –
 

  ≥ 6
 

  ≥ 2
.7

 
  ≥ 2

.9
 

  ≥ 4
.1

 

 M
a
x
. 
R

L
 a

t 
W

 (
d

B
) 

  ≤ 7
.5

 
  ≤ 3

 
  ≤ 9

 
  ≤ 1

9
 

  ≤ 9
 

  ≤ 1
0
 

  ≤ 1
1

 
  ≤ 1

2
 

   S
o

u
rc

e
 : 
S

o
m

ji
t 

 e
t 

a
l.

 , 
2
0

0
9
.  

�� �� �� �� �� ��



532 Handbook of MEMS for wireless and mobile applications

© Woodhead Publishing Limited, 2013

consist of a piece of a high   ε   r  material, generally their size is smaller by a factor 

of εr     in comparison to air-fi lled cavity resonators. 25  

 Micromachining (MEMS) technology can be employed to enhance the 

performance of resonators at higher frequencies, or to add the tuning capa-

bility. However, most of the resonators investigated in the literature for the 

millimetre-wave regime are mainly measured at resonance frequency below 

60 GHz, 26,27  and just a few have been demonstrated for W-band. 

 Dancila  et al . 24  presented a variable-sized MEMS-based Faraday cage, 

used to tune the resonant frequency of a silicon micromachined cavity res-

onator, as shown in Fig. 16.7. An electrostatically tunable micoelectrome-

chanical cantilever array, which forms a Faraday cage, incorporated in the 

cavity could change the resonance frequency of the resonator by infl uenc-

ing the electromagnetic fi eld inside the cavity resonator. The dimension of 

the cavity resonator designed for the resonance frequency of 60 GHz was 

3844  μ m  ×  3844  μ m  ×  440  μ m. MEMS cantilevers could be actuated gradu-

ally from 0 to 30 V. The measured unloaded and loaded quality factors were 

55 and 48, respectively, which were rather low because of the reported fl aw 

in the metallization of the cavity resonator.        

  16.3     Examples of RF MEMS-based automotive 
radar front-end technology 

 In this section, concepts, implementations and advantages of two RF MEMS-

based radar front-ends for automotive applications are discussed. These 

MEMS automotive radar front-ends were developed at the University of 

Michigan (USA), 28,29  and Robert Bosch GmbH (Germany). 7,9  

  16.3.1      The University of Michigan 38-GHz 
RF MEMS car radar front-end 

 A 38-GHz high-pulse repetition frequency (HPRF) mono-pulse Doppler-

 radar front-end was developed at the University of Michigan by 

Caekenberghe  et al.  28,29  for a long-range automotive radar application such 

as pre-crash detection and ACC. The radar front-end is based on an RF 

MEMS electronically scanned array (ESA) design and low-loss MEMS 

time-delay units (TDU), which offer cost and performance advantages over 

the other technologies. A maximum radar range up to 150 m and a resolu-

tion of 1.5 m are obtained from this design. The scanning angle resolution 

for this car radar is  ± 11 °  in the azimuth plane with an angular deviation of 

 ± 2.5 °  from an amplitude mono-pulse tracking, as compared to the scanning 

angle. This front-end was optimized for 38 GHz; however, it can be scaled to 

77 GHz to match the ITU-Rs recommendations. 28  The front-end concept of 

the RF MEMS-based HPRF automotive radar is shown in Fig. 16.8.      
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 As shown in Fig. 16.8, the radar front-end consists of a T/R module, an 

intermediate-frequency (IF) impulse processor and two passive sub-arrays 

which are individually connected to the T/R module. In the transmitting 

mode, a transmitted signal is fed to the transmitter module via an IF impulse 

AIN
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 16.7      A MEMS variable Faraday cage as tuning element for integrated 

silicon micromachined cavity resonators: (a) cross-section of the MEMS 

tunable cavity resonator, (b) bottom part, top part and plot of the 2-D 

MEM cantilever array implementing the Faraday cage. 24   
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processor, while the received signal is separated and fed to the sum and 

the azimuth-different channels to correct the angular errors. The radiation 

patterns of the transmitting and receiving modules are shown in Fig. 16.9a 

and b. Two passive sub-arrays, as the key units, are composed of 16-dB-gain 

64 elements of microstrip antennas optimized at 38 GHz. The line antenna 

arrays fed through a slotted aperture from a microstrip corporate feed a net-

work consisting of Wilkinson power dividers and grounded coplanar wave-

guide (GCPW) TDUs, which are analogue DMTLs, and each line is loaded 

with 60 elements of RF MEMS varactor. This design offers a low-loss and 

wideband device with good power handling capability at 38 GHz.      

 The front-end module was fabricated on a 6-inch fused silica wafer and 

a Rogers TMM3 substrate using wafer-scale monolithic tile construction. 
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 16.8      A complete 38-GHz RF MEMS-based front end of a HPRF mono-

pulse Doppler-radar at the University of Michigan. 28   
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The fused silica wafer contains two passive sub-arrays which are the MEMS 

TTD feed networks coupled to microstrip antenna arrays which are fabri-

cated on the Rogers substrate. Apart from the microstrip antenna arrays, 

the other modules were fabricated in a class-100 cleanroom with a wafer-

scale RF MEMS process with SiCr integrated thin-fi lm resistors and high-

resistivity bias lines.  

  16.3.2      Robert Bosch 77-GHz automotive radar 
front-end 

 Schoebel  et al.  at Robert Bosch GmbH developed two designs for 

77-GHz analogue-beam-forming automotive radar front-end. The fi rst 

approach was based on a MEMS single-pole–multi-throw switch, which 
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 16.9      Radiation characteristic of the transmit (a) and receive (b) mode of 

the 38-GHz HPRF mono-pulse Doppler-radar. 28, 29   
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is employed to select one of several beams of a planar Rotman lens and 

then feeding branches of a patch-antenna array. The second approach 

was a more conventional patch-antenna array beam-steering concept, 

whereby RF MEMS phase shifters, fed via a Wilkinson power divider, 

were used for confi guring the phase distribution of the signals of the 

antenna array. 7,9  These designs offer better performance, ease of design, 

and low manufacturing costs in comparison to the other millimetre-wave 

technologies. These two 77-GHz RF MEMS-based automotive radar con-

cepts are shown in Fig. 16.10.      

 For the fi rst design, an automotive radar front-end implemented with RF 

MEMS phase shifters, with less than three bits, and a patch-antenna array 

was investigated. The distance between each antenna element was half-

wavelength, as compared to the wavelength in free space. Therefore, fi xed 

scanning beams of 0 ° ,  ± 14.5 ° ,  ± 30 ° , and  ± 48.6 °  from the boresight axis are 

obtained from this design. The beam forming is implemented by construct-

ing three stages of a two-port Wilkinson power divider with the employment 

of a 20-dB Chebyshev pattern. RF MEMS stub-loaded-line phase shifters 

employed in this automotive radar design are based on MEMS capacitive 

shunt switches, offering 90 °  and 180 °  phase shift and less than 4 °  phase toler-

ance. This phase shifter exhibits a very wide bandwidth, which is very suit-

able for ultra-wideband (UWB) applications. 

 The second alternative design consists of a Rotman lens and a single-

pole–quadruple-throw (SP4T) switch. This design is very straightforward 

and offers a completely symmetrical device, exhibiting uniform loss for all 

 16.10      Two 77-GHz RF MEMS automotive-radar front ends from Robert 

Bosch GmbH. 9  The designs are based on Rotman lens (left) and MEMS 

phase shifters (right).  
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scan beams. The number of scan angles reduces to four, pointing to  ± 6 °  and 

 ± 18 °  from boresight axis. The Rotman lens was implemented by microstrip 

technology, and the body of the lens is designed as a parallel-plate wave-

guide with microstrip feeding. The Rotman lens with patch-antenna and 

waveguide interconnects is realized on a 5-mil Ro3003 substrate. The SP4T 

switch is designed based on the capacitive shunt single-pole–double-throw 

(SP2T) switch design. The SP2T switch offers an insertion loss of 1.8 dB at 

77 GHz. Figure 16.11 shows the fabricated MEMS automotive radar based 

on the Rotman lens and the SP4T switch. The radiation pattern of the design 

with the Rotman lens and the antenna array is shown in Fig. 16.12, in com-

parison to the three-stage Wilkinson power divider and MEMS phase shift-

ers, with the same microstrip antenna array.             

  16.4     Unconventional MEMS radar beam-steering 
technologies 

 This section gives an overview of MEMS components that enable unconven-

tional radar architectures. This includes tunable microwave surfaces, leaky-

wave antennas (LWA) and micromechanically reconfi gurable antennas. 

  16.4.1     MEMS tunable refl ective microwave surfaces 

 MEMS tunable high-impedance surface (HIS) has been used by several 

research teams 8,30–32  for designing low-loss analogue-type phase shifters. HIS 

 16.11      77-GHz MEMS automotive radar realized by RFMEMS SP4T 

switch and Rotman lens. 9   
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consisting of electrically small MEMS varactors placed on a dielectric sub-

strate with a ground plane shown in Fig. 16.13 was used to achieve tunability 

of the effective surface input impedance. Since the size of the MEMS varac-

tors is much smaller than the wavelength of the fi eld above the structure, its 

electromagnetic response can be described in terms of the effective surface 

impedance. The array of MEMS varactors provides a capacitive response to 

the electromagnetic fi eld above the structure, the grounded dielectric below 

provides an inductive response. Consequently, as a whole, the structure pos-

sesses resonant properties, and at the resonance frequency its impedance 

becomes very high. When bias voltage is applied to the MEMS varactors, 

the gap of the varactors decreases, thereby increasing the effective capaci-

tance of the structure and hence changing the effective surface impedance. 

This affects the phase of the refl ection coeffi cient or propagation constant 

of the fi eld refl ecting from the structure or propagating above it, which can 

be used in beam-steering and phase shifting applications. Electronic beam 

steering is achieved by inducing a gradient of the effective surface imped-

ance throughout of the HIS by applying different bias voltages to the differ-

ent rows of elements of the structure (see Fig. 16.14). Effectively this allows 

tuning the phase of the refl ection coeffi cient in different sections of the HIS, 

which affects the direction of the refl ecting beam.      

 Refl ection-type analogue phase shifters can be obtained by placing the 

MEMS tunable HIS as a back-short of the rectangular metal waveguide 
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 16.12      Radiation characteristics of the 77-GHz MEMS automotive radar 

based on Rotman lens with microstrip antenna array compared with 

the alternative design implemented with MEMS phase shifters, three-

stage Wilkinson power divider and the microstrip antenna array. 9,7   
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in order to control the refl ection phase. The fabricated MEMS-based HIS 

was placed as back-short of the rectangular metal waveguide WR-10 mea-

suring  S  11 . As soon as the MEMS varactors are actuated, the refl ection 

phase decreases, creating an analogue tunable refl ection-type phase shifter. 

Transmission type analogue phase shifters can be obtained by introducing 

MEMS tunable HIS into waveguide structures in order to affect the phase 

factor of the propagation constant. The HIS can be placed adjacent to a 

dielectric rod waveguide (DRW) at a distance  d , as shown in Fig. 16.15. 

Changing the effective impedance of the HIS by applying different bias 

voltage to all MEMS varactors of the structure dramatically changes the 

phase at Port 2 of the waveguide, when the operation frequency is close 

to the resonance frequency. The phase shift is proportional to the length 

of the HIS.            

  16.4.2     MEMS steerable leaky-wave antennas 

 The LWA presented in Reference 33 comprises a right–left-handed trans-

mission line, where a microstrip is used as the right-handed (RH) trans-

mission line and the left-handed loading comprises series reconfi gurable 

MEMS capacitors and shunt narrow strip inductors. Microstrip as an RH 

transmission line offers two main advantages: ease and low cost of fabrica-

tion, and suitability for MEMS implementation. Tunable MEMS capacitors 

Substrate

Membrane
with silicon
core 3

2

1

Ground plane

Substrate

Dielectric
substrate

Metal Dielectric
Cell pitch:350 μm ≈ λ/10

 16.13      Periodic high-impedance metamaterial surface, composed of a 

low-loss dielectric substrate (2) integrated with a silicon substrate 

(1) and a transferred monocrystalline silicon membrane (3). 8   
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are connected in series, and shunt inductors are built, in the initial design, 

from thin strip lumped inductors, resulting in a transmission line circuit of 

distributed resonance element along the line. The resulting antenna is built 

from such cascaded unit cell resonators as is shown in Fig. 16.16. The length 

of the unit cell is just a fraction of the wavelength, making the transmission 

line effectively homogenous.      

 In Fig. 16.17, scattering parameters (obtained from electromagnetic (EM) 

simulation software) of a single unit cell are shown. It is assumed that the 

scattering of one unit cell (in the case of a balanced unit cell) is enough to 

determine the main resonance frequency of the structure composed of such 

cells.      

 Figure 16.18 shows a scanning-electron microscopy (SEM) picture of a 

micromachined tunable LWA comprising 30 sequentially cascaded unit cells.       
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 16.15      Phase shifter based on a DRW with an adjacent MEMS tunable 

HIS of a width,  w , at a distance,  d.  31    
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  16.4.3     Mechanically driven antenna platform 

 A single antenna platform steered by an external magnetic fi eld where a 

monolithic microwave integrated circuit (MMIC) and capacitors are verti-

cally integrated has been shown by Kim  et al . 34  The electrical steering scheme 

using phase shifters is already mature and shows a fast scan speed. However, 

it requires a number of phase shifters and power amplifi ers to obtain a large 

scan angle, resulting in bigger and more expensive systems. A mechanical 

steering antenna can radiate beam directly, and it has a constant RF gain at 

any scan angle. The absence of multiple phase shifters and amplifi ers, even 

at large scan angles, makes the mechanical beam-steering antenna smaller, 

and more effi cient in terms of RF capability. The required defl ection of the 

antenna in Reference 34 is over 1.3 mm. A schematic of the RF antenna and 

steering method is shown in Fig. 16.19.      
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 16.16      Unit cell of a MEMS-tunable LWA, and its equivalent lumped 

element circuit. 33   
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 The antenna consists of two pairs of mechanical springs made of benzo-

cyclobutene (BCB) with a thickness of 40  μ m. Two metal–insulator–metal 

(MIM) capacitors are implemented by conventional micromachining and 

are vertically fl ip chip bonded to the suspended antenna substrate. Currents 

with the same magnitude and direction fl ow through a pair of adjacent coils 

under the movable antenna substrate and generate the driving magnetic 

force. When the current fl ows through two pairs of coils, the magnetic fi eld is 

extended to the nickel underneath the silicon substrate, and the plate rotates. 

The average tilting angles are 5.4 ° , 8.2 ° , 13.4 ° , and 18.3 ° , respectively, when 

the applied currents are 200, 300, 400, and 500 mA in the H-plane. The aver-

age tilting angles are 4.7 ° , 6.8 ° , 12.1 ° , and 17.7 °  in the E-plane. The measured 

radiation beam patterns and tilting angles are depicted in Fig. 16.20. The 

beam radiation patterns shifts originating from the rotation at the angles 

of  − 14 ° , 0 ° , and +18 °  in the H-plane and the beam patterns at  − 18 ° ,  − 12 ° , 0 ° , 

+12 ° , and +16 °  in the E-plane are shown in Fig. 16.20.       

(a)

(b) (c)

 16.18      SEM images of fabricated LWAs: (a) the whole chip with a 

30 element array; (b) close-up of the wire bonds connecting the 

membranes to the ground plane (c) close-up of the membranes with 

springs and anchors. 33   
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 16.19      Micro-mechanically driven antenna platform: (a) schematic view 

of the proposed RF antenna; (b) design layout. 34   
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(a)

(b)

 16.20      Radiation beam pattern of the mechanically tilted RF antenna 

actuated by magnetic fi eld: (a) H-plane; (b) E-plane. 34   
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 16.21      Concept of micro-mechanically reconfi gurable Vee-antenna. 9   

 16.22      E-plane beam-steering patterns for a 17.5 GHz MEMS 

reconfi gurable Vee-antenna. 9   
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  16.4.4     MEMS reconfi gurable Vee-antennas 

 In Reference 35, a planar antenna structure is dynamically reconfi gured to 

steer the radiation beam or change the shape of the beam using electrically-

controlled microactuators. Figure 16.21 shows the concept and the cross-

section of the reconfi gurable Vee-antenna.      

 The antenna arms of the Vee-antenna are moved through pulling or push-

ing by microactuators. One end of the antenna arm is held by a fi xed rota-

tion hinge locked on the substrate, which allows the arm to rotate with the 

hinge as the centre of a circle. Both antenna arms were rotated by 30 °  and 

45 °  in the same direction, while the Vee-angle was kept at 75 ° . Figure 16.22 

shows that the main beams shift by 30 °  and 48 ° . It also shows that the fi rst 

null shifts from 35 °  to 15 °  for the 30 ° -steering and from 35 °  to 0 °  for the 

45 ° -steering.        

  16.5     Conclusion 

 RF MEMS is a very interesting technology for 76–81 GHz automotive radar, 

mainly because of the near ideal signal properties of RF MEMS devices, such 

as switches and phase shifters. Various RF MEMS components and demon-

strators for RF MEMS-based automotive radar have been presented, and 

alternative beam-steering technologies, enabled by microelectromechanical 

tunable components, are summarized in this chapter. Developing RF MEMS 

components to market maturity still requires a major effort, especially as it is 

diffi cult to overcome such reliability problems as contact stiction and dielectric 

charging of isolation layers, and to realize low-cost packaging methods that 

also provide package hermeticity and good RF feed-through. As of 2011, about 

a handful of companies have succeeded in developing reliable RF MEMS 

components and circuits, which are fulfi lling customer specifi cations both in 

electrical performance and in reliability requirements. Switches, for instance, 

already exceed the lifetime of mechanical RF relays by a factor of 100. For 

the low power requirements of automotive radar of 1–10 mW, state-of-the-art 

RF MEMS components are able to fulfi l the reliability requirements. Still, as 

of 2011, no RF MEMS-based car radars are on the market, but various RF 

MEMS components, mainly switches and circuits, for instance antenna match-

ing networks, have reached maturity and are commercially offered.  

  16.6     References 
  1.    D.M. Gavrila, M. Kunert, and U. Lages,  ‘A multi-sensor approach for the protec-

tion of vulnerable traffi c participants – the PROTECTOR project’ ,  Proc. IEEE 
Instrumentation and Measurement Technology Conference ,  Budapest, Hungary , 

21–23 May (2001). 

�� �� �� �� �� ��



 RF MEMS for automotive radar 547

© Woodhead Publishing Limited, 2013

  2.    M. Schneider,  ‘Automotive radar – status and trends’ ,  Proc. German Microwave 
Conference GeMiC , pp.  144–147 ,  Ulm, Germany , April (2005). 

  3.    J. Wenger,  ‘Automotive radar – status and perspective’ ,  Compound Semiconductor 
Integrated Circuits Symposium 2005 ,  Palm Springs ,  CA, USA , Oct. (2005). 

  4.    K. A.P.A. Van Caekenberghe,  ‘RF MEMS technology for millimeter-wave radar 

sensors’ , PhD Dissertation,  The University of Michigan  (2007). 

  5.    N.S. Barker and G.M. Rebeiz,  ‘Optimization of distributed MEMS transmis-

sion-line phase shifters-U-band and W-band designs’ ,  IEEE Transactions on 
Microwave Theory and Techniques , vol.  48 , no. 11, pp.  1957–1966 , Nov. (2000). 

  6.    E.R. Brown,  ‘RF-MEMS switches for reconfi gurable integrated circuits’ ,  IEEE 
Transactions on Microwave Theory and Techniques , vol.  46 , no. 11, pp.  1868–

1880 , Nov. (1998). 

  7.    M. Ulm, J. Schobel, M. Reimann, T. Buck, J. Dechow, R. Muller-Fiedler, H.-P. 

Trah, E. Kasper,  ‘Millimeter-wave microelectromechanical (MEMS) switches 

for automotive surround sensing systems’ ,  Proc. 2003 Topical Meeting on 
Silicon Monolithic Integrated Circuits in RF Systems , pp.  142–149 , 9–11 April 

(2003). 

  8.    M. Sterner, D. Chicherin, A.V. Raisenen, G. Stemme, and J. Oberhammer,  ‘RF 

MEMS high-impedance tuneable metamaterials for millimeter-wave beam 

steering’ ,  Proc. IEEE Micro Electro Mechanical Systems ,  Sorrento, Italy , 25–29 

Jan. (2009), pp.  896–899 . 

  9.    J. Schoebel, T. Buck, M. Reimann, M. Ulm, M. Schneider, A. Jourdain, G.J. 

Carchon, and H.A.C. Tilmans,  ‘Design considerations and technology assess-

ment of phased-array antenna systems with RF MEMS for automotive radar 

applications’ ,  IEEE Transactions on Microwave Theory and Techniques , vol.  53 , 

no. 6, pp.  1968–1975 , June (2005). 

  10.    J. Oberhammer,  ‘Novel RF MEMS switches and packaging concepts’ , Ph.D. dis-

sertation,  KTH Royal Institute of Technology ,  Stockholm , ISBN 91-7283-831-0, 

(2004). 

  11.    T.M. Vu, G. Prigent, J. Ruan, A. Rumeau, P. Pons, and R. Plana,  ‘Fabrication and 

characterization of RF-MEMS switch in V-band’ ,  IEEE Asia-Pacifi c Microwave 
Conference , 7–10 Dec. (2009), pp.  202–205 . 

  12.    A. Stehle, G. Georgiev, V. Ziegler, B. Schoenlinner, U. Prechtel, H. Seidel, and 

U. Schmid,  ‘RF-MEMS switch and phase shifter optimized for W-band’ ,  IEEE/
EuMA European Microwave Conference , 27–31 Oct. (2008), pp.  104–107 . 

  13.    J. Rizk, G.-L. Tan, J.B. Muldavin, and G.M. Rebeiz,  ‘High-isolation W-band 

MEMS switches’ ,  IEEE Microwave and Wireless Components Letters , vol.  11 , 

no. 1, pp.  10–12 , Jan. (2001). 

  14.    J.B. Rizk and G.M. Rebeiz,  ‘W-band CPW RF MEMS circuits on quartz sub-

strates’ ,  IEEE Transactions on Microwave Theory and Techniques , vol.  51 , no. 7, 

pp.  1857–1862 , July (2003). 

  15.    D. Mercier, P. L. Charvet, P. Berruye, C. Zancy, L. Lapierre, O. Vendier, J. L. 

Cazaux, and P. Blondy, ‘A DC to 100 GHz high performance ohmic shunt 

switch’,  Proc. IEEE International Microw  ave Symposium Digest , vol.  3 , 6–11 

June (2004), pp.  1931–1934 . 

  16.    B. Ghodsian, P. Bogdanoff, and D. Hyman,  ‘Wideband DC-contact 

MEMS series switch’ ,  IETMicro and Nano Letters , vol.  3 , no. 3, pp.  66–69 , 

Sept. (2008). 

�� �� �� �� �� ��



548 Handbook of MEMS for wireless and mobile applications

© Woodhead Publishing Limited, 2013

  17.    D. Chicherin, M. Sterner, J. Oberhammer, S. Dudorov, J.  Å berg, and A.V. 

R ä is ä nen,  ‘Analog type millimeter wave phase shifters based on MEMS tunable 

high-impedance surface in rectangular metal waveguide’ ,  IEEE International 
Microwave Symposium 2010 ,  Anaheim, CA, USA , 23–28 May (2010), pp.  61–64 . 

  18.    N. Somjit, G. Stemme, and J. Oberhammer,  ‘Binary-coded 4.25-bit-band 

monocrystalline–silicon MEMS multistage dielectric-block phase shifters’ , 

 IEEE Transactions on Microwave Theory and Techniques , vol.  57 , no. 11, pp. 

 2834–2840 , Nov. (2009). 

  19.    N. Somjit, G. Stemme, and J. Oberhammer,  ‘Power handling analysis of high-

power W-band all-silicon MEMS phase shifters’ ,  IEEE Transactions on Electron 
Devices , vol.  58 , no. 5, pp.  1584–1555 , May (2011). 

  20.    B. Lakshminarayanan and T.M. Weller,  ‘Optimization and implementation of 

impedance-matched true-time-delay phase shifters on quartz substrate’ ,  IEEE 
Transactions on Microwave Theory and Techniques , vol.  55 , no. 2, pp.  335–342 , 

Feb. (2007). 

  21.    J.-J. Hung, L. Dussopt, and G.M. Rebeiz,  ‘A low-loss distributed 2-bit W-band 

MEMS phase shifter’ ,  Proc. IEEE/EuMA Microwave Conference 2003 , Oct. 

(2003), pp.  983–985 . 

  22.    J.B. Rizk and G.A. Rebeiz,  ‘W-band microstrip RF-MEMS switches and phase 

shifters’ ,  Proc. IEEE MTT-S International Microwave Symposium , vol.  3 , 8–13 

June (2003), pp.  1485–1488 . 

  23.    J.-J. Hung, L. Dussopt, and G.M. Rebeiz,  ‘Distributed 2- and 3-bit W-band 

MEMS phase shifters on glass substrates’ ,  IEEE Transactions on Microwave 
Theory and Techniques , vol.  52 , no. 2, pp.  600–606 , Feb. (2004). 

  24.    D. Dancila, P. Ekkels, X. Rottenberg, I. Huynen, W. De Raedt, and H. A. C. 

Tilmans,  ‘A MEMS variable Faraday cage as tuning element for integrated sil-

icon micromachined cavity resonators’ ,  Proc. IEEE Micro Electro Mechanical 
Systems , 24–28 Jan. (2010), pp.  723–726 . 

  25.    W. De Raedt, E. Beyne, and H.A.C. Tilmans,  ‘MEMS for wireless commu-

nications: “from RF-MEMS components to RF-MEMS-SiP”’ ,  Journal of 
Micromechanics and Microengineering , vol.  13 , no. 4 (2003) pp.  139–163 . 

  26.    B. Guillon, D. Cros, P. Pons, K. Grenier, T. Parra, J. L. Cazaux, J. C. Lalaurie 

  J. Graffeui, and R. Plana,  ‘Design and realization of high Q millimeter-wave 

structures through micromachining techniques’ ,  Proc. IEEE International 
Microwave Symposium , vol.  4  (1999), pp.  1519–1522 . 

  27.    I. Ocket, B. Nauwelaers, G. Carchon, A. Jourdain, and W. De Raedt,  ‘60 GHz Si 

micromachined cavity resonator on MCM-D’ ,  Proc. Topical Meeting on Silicon 
Monolithic Integrated Circuits in RF Systems , 18–20 Jan. (2006), p.  4 . 

  28.    K. Van Caekenberghe and K. Sarabandi,  ‘Monopulse-Doppler radar front-end 

concept for automotive applications based on RF MEMS technology’ ,  Proc. 
IEEE International Conference on Electro/Information Technology  (2006), 

pp.  1–5 . 

  29.    K. Van Caekenberghe,  ‘RF MEMS technology for radar sensors’ ,  International 
Radar Conference – Surveillance for a Safer World  (2009), pp.  1–6 . 

  30.    M. Sterner, G. Stemme, and J. Oberhammer,  ‘Wafer counter-bonding for inte-

grating CTE-mismatched substrates and its application to MEMS tuneable 

metamaterials’ ,  Proc. IEEE TRANSDUCERS 2009 ,  Denver, CO, USA , 22–25 

June (2009), pp.  1722–1725 . 

�� �� �� �� �� ��



 RF MEMS for automotive radar 549

© Woodhead Publishing Limited, 2013

  31.    D. Chicherin, M. Sterner, J. Oberhammer, S. Dudorov, D. Lioubtchenko, A. J. 

Niskanen, V. Ovchinnikov, and A.V. R ä is ä nen,  ‘MEMS based high-impedance 

surface for millimetre wave dielectric rod waveguide phase shifter’ ,  Proc. IEEE 
European Microwave Conference 2010 ,  Paris, France , 26 Sept.–1 Oct. (2010), 

pp.  950–953 . 

  32.    D. Chicherin, M. Sterner, J. Oberhammer, S. Dudorov, D. Lioubtchenko, 

V. Ovchinnikov, and A.V. R ä is ä nen,  ‘MEMS tunable metamaterials surfaces 

and their applications’ ,  Proc. IEEE Asia Pacifi c Microwave Conference 2010 , 

 Yokohama, Japan , 7–10 Dec. (2010), pp.  239–242 . 

  33.    T. Zvolensky, D. Chicherin, A. R ä is ä nen, C. Simovski, M. Sterner, 

J. Oberhammer, and H. Hakoj ä rvi,  ‘Leaky-wave antenna at 77 GHz’ ,  Proc. IEEE/
EuMAEuropeanMicrowave Conference 2011 ,  Manchester, UK , 9–14 Oct. (2011), 

pp.  1039–1042 . 

  34.    Y. Kim, N.-G. Kim, J.-M. Kim, S.H. Lee, Y. Kwon, and Y.-K. Kim,  ‘60-GHz full 

MEMS antenna platform mechanically driven by magnetic actuator’ ,  IEEE 
Transactions on Industrial Electronics , vol.  58 , no. 10 (2011), pp.  4830–4836 . 

  35.    J.C. Chiao, Y. Fu, J.M. Chio, M. DeLisio, and L.Y. Lin,  ‘MEMS reconfi gurable 

antenna’ , in  IEEEMTT-S International Microwave Symposium , June (1999), 

pp.  1515–1518 .  

   

�� �� �� �� �� ��



© Woodhead Publishing Limited, 2013

550

     17 
 Telecommunications reliability monitoring 

using wireless MEMS   

    M.   HAUTEFEUILLE   , 

   Universidad Nacional Aut ó noma de M é xico, Mexico    

   DOI : 10.1533/9780857098610.2.550 

  Abstract : Wireless sensor networks (WSNs) technology is becoming a 
very promising solution to better address reliability in general, thanks to 
constant, accurate environmental monitoring. After reviewing the current 
reliability issues of the telecommunications sector, this chapter describes 
how the integration of multiple microelectromechanical systems (MEMS) 
sensors on small, low-power, low-cost WSN platforms may help answer 
the current and future needs of this key industry. Finally, a miniaturized 
WSN environmental platform is presented as a case study to suggest one 
possible fabrication methodology for the designer. 

  Key words : MEMS sensors, reliability, cross-correlation, wireless sensor 
network (WSN), telecommunications. 

    17.1     Introduction 

 Thanks to the recent progress made in modern telecommunication sys-

tems in constantly guaranteeing secure, good quality transmissions 

from nearly any emitting source to any receiver, this industrial sec-

tor has converted itself into one of the major economies worldwide. In 

2010, the global revenue of telecommunications has been estimated by 

the Telecommunications Industry Association (TIA) at approximately 

US$3.1 trillion (TIA, 2010). The actors in this expanding technology 

are seeking an ever wider distribution of more modern systems avail-

able at an increasing transfer rate and decreasing price. The subsequent 

reliability requirements of telecommunications equipment are thus often 

compared to those of very demanding and more strategic fi elds, such as 

aerospace and military. Indeed, the general procedures to address and 

improve lifetime quality and reliability of the global telecommunication 

infrastructures and their performance are often similar to those used in 

such delicate areas (Jones and Hayes, 1999). Henceforth, although the 

majority of consumer electronics manufacturers seem to have abandoned 

their earlier customs that consisted in following strict reliability guidelines 
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provided by military handbooks to lower their costs, it is a trend that the 

telecommunication industry cannot afford. 

 WSN is a modern technology that consists of low-cost, low-power, autono-

mous, modular platforms offering spatially distributed sensor modules with 

wireless communication capabilities. They are currently being developed to 

monitor, collect and communicate crucial information about environmen-

tal, contextual or behavioural conditions in real-time on an application-

specifi c fashion. WSN technology is particularly benefi cial in applications 

where reliability must be addressed; thanks to a relatively high integration 

level made possible with the recent progress in electronics miniaturization 

and especially in WSN, multiple MEMS sensors may be attached directly 

onboard to enable accurate readings, detection redundancy and cross-sen-

sitivity compensation. This chapter gives a generic overview of the current 

reliability issues that modern telecommunication systems have to cope with, 

and goes on to demonstrate how wireless MEMS, combined with WSN tech-

nologies, may offer very promising prognostics and point-of-care diagnostics 

solutions to respond to these current needs. A practical and affordable WSN 

platform, based on a variety of complementary metal oxide semiconductor 

(CMOS)-compatible MEMS environmental sensors, is fi nally presented as 

a case study to suggest a methodology for the design, development, fabrica-

tion and characterization of a possible future commercial solution.  

  17.2     Typical reliability issues in telecommunication 
systems 

 In the past decades, with the breakthrough of computer science and pro-

gress in complex modelling, reliability research has been converted from a 

purely statistical fi eld to a multidisciplinary science. This transformation is 

now enabling more accurate fatigue, stress and ageing models of sophisti-

cated systems for failure predictions and diagnostics. A better understand-

ing of malfunction and breakdown causes and consequences even allows 

engineers and developers to foresee the overall performance and lifespan 

of their manufactured designs, leading to a new discipline called prognostics 

(Hess, 2001). 

 Telecommunication systems functionalities are mainly based on elec-

tronic components that are likely to fail at some point (Shapiro  et al ., 2004). 

The ever increasing level of miniaturization and device integration on 

complex electronic systems and circuit boards is complicating the task of 

reliability engineers, as it is becoming less and less evident to apply compo-

nent-level reliability models to higher levels. In addition to these hierarchi-

cal issues, more complex systems also present interdependent architectures 

and circuits that may infl uence each other, resulting in greater diffi culty in 

establishing reliability models from empirical observations and determining 

�� �� �� �� �� ��



552 Handbook of MEMS for wireless and mobile applications

© Woodhead Publishing Limited, 2013

environmental or behavioural factors that are responsible for possible issues. 

Finally, the current market-driven consumer electronics trends are discard-

ing the necessity to fabricate and sell reliable components that perform well 

over a long period of time. This lowers the global quality requirements as 

well as the quantities of valuable data that would be collected from all dif-

ferent failing parts of a particular piece of equipment to improve the quality 

of its future generations. 

  17.2.1      Reliability in electronics and implications in 
telecommunications 

 In addition to the obvious practical consequences and constraints that unre-

liable telecommunication devices may impose on manufacturers and users, 

the economic implications are the real motives that drive reliability research. 

In the telecommunication industry as in every successful technological sec-

tor, the total life-cycle cost of a device must be carefully addressed to help 

defi ne the proper methodology that will guarantee the lowest costs possible, 

from conception to maintenance and disposal (Barringer, 2003). It is thus 

commonly advised to consider investigating reliability issues as much as, if 

not more than, replacement and maintainability (SAE, 1995). 

 There are several parameters that may be considered as critical criteria 

in the estimation of reliability in telecommunications. No software-specifi c 

or computing-reliability issues will be discussed in this chapter, as the vast 

majority of them may not be remedied using wireless MEMS solutions. 

However, telecommunication systems in general, and especially modern 

ones, present defi ciencies mainly provoked by malfunctioning, failure or 

breakdown of electronic components (Salmela, 2005). Most of the time, 

telecommunication reliability is then directly associated with electronics or 

microelectronics reliability. Therefore, the methods to characterize, deter-

mine and predict failure rates, as well as the factors that affect the normal 

behaviour of the systems or aggravate their operating conditions, are quite 

similar. 

 In the case of complex architectures such as those typically found in mod-

ern telecommunication technology, reliability research is based on predic-

tive simulation models built from probability theory. Moreover, the failure 

rate of the whole system is typically inferred from existing reliability infor-

mation of all discrete components that constitute the considered platform 

(EPSMA, 2005). As the failure rate determination process is time-consum-

ing for each component, extensive databases of relevant reliability data are 

needed and carefully kept up-to-date in published handbooks. However, 

this information may sometimes be inappropriate, especially if it was 

obtained under different operating conditions or in different application 
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schemes. Finding specifi c, pertinent reliability data applicable to the pre-

ventive maintenance of complex systems can be particularly tedious, and 

empirical observations usually differ signifi cantly from predictive models 

(Vichare  et al ., 2007). Moreover, when external environmental conditions 

are responsible for reliability issues, the combination of common prediction 

methods with application-specifi c life tests may also be inaccurate or erro-

neous in some cases, especially when the systems are deployed and operated 

in different surroundings (EPSMA, 2005).  

  17.2.2     Monitoring and construction of reliability models 

 To address reliability, in addition to extensive prototype testing, recent 

efforts have been made to constantly monitor both the performance and 

the environmental conditions of operations of various systems in real-time. 

Important amounts of data may then be recorded at the desired sampling 

rate and then analysed to help construct more accurate and more specifi c 

reliability databases. Indeed, the collection of several key parameters, and 

the possibility to combine various environmental and behavioural criteria, 

allow a better understanding of possible failure without limiting the reliabil-

ity scope to malfunctioning or breakdown caused by ageing. A complete his-

torical panorama of a given system may fi nally be obtained from constant, 

correctly defi ned monitoring data and this should help in acquiring a more 

detailed knowledge of possible failures, and to construct more accurate reli-

ability models. 

 Ideal sensors produce repeatable responses which are not infl uenced 

by any cross-sensitivity. The type of output signals, sampling frequencies, 

input power consumption, cost of fabrication, dimensions, and ease of use 

are amongst examples of sensor specifi cations that are defi ned by target 

applications. Modern technologies have enabled development and deploy-

ment of ubiquitous discrete sensors with great sensitivity. Discrete individ-

ual sensors are stand-alone components that sense one particular parameter 

in their vicinity. They usually require adapted circuits to condition their sig-

nal and make it readable. It has recently been shown that discrete sensors 

are currently being investigated to improve the performance of smart sen-

sor systems, thanks to their accurate, reliable response and cost-effective 

manufacturing (Assaf and Dugan, 2008). The development of such intel-

ligent structures raises new challenges, such as structural integrity, long-

term reliability, placement and organization, collection of sensed data, and 

remote querying (Berger-Wolf  et al ., 2005). The quantity of discrete sensors 

can also be a critical issue for the large deployment of sensing systems, and 

it has been proven that not only redundancy but also collaboration between 

different sensors is desirable (Rachlin  et al ., 2005). This communication 

between individual sensors leads to the concept of sensor networks.  
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  17.2.3     Prognostics solutions 

 Predictive modelling, based on existing reliability databases and known fail-

ure rates of specifi c components, is quite limited in new systems architectures. 

Prior warnings are thus almost non-existent or non-detectable. Moreover, 

reliability research is not always capable of manufacturing more reliable 

components or of providing accurate data on device quality, especially for 

large systems. Although some practical solutions, such as component redun-

dancy (where different units function in parallel), have been proposed, most 

of them are diffi cult to implement in telecommunication systems. 

 Prognostics and health management (Engel  et al ., 2000; Hess, 2001) is 

a recent reliability method based on constant monitoring that enables the 

evaluation of complex systems in their actual application conditions. By 

assessing the impact of measurement uncertainties and extracting irregular 

time-load data, existing models may be actualized and improved for spe-

cifi c systems. The prognostics approach thus allows the construction of more 

accurate accumulative damage models and helps identify dominant failure 

precursors in real-time. It also improves decision-making by constantly 

addressing remaining lifetime, thanks to adequate feedback- controlled 

regression algorithms (Feldman  et al ., 2008). In 2005, the prognostics 

approach was identifi ed as one of the greatest maintenance requirements 

for electronics systems in key sectors where functionality and performance 

must be maintained (Cutter and Thompson, 2005). Reliability monitoring 

implementation has then become a critical need in telecommunication sys-

tems and specifi c sensors are required to address it. 

 Until recently, typical prognostics and reliability approaches were based 

on early warning devices, called canaries and fuses (Ramakrishnan  et al ., 
2000), and built-in test or self-verifi cation devices (Motorola, 2002). For 

large volume and complex devices, this type of system, however, is prone 

to false alarms provoking unnecessary costly replacement and inaccurate 

model construction (Pecht  et al ., 2001). In order to collect valuable data 

and better assess health management of complex systems, failure precursor 

monitoring is thus necessary. It consists in measuring several parameters 

directly related to failure or damage. Current prognostics techniques are 

then based on constantly sensing and collecting data correlated to the per-

formance of a system. Precise interpretation of recorded information is also 

required to build predictive point-of-care models (Pecht  et al ., 1999).   

  17.3     Reliability monitoring with wireless MEMS 

 A low-cost, low-power, easily interrogated solution to current telecommuni-

cation systems reliability needs is now possible with the recent use of WSNs. 

These allow the deployment of both sensing and data-processing remotely: 
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data-mining and communication to the outside world are organized in coor-

dination with other nodes, enabling the consultation of data off-site, thanks 

to networking. Each individual device in a WSN has a limited power supply, 

processing speed, storage capacity, and communication bandwidth although 

the overall network can offer substantial processing capability. All these 

assets permit the WSNs to have a broad range of applications nowadays, and 

their deployment is expected to increase even further (Culler  et al ., 2004; 

Mukhopadhyay and Leung, 2010). 

 Most of the time, the level of sensor integration that environmental 

monitoring systems offer is too low for a practical use in a large range of 

applications, from environmental monitoring to quality, reliability and pre-

cision control, where low-cost, reliable sensors are demanded. Moreover, in 

telecommunications reliability monitoring, although the type of sensors is 

mainly application specifi c, multiple sensing capabilities are now requested 

to offer greater fl exibility, better quality response and cross-sensitivity 

assessment via simultaneous readings from multiple sensors. This is seen for 

example in the aircraft industry, where tyre condition monitoring requires 

the investigation of multiple parameters at the same time (Tiju  et al ., 2004). 

It is also preferable to enable sensing redundancy when possible (Chong 

and Kumar, 2003). 

  17.3.1     Existing monitoring solutions 

 The key in addressing reliability to construct models is in the capability of 

implementing constant and programmed monitoring during the infrastruc-

ture application, on-site. Today, novel sensor networks are promising to 

merge data sets from different sensor types and to enhance the understand-

ing of larger monitored systems as a whole. The convergence of these sensor 

platforms with global communication networks makes the chain from raw 

data to useful information available where needed. 

 Some environmental monitoring commercial solutions embeddable in 

larger systems already exist and cover a large range of applications, from 

the automotive industry to avionics and consumer electronics. Some elec-

tronics industry companies have already taken part in the global aim of 

improving reliability with prognostics solutions. For example, Honeywell, 

Crossbow, Sensatronics and Dust Networks are already offering a range of 

environmental monitoring platforms integrating discrete off-the-shelf sen-

sors, such as for light, temperature and humidity. Application-specifi c solu-

tions already exist as well in different key domains, such as the energy sector 

where Advanced Energy Industries has recently developed a site-moni-

toring solution for photovoltaic systems compatible with several energy 

monitoring software providers. Finally, at the research level, the number of 

academic projects currently utilizing WSN capabilities and performances is 
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only limited by the number of possible applications and technical surveys 

reviewing the latest research achievements that have to be updated on a 

regular basis (Hart and Martinez, 2006). 

 However, although most of commercial environmental monitoring solu-

tions are often responding to specifi c needs, they only integrate a limited 

amount of sensor readings, typically temperature and humidity, in macro-

scale ranges. The unreliability or high cost of more complex structures inte-

grating several other sensors impedes a different approach with smaller 

components. However, it is desirable to enhance the sensing capabilities 

and reduce the overall size of the monitoring modules to offer more fl exi-

bility. In order to set a vision for future WSN technologies close interactions 

between research and development are necessary and adapted approaches 

are to be sought (Vichare  et al ., 2007).  

  17.3.2      Development of reliability monitoring solutions 
using MEMS technology 

 Advances in microsensor fabrication, microprocessors, compact memories, 

batteries and wireless technologies have permitted the implementation of 

miniature, autonomous platforms and modules that are able to respond the 

current needs in environmental monitoring, even for remote deployment of 

the system to be analysed. As power consumption is currently the greatest 

limiting factor for WSN solutions, low-power devices are needed for life-

cycle data collection. 

 MEMS technology presents advantages for the development of reliability 

monitoring solutions in general, and telecommunication reliability in par-

ticular, where the sensors must be more reliable than the system they have 

to monitor. Although non-mature MEMS structures may suffer some reli-

ability issues, especially with packaging (Hartley  et al ., 2002), commercial 

microsystems developed with a fabrication process linked to high-volume 

integrated circuits (IC) enable a range of actuation and sensing at a lower 

cost and increased robustness, even in harsh environments. MEMS sen-

sors thus provide signifi cant advantages in a broad range of applications: 

batch fabrication and low-power actuation reduce costs, high precision and 

response speed enable accurate monitoring, micron-sized fabrication and 

CMOS compatibility enable a higher level of integration, and redundancy is 

made feasible on a single die for better accuracy and reliability. 

 Miniaturized, wireless, self-powered, low-power, low-cost, redundant 

and even self-reconfi gurable monitoring platforms are then possible with 

MEMS technology (Hautefeuille  et al ., 2011), and MEMS sensors seem to 

offer the best solution to design environmental monitoring platforms called 

Health and Usage Monitoring Systems (HUMS). These enable specifi c, 
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precise multi-mode or multi-function sensor systems that respond well to 

current reliability needs (Xu  et al ., 2010). In 2007, a HUMS Service Cluster, 

comprising more than 30 leading experts, was established. Its goals are to 

build an extensive reliability information database, achieve on-line test and 

diagnostics capabilities, and conduct studies on HUMS solutions for con-

stant environmental monitoring (HUMS, 2007).  

  17.3.3     Advantages of wireless MEMS 

 Smart sensor nodes are the building blocks of WSN modules. These can 

sense, measure and collect information from their environment and, based 

on a user-defi ned decision process, they can transmit useful data to the out-

side world. Therefore, the modules are typically equipped with one or more 

sensors, a processor with necessary signal conditioning circuitry, and a radio-

frequency (RF) module for wireless communication. For some specifi c appli-

cations, memory and power supply can be embedded on board as well, even 

though WSNs typically have little infrastructure for remote sensing applica-

tion and greater autonomy. In contrast with traditional communication net-

works, each WSN possesses its own application-specifi c limitations such as: 

available energy supply, bandwidth, communication range, processing, stor-

age capabilities, and design constraints. Most of these resource restrictions 

are addressed at different programming and scheduling levels. However, the 

design constraints, such as network size, deployment, choice of sensors, and 

topology are dependent on the environment to monitor and hence on the 

application. This is why the development of sensor networks may require 

different research works in various fi elds of science and technology, includ-

ing the development of intelligent, miniature scale and low-power sensors. 

 Indeed, the continued demand for novel WSN modules requires not only 

software or organization improvements; novel, low-cost, reliable, small sized 

sensor platforms are greatly needed platform in order to further reduce 

the size of the node and its power consumption. Indeed, when developing 

these data-acquisition systems, the information collected by the sensors is 

the most important parameter, and it is too often limited by existing tech-

nology. A higher level of sensor integration is thus required today, and 

long-term integrity, quality performance, interactivity, cross-sensitivity and 

minimal power consumption are amongst the most important requirements 

and specifi cations that are raised for integration in WSN. Finally, the devel-

opment of reliable sensors may allow a better correlation of all relevant 

parameters and even provide a broader understanding of long-term systems 

performance in different environments. 

 MEMS technology has already demonstrated its potential to develop 

mature, commercial sensors. Nowadays, it also permits the integration of 
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multiple sensor structures on a single miniaturized platform to enable accu-

rate multi-mode readings and cross-sensitivity compensation, thanks to a 

combination of simultaneous readings (Hautefeuille  et al ., 2011). MEMS 

sensors may then be integrated on specifi cally-designed circuit boards or 

existing platforms for the development of prognostics solutions, Health and 

Usage Monitoring Microsystems (HUMMs) modules and multi-function 

sensing platforms that are non-intrusive. Real-time communication to the 

outside world is ensured via RF protocols, and data collection in a serial 

memory is also made possible for diagnostics applications. 

 The advantages presented by MEMS technology to build wireless solu-

tions have also permitted the fabrication of many application-specifi c auton-

omous MEMS-based WSN modules (Warneke and Pister, 2002). A simple 

web search conducted in September 2011 and presented in Fig. 17.1 shows 

that the number of scientifi c publications where both expressions ‘ wireless 
MEMS ’ and ‘ telecommunication reliability ’ appear has increased from the 

early days of WSN modules. The levels achieved in more recent times, how-

ever, suggest that less progress has been made in this fi eld lately. This is 

probably due to the known diffi culty in maturing MEMS applications and 

managing to pass the commercialization barrier (Grace, 2006). In the mean-

time, additional advanced capabilities, such as self-recalibration, reconfi gu-

ration and energy scavenging, are also sought for more fl exibility and more 

autonomy for the wireless MEMS solutions (Kerkhoff, 2009).      

 To conclude, it may be useful to summarize that WSNs are now arguably 

on the way to becoming one of the new technological revolutions, able to 

answer the current needs of reliability research where good quality real-

time monitoring systems are required. It has become utterly important to 

build intelligent, modular platforms with the capability to sense multiple 
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 17.1      Timeline of indexed scientifi c publications in the ‘wireless MEMS 

and reliability’ context (*results of an Internet web search conducted on 

Science Direct at the end of November 2011). ( Source : Science Direct.)  
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parameters, at a lower cost, and lower scale, even remotely. It has been 

proven that MEMS technology is a very good solution to consider today, 

in order to match all these recent requirements. Although an ideal solution 

does not exist, MEMS-based WSN platforms seem to offer an appropriate 

fl exibility in environmental monitoring.   

  17.4     Case study: multi-MEMS platform 

 In the present case study, a MEMS-based environmental platform, developed 

to address reliability issues due to external stress and ageing, is presented 

(Hautefeuille  et al ., 2011). The purpose of this section is to demonstrate that 

a simple methodology may be used by a MEMS designer to develop a wire-

less platform with multiple microsensors relatively rapidly, using existing 

fabrication processes and WSN modules. This approach of fabricating mul-

tiple MEMS structures functions on one single substrate has been called 

multi-MEMS. By combining precise and trustable monitoring multi-MEMS 

structures with wireless capabilities, important data may then be gathered 

on fi eld and during operation, thus helping to improve understanding or 

even prevent failure of telecommunication systems. 

 An existing CMOS-compatible MEMS fabrication process has been 

modifi ed and extended to manufacture temperature, relative humidity, cor-

rosion, gas detection, and gas fl ow velocity sensors on a single silicon sub-

strate and to offer good sensitivity with limited power consumption. All 

MEMS sensors have been easily simulated prior to their fabrication and 

designed according to application-specifi c requirements. Final character-

ization of each sensor is necessary at different levels after fabrication to 

prove good agreement with analytical models. They have been tested at 

a bare-die level and after onboard integration (Hautefeuille  et al ., 2011). 

As presented in Fig. 17.2, this type of multi-MEMS fabrication on a single 

substrate may allow a greater integration level on a package than the multi-

chip module approach with different discrete dies that must be attached to 

it (Fig. 17.2a). As previously mentioned, the presented MEMS sensors are 

compatible with CMOS technology as the fabrication processes are similar. 

Monolithic integration of all MEMS sensors on top of their own CMOS 

signal conditioning circuitry is then possible and presents other impor-

tant advantages in the global aim to reduce dimensions, costs, intercon-

nect issues and even power consumption. When the fabrication processes 

are not compatible or concurrent, a hybrid integration where two die are 

attached to each other is chosen. It is a more common strategy as it is gen-

erally easier to achieve.      

 The choice of sensors is always based on the reliability requirements 

of high-value telecommunications components during shipping, storage 

and operation, where monitoring and recording of temperature, humidity, 
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corrosion, gas thermal conductivity and gas fl ow rates are needed. All infor-

mation gathered from these sensors then needed to be accessible in real-

time by wired or wireless communication and logged in a memory for 

possible further use. However, the choice of the sensor structure is not 

always straightforward and depends on several factors, such as the fabrica-

tion facilities, processes and materials available, application, etc. The tech-

nological requirements and limitations of this particular type of project 

always represent the bottom-line that dictates the specifi cations of the cor-

responding MEMS sensors that should be developed. The following gives 

a rapid, summarized overview of the sensors that have been fabricated for 

integration on a WSN platform. Although there is no single solution to a 

particular problem, it is hoped to provide valuable information to MEMS 

sensors designers. 

  17.4.1     Temperature sensors 

 Temperature is a very important parameter to monitor in telecommunica-

tion reliability and over a very large range of values. However, it is not par-

ticularly important to fabricate very fast sensors or measure its value at a 

high sampling rate, as it is a relatively slow process. Metal meanders may 

be fabricated to measure temperature. Their sensing principle is based on 

a linear dependence of their electrical resistance with temperature. A sim-

ple measurement of a resistance change will then be easily translated into 

a temperature modifi cation, as can be seen in Fig. 17.3. Depending on the 

meanders total length on the die surface, the sensitivity of the fabricated 

structures presented in this case study may vary in the m Ω / o C to k Ω / o C 

(a)

(b)

(c)

(d)

T° (T°)

(Heater)

Corrosion

%RH Gas TC Gas flow

(e)

Si substrate
PECVD oxide
Bottom metal

Top metal
Polyimide

(T°)

 17.2      Multi-MEMS fabrication process on a silicon substrate: 

(a) selective metal deposition and passivation on PECVD oxide; 

(b) spin coating of a 3-μm-thick polyimide layer; (c) selective top metal 

deposition; (d) selective silicon etching; (e) polyimide removal.  
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range, enabling a precision of approximately 1 ° C. Moreover, MEMS tech-

nology typically allows large temperature operation range of operations. In 

this case study, the structures have been successfully tested for temperature 

changes occurring within seconds, which is considered to be in the range of 

normal electronic components heating and much faster than environmental 

changes. The full temperature range covered by these structures is between 

−10 ° C and 85 ° C, which is very acceptable for telecommunication reliability 

applications. Simple Wheatstone bridges or voltage dividers are used for 

temperature readings when integrating these sensors on a WSN platform.       

  17.4.2     Humidity sensors 

 Relative humidity is an even slower process to monitor. Moreover, great pre-

cision is not required in this case and typical telecommunication reliability 

specifi cations require a precision between 1%RH and 10%RH in the full 

0–100%RH range. Many different MEMS humidity sensors solutions exist. 

In this case, capacitive structures have been designed to offer a 5%RH pre-

cision with a sensitivity of a few femtofarad per relative humidity percent (fF 

per %RH).  Figure 17.4 shows the characteristic response of a polyimide-based 

capacitive sensor with interdigitated electrodes.  As mentioned in Hautefeuille 

 et al . (2011) and although it is not commonly addressed, humidity sensors age-

ing must be characterized to guarantee reliable measurements over a long 

time. Capacitance-to-voltage circuits are required to utilize this type of capac-

itive sensor on a WSN module.       

  17.4.3     Corrosion sensors 

 The structures consist of interdigitated aluminium triple-track comb patterns, 

which suffer leakage currents between their inversely biased electrodes due to 
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 17.3      Typical temperature sensor linear response of a 2  μ m wide, 0.5  μ m 

thick and 250 mm long Al/1%Si meander. (Adapted from Hautefeuille 

 et al ., 2011.)  
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electrolytic migration between metal tracks in the presence of moisture, salts 

and other impurities that infl uence metal degradation. This type of miniaturized 

canary-like structure may be adequately designed to monitor the desired corrosion 

rates, thanks to direct resistance readings even under low voltage bias. Indeed, as 

the MEMS corrosion sensor suffers degradation, its electrical resistance increases 

slowly in a stepwise fashion. As resistive sensors, these early warning corrosion 

sensors require the same conditioning circuits as the resistive sensors.  

  17.4.4     Gas sensors 

 Suspended beam thermal conductivity sensors operate by measuring vari-

ations in the thermal conductance of a structure in response to changes in 

the surrounding gaseous ambient. This type of sensor is heated electrically 

and may be confi gured to detect pressure changes in real-time. It may also 

detect the presence of different gases with a thermal conductivity differ-

ent to that of air, as shown in Fig. 17.5, although this capability is limited. 

It is indeed almost impossible to discriminate between gases when the 

structure is located in a complex mixture of various gases. The determina-

tion of the thermal conductance given by the microsensor is possible by 

calculating it from an electrical resistance measurement when a constant 

voltage  V  is applied across the structure. This is practical for its integration 

on a wireless module. It is, however, critical to limit the input voltage to 

avoid physical damage of the structure caused by high electrical currents. 
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 17.4      Response of a polyimide-based capacitive humidity sensor with 

interdigitated electrodes. Sensor dimensions are: 1.2 mm  ×  1.2 mm  ×  3 

 μ m. In the fi gure, the ◊ represent ascending values and the ◆ represent 

descending values. (Adapted from Hautefeuille  et al ., 2011.)  
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An application-specifi c programmable alarm may be confi gured for maxi-

mum pressure or dangerous gas detection levels.       

  17.4.5     Gas fl ow sensors 

 There exist many approaches to fabricating MEMS gas fl ow sensors. The 

one developed in this case study consists of three similar metallic meander 

structures that can monitor a fl ow velocity and its direction: one resistive 

heater is located in the centre of two temperature sensors. By measuring 

the temperature difference between the sensors upstream and downstream, 

it is possible to conclude on air fl ow direction and velocity with great preci-

sion. The fi nal dimensions of the structures depend highly on the reliability 

specifi cations and the system to monitor. It is recommended to fabricate 

several of these structures onboard with different orientations, to be able 

to detect complex fl ows on the surface. As the detection principle is also 

based on resistive measurements, its integration on WSN platforms is quite 

straightforward.  

  17.4.6     Results of case study 

 A dedicated conditioning circuit layer has been built around the fabri-

cated MEMS multisensor die for integration on an existing WSN module 

with data-processing, memory, communication and power capabilities for 

fl exibility in remote sensing. The design needed to be in agreement with 

many different onboard limitations of the existing module like: available 
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 17.5      Free-standing gas sensor response: thermal conductivity change 

with pressure as a function of ambient gas. (Adapted from Hautefeuille 

 et al ., 2011.)  
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real-estate, power, communication packet-size, robustness, etc. The fabri-

cation of multiple MEMS sensors on a single die, however, offers more 

integration fl exibility than multiple discrete dice when attached on exist-

ing modules (Fig. 17.6). It also presents the advantage of permitting a 

completely new design developed around the multi-MEMS structure.      

 Two of the resulting MEMS-based multisensor chips presented here 

have fi nally been attached on a 25 mm  ×  25 mm  Tyndall25  node used as 

a data-logging and communications platform (Barton  et al ., 2006). When 

compared to the majority of similar current modules, the fi nal MEMS-

based WSN solution offers greater simplicity of operation, lower costs of 

production and a simpler utilization for a reliable data collection from 

a great number of sensors. Real-time communication of all sensed data 

to the outside world is ensured via RF protocols, and data collection 

in a serial memory is also made possible for future use or diagnostics 

applications. 

 The combination of simultaneous readings from multiple environmen-

tal sensors not only enables redundancy and accurate readings in real-time 

but also permits cross-sensitivity compensation. The great integration level 

achieved thanks to MEMS technology and illustrated in Fig. 17.7 has indeed 

enabled study of the cross-correlation between sensors and minimizing its 

infl uence to acquire better quality data from the WSN module (Hautefeuille 

 et al ., 2008). Although self-recalibration has not been realized in this case, 

the fi rst steps towards this capability have been achieved successfully with 

the multi-MEMS approach: cross-correlation and redundancy are available 

onboard.        
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 17.6      Different approaches for MEMS sensors integration: 

(a) multiple discrete sensor chips integrated on a module, (b) optimized 

integration of a multisensor die fabricated on a single substrate.  
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  17.5     Conclusion 

 As previously mentioned, fi ve different sensors required for environmental 

monitoring have been proposed and developed in order to answer a series 

of current specifi cations and requirements of the telecommunication indus-

try. This multi-MEMS approach has enabled the following achievements:

   Multiple sensing capabilities have been integrated on a single silicon sub-• 

strate and different associations of some or all of temperature, humidity, 

pressure, gas, gas fl ow, and corrosion sensors have been integrated on a 

single 4.5 mm  ×  3 mm die.  

  The dimensions of the different sensors are conditioned by the applica-• 

tion and space available onboard. Although these user-defi ned dimen-

sions will infl uence the fi nal device performance, the designer has the 

opportunity to predict this behaviour as good agreement has been found 

between measured and simulated outputs from all MEMS sensors.  

  A specifi c sensor layer may carefully developed to limit the overall • 

power consumption of the platform thanks to programmable analogue 

signals and well-designed conditioning circuits.  

  Thanks to MEMS technology, redundancy and cross-sensitivity are • 

enabled on such a small space to aid in distinguishing false alarms, cor-

recting faulty structures and building new models by interpreting raw 

data from multiple sensors.  

  An additional memory layer compatible with the existing wireless sen-• 

sor module has been programmed to record all necessary information 

that will be communicated to the outside world when desired. The fi nal 

version of the WSN module developed here then forms a data-logger.    

Multi-MEMS

M
ulti-M

E
M

S

 17.7      Top layer of the MEMS-based environmental WSN platform with 

multiple sensing capabilities. Two 3 mm  ×  3 mm bare dies have been 

wire-bonded on a 25 mm  ×  25 mm circuit board here.  
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 For each sensor, a user-defi ned sampling rate may be programmed via the 

processor or microcontroller that constitutes the core of any sensor mod-

ule. The total memory space utilized for a single sampling of a multisen-

sor output depends on the application and specifi cations of the platform. 

Once again, MEMS sensors and multi-MEMS platforms offer fl exibility in 

data collection thanks to their low-power and reliable operation conditions. 

The fabrication of a number of miniature sensing elements using MEMS 

technology on 3 mm  ×  3 mm silicon die helps save manufacturing costs 

and substrate area for further integration on WSN platforms. A signifi cant 

limitation to future commercialization has however been identifi ed in this 

particular case. All multi-MEMS sensor platforms have been attached and 

wire-bonded in their bare-die form on the WSN module. This results in a 

very sensitive but fragile sensor layer, located on top of the module. For 

practical reasons, packaging has not been studied and its potential impli-

cations on sensor performance are completely unknown. Although it is a 

common limitation of MEMS structures in general, it should be carefully 

addressed in the future.  
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 Optical MEMS for displays 

in portable systems   

    W. O.   DAVIS,     MicroVision, Inc., USA       

   DOI:  10.1533/9780857098610.2.569 

  Abstract : This chapter discusses several optical microelectromechanical 
systems (MEMS) devices that are used as displays for portable wireless 
systems. Two direct-view MEMS-based displays are summarized; these 
seek to displace the incumbent liquid-crystal based displays that are 
widely employed in mobile devices. MEMS picoprojector displays 
are reviewed, including mirror array-based projection and laser beam 
scanning (LBS). The further application of MEMS-based LBS to head-up 
and eyewear displays is discussed. 

  Key words:  optical MEMS, display, picoprojector, laser beam scanning. 

    18.1     Introduction 

 In a wireless system requiring a display there will be obvious tradeoffs 

involved in reconciling portability with the display’s usability. Size and 

power consumption requirements in particular can be expected to force 

compromises. In the case of size, either the display may be smaller than 

one would prefer, so that it fi ts within the allowable system volume, or the 

mobile system is made larger than desired, so that it can have a usable dis-

play. Furthermore, the power consumption for a wireless mobile device dis-

play must be low enough to serve its application on a battery charge, and 

this can be expected to force a limit on the maximum display brightness. 

Both the size and the power constraints suggest a role for optical MEMS, 

with recent examples showing the potential to simultaneously address criti-

cal size and power limitations. Especially when combined with miniaturized 

and effi cient light sources, optical MEMS may have a large impact on wire-

less system capabilities. 

 For directly viewed displays, the substitution of MEMS-based technology 

for the traditional liquid-crystal displays (LCDs) in current widespread use 

has been recently demonstrated, including a technology that creates MEMS 

within the existing LCD manufacturing infrastructure. Another technology 

forms a color displayed image using ambient light, fi ltered and refl ected, 
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to combat the overwhelming of backlit displays by bright ambient outdoor 

light. For these direct-view displays, however, the size requirements for the 

display and the portable system are in their usual tension. 

 Handheld picoprojectors provide a means of relieving this tension, pro-

viding a display much larger than the confi nes of its mechanical assembly. 

MEMS technologies that currently address this concept include mirror 

array-based image plane projection and laser beam scanning (LBS) with a 

micromirror. These systems can create monitor-sized displays using a pro-

jection engine that occupies only a few cubic centimeters, or even wide-

screen television or movie-screen sized displays when ambient lighting 

conditions permit. LBS also lends itself well to heads-up displays (HUDs) 

for automobiles. 

 The eye itself is the ultimate display surface. Extending the picoprojec-

tion concept to wearable ‘eyewear’ displays overcomes the need to fi nd a 

convenient projection surface and suitable lighting conditions, and there-

fore represents a very attractive direction for the MEMS-based technolo-

gies. Inherently portable, the eyewear concept can also address a desire for 

a more immersive and private viewing experience and enables augmented- 

and virtual-reality technology. Future developments are likely to increase 

the value of displays for wireless systems by making them more immersive 

and interactive through three-dimensional (3-D) display and user interface 

improvements.  

  18.2     MEMS-based direct-view displays 

 Direct-view displays can be considered as those comprising a matrix of pix-

els that emit light directly into the viewer’s eye. Wireless systems currently 

use LCD and organic LED (OLED) technology; however, MEMS devices 

may have a role to play as well. 

  18.2.1     Qualcomm™ IMOD™ display 

 Backlit LCD displays do not perform well in outdoor ambient light, the 

backlight being overwhelmed by the light incident on the display surface. 

The mirasol® IMOD™ display by Qualcomm™ seeks to address the need 

for power-effi cient mobile displays under such conditions by using the ambi-

ent light itself to illuminate the display. This is accomplished using an array 

of MEMS membranes to form optical cavities tuned to red, green, and blue 

(RGB) wavelengths (Qualcomm, 2009a,b). 

 A display pixel is subdivided into RGB subpixels, each comprising a 

MEMS device as illustrated in Fig. 18.1. In an open state, an optical cav-

ity is formed that is tuned to refl ect the red, green, or blue components of 
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the incident light spectrum. The cavity lengths are determined during the 

MEMS fabrication process by the selective removal of a sacrifi cial layer. 

A voltage is applied between the optical cavity surfaces formed by a sta-

tionary optical stack of metals and metal oxides such as indium–tin–oxide 

(ITO) and a moveable metal membrane, the voltage creating an electro-

static attractive force that causes the cavity to collapse. In the collapsed 

state the cavity refl ects light in invisible ultraviolet wavelengths, while the 

refl ectance of visible light drops to near zero and the subpixel appears black 

(Qualcomm, 2009b). Qualcomm (2009b) reports refl ectivity of 60% and a 

contrast ratio of 10:1, which is comparable to printed text.      

 The subpixels are further divided into sub-elements that enable 3-bit 

grayscale within each color, as in Figs 18.2 and 18.3 (Qualcomm, 2009b). 

Additional grayscale resolution up to 64 gray levels per color can be derived 

by additional temporal modulation of the subpixels’ refl ectance state, tak-

ing advantage of the MEMS membrane’s fast switching time, on the order 

of tens of microseconds (Qualcomm, 2009b). Being a refl ective display, the 

color balance is not under control without a feedback system using detec-

tion of the incident light spectrum. Still, Gally (2004) reports favorable 

performance in terms of refl ectance, color gamut, and contrast ratio com-

pared to refl ective and transfl ective (transmissive when a backlight is in use, 

refl ective when ambient conditions overwhelm the backlight) LCD displays, 

which face the same color issue.           

 The IMOD device can be operated in a bistable mode of operation (Miles 

 et al ., 2003; Qualcomm, 2009a,b), exploiting the electromechanical pull-in 

phenomenon that is a common occurrence in electrostatic MEMS devices. 

At a critical value of the voltage across the optical cavity (illustrated in 

Fig. 18.1), the electrostatic force overwhelms the ability of the mechanical 

elastic restoring force to maintain an intermediate equilibrium position. 

The membrane suddenly pulls into contact with the optical stack and the 

Incident light

Air

Glass substrate
V

Thin flim optical stack

Metalic membrane

25–60 μm

 18.1      Illustration of Qualcomm™ IMOD™ MEMS device to form a 

wavelength-dependent switchable refl ector (from Gally (2004)).  
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refl ectance is switched off. Thereafter, the voltage can be reduced some-

what while still maintaining the collapsed pull-in state. Further reduction 

of the voltage to a second critical value fi nally enables the elastic forces 

to overwhelm the electrostatic attraction, and the membrane returns to its 

original position where the cavity refl ects visible light. The hysteresis is used 

to operate the device with three voltage levels, where an intermediate hold 

voltage can maintain either the refl ective or the black optical states and 

transient pulses to two other voltage levels can switch the refl ective state, as 

illustrated in Fig. 18.4.      

 Because of the bistability characteristic, and the fact that the electri-

cal load of the MEMS is capacitive, the IMOD display can be operated in 

a very low electrical power mode when temporal dithering is not neces-

sary for grayscale resolution and the displayed image content is static or 

Red subpixel

Incident light
RGB

R1, G1, B1 R2, G2, B2

Green subpixel Blue subpixel

 18.2      Color IMOD™ pixel formed by RGB subpixels (from Qualcomm 

(2009b)).  

Bit 2

Bit 0

Subpixel
element Subpixel

Bit 1

Pixel

 18.3      Subdivision of RGB subpixels into subpixel elements, for three-

bit grayscale resolution achieved by spatial dithering (from Qualcomm 

(2009b)).  
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changing slowly. The only power consumption occurs when the display 

content changes and, unlike LCD displays, the IMOD does not need to be 

occasionally refreshed due to degradation over time. In Miles  et al . (2003), 

a power consumption of 0.84 μW/in 2  was reported for the IMOD display 

showing static text, compared to 68 μW/in 2  for a thin fi lm transistor (TFT)–

LCD display that has to be refreshed frequently to maintain even the static 

image. For a battery-powered wireless device such as a smartphone, whose 

power consumption today is dominated by the LCD display, a factor of 80 

reduction in the battery discharge rate for the display of static text using the 

IMOD device could enable signifi cantly longer use times between charges. 

 The use of pull-in and contact means that attention must be paid to the 

prevalent issue of stiction, where surfaces, once in contact, are hard to sepa-

rate. Stiction would cause the black state of the element to persist when 

attempts are being made to change to the refl ective state. The IMOD device 

is packaged in a sealed environment with a getter material to absorb mois-

ture, a factor promoting stiction. Floyd  et al . (2006) report a prediction of 

lifetime of 10 years based on the dessicant reaching its absorption capacity. 

 Future adoption will be dependent on certain wireless devices’ need for 

low-power displays in bright ambient lighting, where increasing the bright-

ness of a backlit display carries an unacceptable penalty in power consump-

tion. Reaching the consumer mass market has so far proved diffi cult: in 2012 

Qualcomm announced plans to limit production and instead seek to license 

the technology (Davies, 2012).  
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 18.4      Bistability of IMOD™ device refl ectance enabled by 

electromechanical hysteresis (from Qualcomm (2009a)).  
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  18.2.2     Pixtronix Digital Micro Shutter 

 Another direct-view display technology using an array of MEMS devices 

is the Pixtronix PerfectLight™ Display using the Digital Micro Shutter 

(DMS™). This display uses fi eld sequential color (FSC), such that the entire 

display is illuminated with RGB light each in their turn, at a fast enough 

rate that the viewer perceives a color image. An array of MEMS shutters is 

reconfi gured corresponding to the color content of the image. An individual 

DMS device is shown in Fig. 18.5. This approach multiplexes the subpixels 

temporally, in contrast to approaches that multiplex spatially such as the 

IMOD™ device in the previous subsection with subpixels dedicated to a 

certain color each occupying a unique volume. In 2012 Qualcomm acquired 

Pixtronix (Clarke, 2012), adding this approach to the company’s direct-view 

MEMS-based display portfolio.      

 The DMS is formed using the manufacturing infrastructure in use to pro-

duce TFT and LCDs. The polarizers and fi lters that would be part of an 

LCD display are replaced by FSC illumination and the MEMS shutters. The 

MEMS is formed on a TFT backplane which forms the shutter driver array, 

and attached to a backlight panel with an aperture pattern that will be cov-

ered or uncovered by the shutters depending on their actuation state. In 

LCD displays, individual liquid-crystal pixels’ states are switched to either 

transmit or absorb light from the backlight source. The transmission effi -

ciency for light that exits the display through polarizers, fi lters, and the LCD 

material is of the order of 10%. The DMS is more optically effi cient, since 

it does not contribute to transmission losses when opened, and because of 

the light recycling structure designed to give the light only one way out, 

through the apertures, as shown in Fig. 18.6. Transmission effi ciencies of 

50–80% have been reported (Brosnihan  et al ., 2010; Hagood  et al ., 2007), 

even though the apertures’ area coverage of the display is only in the range 

of 5–20% (Hagood  et al ., 2007).      

Electrostatic
actuator

Spring

Shutter

 18.5      Pixtronix DMS™ MEMS device (from Brosnihan  et al . (2010)).  
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 The DMS device is a fl exure-suspended shuttle mass, with a gap-closing 

lateral electrostatic actuator that acts on the suspension beam springs, as 

shown in Fig. 18.5. As described by Legtenberg  et al . (1997), the springs are 

attracted to the actuator under an applied voltage. They come into physical 

contact at a small voltage, with the contact area increasing with increasing 

voltage until the full travel range is reached, akin to the joining of two struc-

tures with a zipper. The material choices were restricted to those in use in the 

production of LCD displays in order to take advantage of the scale of exist-

ing manufacturing infrastructure. As described by Brosnihan  et al . (2010), 

the fi lms in use are not thick enough to create mechanical fl exure springs 

with a thickness-to-width aspect ratio high enough to create the desired in-

plane compliance and out-of-plane stiffness. Instead, MEMS structures with 

the desired mechanical properties were formed by conformal coating of the 

sidewalls of a layer used as a sacrifi cial mold (Brosnihan  et al ., 2010). 

 Brosnihan  et al . (2010) reported 10 μm of travel actuated with 20 V, with a 

shutter switching time of 100 μsec. The fast switching time for opening and 

closing the shutter is used to create 8-bit per color digitization of the illumina-

tion, providing 24-bit color depth with a 60 Hz frame rate. The time-division 

multiplexed color-sequential approach carries a power penalty associated with 

more frequent display state changes compared to LCD or IMOD™; however, 

when combined with the optical effi ciency improvement the company claims 

the net power savings is 60–80% over LCD (Brosnihan  et al ., 2010). The LED 

light sources provide excellent color gamut of 150% NTSC over viewing angles 

from −85° to +85°, compared to 50–80% NTSC for LCD displays not using 

LED light sources. Reported contrast ratios are greater than 100:1, with one 

contrast reducing factor being the light leakage around the shutters.   
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 18.6      Illustration of Pixtronix PerfectLight™ display device (from 

Hagood  et al . (2008)).  
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  18.3     Handheld picoprojectors 

 Projection is a familiar technology that inherently decouples the size of a 

portable system from the size of its display. While image sharing by projec-

tion of slide-format prints has fallen out of fashion, it remains in principle an 

effective way for people to simultaneously view images. In its heyday slide-

format print projection required a lot of setup on the part of the projection-

ist, with signifi cant risk that the viewers’ enjoyment could not match the 

efforts spent on production. Today, digital, miniaturized, and mobile image 

storage is now taken for granted but sharing is still limited by the tradeoff 

between portability of the storage device and the size of a direct-view dis-

play. The time is ripe for ‘picoprojector’ technology that enables effortless 

spontaneous image sharing, using a pocket-sized projector running on bat-

tery power. MEMS devices are contributing to this emerging technology, as 

will by shown by two examples. 

  18.3.1     Digital Micromirror Device™ 

 One of the most famous MEMS devices is the Digital Micromirror Device™ 

(DMD™) by Texas Instruments (TI), fi rst conceived in the 1980s (Hornbeck, 

1996). It consists of an array of micromirrors, each on the order of 10 μm in 

width with an individually controllable tilt degree of freedom. It went into 

commercial production in 1996 as a 640 by 480 pixel VGA array, that is, 

with 307 200 individual micromirror devices (Hornbeck, 1996). The success-

ful manufacturing of this device is an historic achievement in the MEMS 

industry, and TI has enjoyed many years of commercial success in projection 

display for cinema and offi ce environments with its continued production. 

 The DMD is fabricated by surface micromachining on top of a comple-

mentary metal oxide semiconductor (CMOS) memory circuit using a six 

photomask MEMS process that patterns three aluminum alloy layers, includ-

ing the refl ector itself (Hornbeck, 1996, 2007). A diagram of an individual 

DMD micromirror is shown in Fig. 18.7 (Hornbeck, 1996). Each micromirror 

corresponds to a pixel in the display. Its rotation is actuated by the electro-

static force between the mirror and electrodes underneath. The micromir-

ror position is digital, in that it is positioned in one of two states created by 

rotating the micromirror until it contacts a mechanical stop. In one position 

the micromirror refl ects light into a display pixel, while in the other it sends 

the light in an unviewed direction. Since the device is an electrostatic pull-in 

device, it exhibits a hysteretic behavior (Senturia, 2001, p. 541) similar to 

that already discussed for the IMOD™ MEMS device, where the mirror 

can be held in a defl ected position with a voltage that is less than the pull-

in voltage (Hornbeck, 2007). Anti-stiction countermeasures are part of the 

design: the contact to the mechanical stop is made through contact springs, 
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and when a mirror rotation state change is to be made the mirror is actually 

briefl y pulled closer to the stops so that the contact springs’ restoring forces 

help to release the mirror from any stiction forces (Hornbeck, 2007).      

 The primary use of the DMD device has been in DLP® projectors, imple-

mented for displays in color-multiplexed forms. In a three-DMD con-

fi guration, each DMD array is dedicated to modulating the light intensity 

corresponding to one of the component colors. This arrangement is in wide-

spread use in offi ce projectors and digital cinema. In a one-DMD color-

sequential confi guration, the DMD mirror array is FSC illuminated in turn 

with RGB light (for example), created from LED or laser light sources, or 

a sequence of colors created using a white lamp and a color wheel. The 

reduced composite duty cycle of projected multicolor light results in a less 

bright display compared to that of the three-DMD arrangement. 

 Displays for highly portable wireless systems will be restricted to single 

DMD arrangements with FSC using LED or laser light sources, due to size 

and power consumption limitations. The achievable small size is directly 

related to the display resolution: when the mirrors can be made at a 10.8 μm 

pitch, as in (Hornbeck, 2007), then the size of a DMD array will be about 

20.7 mm by 11.7 mm for a high-defi nition 1920 by 1080 pixel display. The need 

for packaging providing encapsulation, and for projection optics somewhat 
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 18.7      Exploded diagram of TI DMD™ MEMS device (courtesy of TI).  
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larger than the DMD array, will add to the size, yet even so the size of the 

display engine is merely a fraction of what a direct-view display would be 

for a reasonable projected image size. For example, one commercial pico-

projector offering by Optoma using the DMD has a volume of 1.7 cm by 

11.2 cm by 6.1 cm, about the size of several smartphones, yet it can project an 

image the size of a computer monitor or even larger (Optoma, 2011).  

  18.3.2     Laser beam scanning projection 

 In marked contrast to approaches using an array of elements, where each one 

corresponds to a display pixel, is a technique that uses a single high-speed 

scanning mirror to build up the displayed image pixel-by-pixel. MicroVision 

has been a pioneer in the commercialization of this type of display engine, 

using high-speed MEMS scanning mirrors and laser light sources. The LBS 

method is similar to the cathode-ray tube (CRT) technology, which scans 

an electron beam onto a phosphor grid; however, for LBS there is no spe-

cial projection surface needed. To achieve a high pixel count, a scanning 

mirror defl ects a laser spot with a high-speed horizontal scan, as illustrated 

in Fig. 18.8. Practical implementations require using the mechanical reso-

nance of a MEMS scanning mirror, and the horizontal component of the 
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 18.8      Laser spot trajectory for LBS projection consisting of a high-

speed sinusoidal horizontal scan and a constant-velocity vertical scan. 

The laser spot ’ s constant vertical velocity and sinusoidal horizontal 

components  V  v  and  V  h  are shown for illustration at two different times 

within the scanning of a display frame and are not to scale.  
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spot velocity  V  h  on the projection surface is sinusoidal under small angle 

assumptions. The high-speed horizontal scan lines are swept vertically by 

an orthogonal scanning mirror motion. To achieve uniform pixel placement 

and the highest quality image, the vertical scan is a sawtooth raster with 

constant velocity  V  v  during the active video portion of the scan.      

 The LBS technology was used by MicroVision in head-mounted retinal 

scanned display (RSD) systems in the mid-1990s, starting with convention-

ally machined metallic resonant scanners, and using silicon MEMS scan-

ning mirrors in the early 2000s (Lippert  et al ., 2000; Tauscher  et al ., 2010; 

Urey  et al. , 2000; Wine  et al ., 2000). The RSD technology will be further 

discussed in Section 18.5. More recently, the MEMS-based LBS has been 

deployed in the PicoP® miniaturized display engine for picoprojection, 

illustrated in Fig. 18.9. The technology was commercialized in 2009 as the 

SHOWWX™ handheld projector. Inside the projection engine, RGB laser 
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 18.9      MicroVision PicoP™ MEMS-based LBS projection engine. 

(a) Schematic and (b) photograph of actual system.  
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light is combined into a single beam. A biaxial MEMS scanning mirror scans 

the combined beam in a two-dimensional 60 Hz frame rate raster pattern. 

High-speed modulation of the laser light controls the display of individual 

pixels. The red and blue lasers are available as laser diodes, while the green 

laser is a device using second-harmonic generation (SHG) to halve the 

wavelength of an infrared source.      

 The key component inside the PicoP is the MEMS scanning mirror. 

Requirements for mirrors that are capable of scanning a modulated laser 

spot, such that common display resolutions can be achieved with 60 Hz 

refresh rates, have been derived by Urey  et al.  (1999, 2000) and Urey (2004) 

and summarized with several examples by Tauscher  et al . (2010). Consider 

a scanned projection generated by defl ecting a laser spot in a horizontal 

scan with frequency  f , and with a vertical scan providing a given frame rate 

(e.g. 60 Hz). Briefl y, the number of resolvable pixels generated in a frame 

period is proportional to the mirror scan angle amplitude  θ , the scanning 

mirror’s diameter  D , and the scanning frequency  f :  

    N D f⋅θ     [18.1]   

 Accordingly, the product  θ  ⋅  D  and the high-speed horizontal scan frequency 

 f  are standard fi gures of merit for scanning mirrors, and the requirements 

for common display resolutions are listed in Table 18.1.      

 The MEMS device is an electromagnetically actuated single-crystal sili-

con biaxial scanning mirror as shown in Fig. 18.10. A roughly 1 mm diameter 

inner mirror is suspended by stiff horizontal scan fl exures within a gim-

bal frame, which has a metallic coil patterned on it as shown in Fig. 18.11. 

Permanent magnets are assembled around the MEMS die, so that the 

Lorentz forces generated by the current fl owing through the coil provide the 

actuating torques. The scanning mirror is driven into rotations about two 

orthogonal axes by the single coil. The target scanning trajectory consists of 

 Table 18.1     Scanning mirror requirements for common display resolutions 

   VGA  WVGA  SVGA  HD720  SXGA  HD1080 

 Horizontal resolution 

(pixels) 

 640  840  800  1280  1280  1920 

 Vertical resolution 

(pixels) 

 480  480  600  720  1024  1080 

 θ ⋅  D  product (deg ⋅ 
mm) 

 7.0  9.4  8.8  14.1  14.1  21.1 

 Horizontal scan 

frequency,  f  (kHz) 

 18  18  22.5  27  38.4  40.5 

  Source: From Urey, 2004; Tauscuer  et al ., 2010.  
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a 60 Hz sawtooth ramp used for the vertical raster scan, and a high-speed 

horizontal scan using a resonance of a vibration mode at a frequency in the 

range of 18–42 kHz for display resolutions from 480 lines (VGA) to 1080 

lines (high-defi nition). The scanning mirror acts as a mechanical fi lter, in the 

sense that a 60 Hz drive waveform to the coil mainly generates rotations of 

the gimbal frame about the vertical scan fl exures, while a high-frequency 

drive waveform only generates a scanning response when the frequency 

corresponds to a resonant mode of vibration, and so the two drive signals 

 18.10      MicroVision magnetically-actuated MEMS scanning mirror.  
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 18.11      MicroVision MEMS scanning mirror die.  
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are superimposed and applied simultaneously to the coil (Davis  et al ., 2008; 

Yalcinkaya  et al ., 2006).      

 The inertial and elastic forces developed in high-speed resonant scan-

ning are large enough to cause deformations of the mirror that could result 

in a projected laser spot with unacceptable aberrations. These forces will 

reach their peaks at the extrema of the oscillating rotations, so the resulting 

dynamic deformations of the mirror can cause the apparent sharpness of a 

LBS display to be diminished away from the center. As explained by Urey 

 et al . (2000), in order to project an unaberrated laser spot throughout the 

extents of the scanned fi eld-of-view, the amplitude of the dynamic deforma-

tion should be kept to one-tenth of the wavelength: that is, less than 63 nm 

peak-to-valley mirror deformation for projection of 635 nm laser light. This 

requirement factors strongly into the scanning mirror design, for example 

thin-fi lms a few microns thick fabricated by surface micromachining pro-

cesses would not supply enough structural stiffness to keep a 1 mm diameter 

mirror suffi ciently rigid under high-speed scanning, and so scanning mirrors 

are commonly fabricated out of thicker single-crystal silicon material. 

 A discriminating feature of the LBS technique, compared to array-based 

projection, is that the use of a single scanning mirror as a pixel generator 

decouples the size of the MEMS pixel generator from the desired number 

of projected pixels. The projection display resolution can be scaled up with 

MEMS device changes that preserve the size of the refl ective portion of 

the scanning mirror device and the overall die size. This is illustrated by 

comparing the sizes of the MEMS devices in Fig. 18.12, where the smallest 

MEMS die also happens to be the one providing the highest display reso-

lution. By comparison, array-based pixel generators, such as DMD devices, 

must either grow larger to increase the display resolution, or shrink the size 

of the pixels and thereby suffer increased diffraction effects. Due to this 

scalability, LBS picoprojection with MEMS holds much promise for use in 

portable wireless systems.           

 18.12      Comparison of MEMS die sizes for scanning mirrors 

corresponding to three different projection display resolutions. 

(a) WVGA; (b) SVGA; (c) HD 720.  
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 The acronym LBS implies the scanning method is married to laser light 

sources, while array-based display engines such as DMD or LCD can use 

other light sources such as lamps or LEDs. Some scanned beam displays 

have been created, however, that use LED light sources (Freeman, 2003). 

Continued advances in laser technology will produce RGB sources with cost 

and effi ciency that will likely make laser light a compelling choice for any 

picoprojector. In addition to their effi ciency, laser light is attractive due to 

the wide color gamut spanned by combined RGB sources and the pleasing 

display produced by deeply saturated colors. A further capability enabled 

by the use of laser light is the ability to design the optical system such that 

the output beam divergence creates display pixels that grow proportionally 

to the projection distance (Brown  et al ., 2011). This eliminates the need for 

bulky focusing projection optics and enables projectors to operate ‘focus-

free,’ with every pixel in the projected display in focus for the viewer no 

matter how it is projected, even on curved or distorted projection surfaces. 

 Other MEMS devices used to demonstrate the LBS display include elec-

trostatic comb-drive actuated devices, which seek to take advantage of 

the integration of the scanning mirror actuator with the other etched sili-

con features, such that no extra fabrication or assembly steps are needed 

to form the actuator. This is unlike magnetically-actuated MEMS, which 

require the formation of a magnetic fi eld using permanent or electro-

magnets. Examples of electrostatic MEMS include those produced by the 

Fraunhofer Institute of Photonic Microsystems (IPMS). A noteworthy 

characteristic of these devices is that they operate resonantly on both the 

horizontal and vertical axes. 

 Such bi-resonant scanning creates a nonuniform spatial distribution of 

scan lines because of the Lissajous pattern followed by the projected laser 

spot. A side effect is the perception by the viewer of display artifacts, such 

as image break-up under eye  saccade  motion or motion of the projector 

(Hsu  et al ., 2008). Consider the Lissajous pattern shown in Fig. 18.13, which 

represents one period of the scan trajectory that generates one image frame. 

B A

 18.13      Illustrative example of a laser spot trajectory following a 

Lissajous fi gure from a bi-resonant scanning mirror.  
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A Lissajous trajectory for a high resolution projection display will be far 

denser; however, this simple version makes a useful illustration. Consider a 

pixel displayed at position A and its neighbor at position B. In a high-den-

sity Lissajous trajectory, these could be two pixels that are nearest neighbors 

on the same horizontal line in the input image. Mapping the pixels A and B 

onto the Lissajous scan trajectory results in a separation in time that is nearly 

a full frame period. Relative motion between the viewer and the projected 

image that occurs during this time delay will cause a spatial separation, and 

therefore a break-up of the image. Rapid eye motion (or saccade), such as 

that occurring from the viewer’s changing the focus of his attention from 

one portion of the image to another, or from involuntary blinking, similarly 

causes spatio-temporal image artifacts. The effect is somewhat similar to the 

color break-up or ‘rainbow effect’ that occurs for FSC displays (Järvenpää, 

2004), due to temporal delay in displaying an image’s color components. The 

Lissajous image artifact can be minimized by making the resonant vertical 

scan have a frequency suffi ciently low to approximate a progressive scan. 

However, it is a major challenge to make a resonant vertical scan that pro-

vides a frame rate of 60 Hz using silicon MEMS, which, due to their high 

stiffness and low inertia, are generally more suited to resonant frequencies 

on the order of 1 kHz and greater. Fraunhofer IPMS has reported signifi cant 

progress in this direction, recently having fabricated MEMS devices such as 

the one shown in Fig. 18.14 with vertical scan resonant frequencies around 

100 Hz (Drabe  et al ., 2012), which help make the artifacts less visible (Hsu 

 et al ., 2008).      

Comb-drive actuators Comb-drive actuators

Gimbal frameGimbal frame

V3

V3

V1

V1

V2Mirror plate

Isolation trenches Torsion springs Backside islands Torsion springs

V2

 18.14      Electrostatic  comb-drive scanning mirror by Fraunhofer IPMS 

(from Hsu  et al . (2008)).  
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 Btendo (2008) and Mirrorcle Technologies (Milanovic, 2007) are among 

some who have addressed the sawtooth ramp issue using electrostatic comb 

drives by adding some complexity to the MEMS fabrication in order to cre-

ate vertically-offset comb fi nger structures, which enable the non-resonant 

quasistatic motion required for a sawtooth ramp scan. Because the electro-

static forces generated in the comb fi nger structures are still rather weak 

compared to electromagnetic forces, the comb-drive MEMS devices tend to 

require rather high voltages. Scanning mirror performance commensurate 

with VGA display resolution with 60Hz sawtooth frame rate leads to high 

drive voltages on the order of 150 V for either a horizontal or vertical scan 

axis (Hsu, 2008; Milanovic  et al ., 2004). The low power consumption and 

miniaturization sought by the choice of electrostatic actuation must there-

fore account for parasitic capacitive loads in the high-frequency (greater 

than 18 kHz for at least VGA display resolution) horizontal scan drive chan-

nel, and for the size, cost, and power consumption of high voltage genera-

tion. The parties involved with the MEMS–based LBS technology seem to 

weigh the tradeoffs rather differently, and there may very well be multiple 

paths to a competitive solution with acceptable size, power consumption, 

and cost.   

  18.4     Automobile head-up display 

 LBS projection technology is well-suited to automotive head-up dis-

play (Auto-HUD) applications. Because it reduces driver inattention and 

keeps his eyes on the road, AutoHUD is increasingly available as a safety-

enhancement. As discussed by Freeman (2011), there are some particular 

requirements for Auto-HUD that are well-addressed by LBS. For one, laser 

light produces highly saturated color that helps the viewer distinguish the 

information displayed by the HUD from the background scene. For another, 

LBS completely turns off the laser light sources for ‘black’ pixels; this helps 

maintain the desired see-through characteristics at very low night-time 

ambient light levels compared to other technologies, which tend to have 

some background glow. 

 It is straightforward to simply position a picoprojector on the driver’s 

side of the windshield for use as an Auto-HUD. Using narrowband laser 

light is instrumental to satisfying the requirement for a see-through display 

not obstructing the driver’s view of the road, because the projection surface 

can be engineered to be transmissive across the visible spectrum except for 

narrowband refl ectance corresponding to the laser colors, as illustrated in 

Fig. 18.15.           

 Auto-HUD as a safety feature is more effective if the display can be made 

to appear out in front of the car instead of on the windshield, so that the 
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information is better overlaid over the scene that should be the focus of 

attention anyway. MicroVision’s optical design for Auto-HUD that achieves 

this effect is discussed in Freeman (2011) and is illustrated in Fig. 18.16. An 

exit-pupil expander (EPE) is positioned at an image plane. Relay optics 

transmit the image to the viewer’s eye, and the role of the EPE is to create 

copies of the image that occupy a reasonably-sized eyebox so that minor 

movements of the driver’s position do not cause the image to go in and out 

of view.      

 A compact implementation of the optical design is shown in Fig. 18.17. 

The system uses several optical elements that create an optical path length 

long enough to make the image appear to the viewer to be fl oating out 

beyond the windshield. A similar design using PicoP was a part of the 

Carrozzeria Cyber Navi HUD product released by Pioneer in 2012 and 

shown in Fig. 18.17.       

 18.15      Direct projection see-through Auto-HUD using a surface with 

narrowband refl ectance corresponding to a picoprojector ’ s laser light 

sources.  
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 18.16      MicroVision Auto-HUD optical design.  
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  18.5     Eyewear displays 

 The goal for so-called eyewear display is a lightweight and comfortable dis-

play that resembles a pair of glasses. The display can be occluded for appli-

cations where the viewer’s awareness of her surroundings is not important, 

for example while consuming immersive entertainment. Or, the display can 

be see-through, which is desirable for augmented reality applications where 

supplementary information about the surroundings ought to be super-

imposed on the environment. The eyewear displays that involve MEMS 

are mainly the work of MicroVision, who applied LBS devices including 

MEMS to eyewear displays starting in 1997 (Tauscher  et al. , 2010; Wine 

 et al. , 2000). 

 

Combiner

(a)

EPE

Fold mirrors

IPM
SES

AutoPicop Electronics PCB

Optical elements

(b)

 

 18.17      MicroVision Auto-HUD system, (a) schematic; (b) Carrozzeria 

Cyber Navi HUD by Pioneer.  
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 The optical design for eyewear dubbed RSD or virtual retinal display 

(VRD) is conceptually the same as that used for Auto-HUD, as shown in 

Fig. 18.16. The fi rst MEMS scanning mirrors used by MicroVision design 

used parallel-plate electrostatic actuation for the fast scanning horizontal 

axis and electromagnetic actuation for the quasistatic, raster-scanning verti-

cal axis. An early version is shown in Fig. 18.18.      

 Parallel-plate electrostatic actuation was a poor fi t for the torsional scan-

ning application: the large motion clearance for mirror rotation mandated 

a large electrostatic gap, which made for a correspondingly feeble torque 

dependent on the inverse of this gap-squared (Senturia, 2001, p. 135). The 

MEMS device required vacuum packaging in order for the weak electro-

static torque to balance the gas drag damping on the resonant scanning 

mirror, and in spite of this the device still required very high actuation 

voltages on the order of 200 V (Tauscher  et al. , 2010). Early devices had 

 

Scan mirror
(a)

Vertical drive coils

Capacitive drive electrodes

Screen printed dielectric

Alumina substrate

Applied magnetic field

(b)

 

 18.18      MEMS scanning mirror by MicroVision, using electrostatic 

actuation for the fast horizontal scan axis and electromagnetic 

actuation (permanent magnets not shown) for the sawtooth raster 

vertical scan. (a) Schematic; (b) vacuum-packaged device.  
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sealed-can vacuum packaging, with subsequent efforts made to minimize 

the size, including wafer scale vacuum packaging (Tauscher  et al. , 2010). 

Several military display prototypes such as that shown in Fig. 18.19 came 

out of this work (Sainsbury and Clevenger, 2003), as did the general-pur-

pose NOMAD I wearable display shown in Fig. 18.20.      

 By 2005 MicroVision was using electromagnetic actuation, as shown in 

Fig. 18.10, for both the resonant horizontal scan and the vertical sawtooth 

scan, which enabled the abandonment of both the vacuum packaging and 

the high voltage for MEMS actuation. These developments resulted in the 

NOMAD II product offering, shown in Fig. 18.20. At the time the only laser 

diodes suitable for the application were red, so the display was monochrome, 

and the form factor was still short of the desired eyeglass style, which lim-

ited its consumer adoption.      

Nomad Spectrum Aircrew Intergrated
Common Helmet

 18.19      Military eyewear displays by MicroVision, using MEMS scanning 

mirrors and laser light sources.  

 18.20      Commercialized wearable displays by MicroVision. 

(a) NOMAD I; (b) NOMAD II.  
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 The MEMS design and light sources continued to mature, however, 

being used in the color LBS picoprojector engine discussed in Section 

18.3.2. Progress toward color eyewear with better form factor has recently 

been made using this PicoP™ engine (DeJong, 2011), resulting in the 

prototype system shown in Fig. 18.21. In this work, the projection engine 

was moved from a position hanging out in front of the viewer’s fore-

head to a more comfortable position at the side of the head, as shown 

in Fig. 18.22. An optical element called a substrate-guide relay (SGR) is 

introduced to deliver the image to the eye. The scanned beam from the 

PicoP Display Engine (PDE) is fed into the SGR through an input cou-

pler. It propagates through the SGR by total internal refl ection, and is 

waveguided to the output coupler as in Fig. 18.23, which refl ectively turns 

the image to the viewer’s eye. The display provides a WVGA resolution 

image viewable under any lighting conditions (DeJong, 2011). The use 

of the SGR is amenable to future miniaturization and eventual eyeglass 

form factor.                 

 18.21      Eyewear display using LBS display engine.  

Substrate guide relay
SGR

Optical relay

PDE

MEMS mirror
housing

 18.22      Optical layout of eyewear display using LBS display engine.  
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  18.6     Conclusion 

 We have seen above that MEMS devices can offer several improvements 

over the state of the art for mobile displays, namely LCDs. Some of the 

future trends for both direct-view and projection MEMS-based displays will 

parallel developments in conventional displays, with basic improvements in 

brightness, image quality, effi ciency, and cost, and new features will become 

available, such as three-dimensional image display. Beyond these develop-

ments, the MEMS-based projection technologies in particular can provide 

some new capabilities that help people interact with their environments. 

Some thought-provoking demonstrations have been made by the MIT 

Media Lab’s work on the ‘Sixth Sense’ wearable gesture interface (Maes 

and Mistry, 2009). Yet there are still intrinsic capabilities that have yet to be 

fully exploited. 

 A projection display that is sending light out into a scene simply needs 

an optical detector to collect refl ected light and thereby obtain informa-

tion about objects in the scene. Any projection system that puts structured 

light onto an object can use a camera and image processing techniques to 

obtain accurate three-dimensional information about the object’s surface 

(Brown  et al ., 2011). However, LBS projection provides additional unique 

capabilities, since there are inherently available electrical signals represent-

ing the two-dimensional mirror orientation. This enables rapid detection of 

the locations of objects within the projection fi eld, and can be used to create 

a ‘touch’ interface capability for picoprojectors with the simple introduction 

of a photodiode sensor to the projection module. Furthermore, the time-

of-fl ight of a laser pulse with invisible wavelength can be used to measure 

the three-dimensional position of objects in the projector’s fi eld-of-view, the 

principle behind light detection and ranging (LIDAR). Exploiting the LBS 

Input coupler

Input face

Homogenization
depicted

Slab guide Output coupler

 18.23      SGR (‘slab guide’) schematic.  

�� �� �� �� �� ��



592 Handbook of MEMS for wireless and mobile applications

© Woodhead Publishing Limited, 2013

projector’s use of light sources with distinct wavelengths brings possibilities 

for wireless and highly portable object analysis, for example wound analysis 

of the human skin (Brown  et al.,  2011). The introduction of optical MEMS 

displays into wireless systems could therefore simultaneously enable sev-

eral new interactive capabilities that go well beyond the basic functions of 

a display.  
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