
 
CONTENTS 

 
 

FOREWORD ...........................................................................................................................     7 
 
FAST  AND  NON INTRUSIVE  FAILURE  ANALYSIS  OF  BiCMOS  RF-MEMS 

N. TORRES MATABOSCH,  F. COCCETTI,  M. KAYNAK,  B. ESPANA,  
B. TILLACK,  J.L. CAZAUX ................................................................................................     9 

 
DESIGN  AND  VALIDATION  OF  RF-MEMS  WIDE  BAND  PHASE  SHIFTERS 
IN  HARSH  ENVIRONMENTS 

A. HARCK,  P. BLONDY,  S. FARGEOT,  S. VILLERS …………………………………..   19 
 
MEMS-BASED  ADJUSTABLE  HIGH-Q  E-PLANE  FILTERS 

F. GENTILI,  V. NOCELLA,  L. PELLICCIA,  F. CACCIAMANI,  
P. FARINELLI,  R. SORRENTINO ......................................................................................   27 

 
AN  ACCURATE  EM MODELING  OF  140 GHz  BiCMOS  EMBEDDED  
RF-MEMS  SWITCH 

S. TOLUNAY,  M. WIETSTRUCK,  A. GÖRITZ,  M. KAYNAK,  B. TILLACK ...................   35 
 
FREQUENCY  AND  BANDWIDTH  CONTROL  OF  SWITCHABLE  ICROSTRIP 
BANDPASS  FILTERS  USING  RF-MEMS  OHMIC  SWITCHES 

Z. BRITO-BRITO,  I. LLAMAS-GARRO,  L. PRADELL,  
F. GIACOMOZZI,  S. COLPO ............................................................................................   43 

 
HIGH-FREQUENCY  OPTIMIZATION  OF  BiCMOS  EMBEDDED  
THROUGH-SILICON  VIAS  FOR  BACKSIDE-INTEGRATED  MEMS 

M. WIETSTRUCK,  M. KAYNAK,  S. MARSCHMEYER,  A. GÖRITZ,  
S. TOLUNAY,  S. KURTH,  B. TILLACK ............................................................................   53 

 
RF  MEMS  MODELING  WITH  ARTIFICIAL  NEURAL  NETWORKS 

L. VIETZORRECK,  M. MILIJIĆ,  Z. MARINKOVIĆ,  T. KIM,  
V. MARKOVIĆ,  O. PRONIĆ-RANČIĆ ..............................................................................   63 

 
MEMBRANE  SUPPORTED  D-BAND  ANTENNA  PROCESSED  ON 
LOW-RESISTIVITY  SILICON 

A.-C. BUNEA,  A. AVRAM,  D. NECULOIU,  C. RUSCH ..................................................   67 
 
ANALYSIS  OF  RF  MEMS  SWITCHES  WITH  METAL-METAL  CONTACTS 

S. KURTH,  S. VOIGT,  A. BERTZ,  S. HAAS,  J. FRÖMEL,  T. GESSNER, 
A. AKIBA,  K. IKEDA ..........................................................................................................   75 

 
LONG-TERM  RELIABILITY  OF  RF-MEMS  DIELECTRIC-LESS  
CAPACITIVE  SWITCHES 

V. MULLONI,  F. GIACOMOZZI,  G. RESTA,  B. MARGESIN .........................................   81 



 6 

 
NONLINEARITY  DETERMINATION  AND  LINEARITY  DEGRADATION  
IN  RF  MEMS  MULTI-DEVICE  CIRCUITS 

U. SHAH,  M. STERNER,  J. OBERHAMMER ...................................................................   89 
 
COMPARATIVE  STUDY  OF  CONTACTED  AND  CONTACT  LESS 
CHARGING  IN  RF  MEMS  CAPACITIVE  SWITCHES 

M. KOUTSOURELI,  L. MICHALAS,  P. MARTINS,  E. PAPANDREOU,  
A. LEULIET,  S. BANSROPUN,  G. PAPAIOANNOU,  A. ZIAEI ......................................   99 

 
SENSITIVITY,  REPEATABILITY  AND  LATERAL  SCANNING  RESOLUTION 
OF  MICROMACHINED  NEAR-FIELD  MILLIMETER-WAVE  PROBE  
FOR  SKIN  CANCER  DIAGNOSIS 

F. TÖPFER,  S. DUDOROV,  J. OBERHAMMER ............................................................. 107 
 
DESIGN  AND  MULTIPHYSICS  ANALYSIS  OF  LOW-LOSS  60-GHz  
SPNT  RF-MEMS  SWITCHES 

M.W. ROUSSTIA,  M.H.A.J. HERBEN ............................................................................... 117 
 
3D  MICROMACHINED  Ka  (30 GHz)  BAND  RF  MEMS  FILTER  
FOR  ON-BOARD  SATELLITE  COMMUNICATION  SYSTEMS 

A.Q.A. QURESHI,  L. PELLICCIA,  S. COLPO,  F. GIACOMOZZI,  
P. FARINELLI,  B. MARGESIN .......................................................................................... 127 

 
CONTROLLABLE  ESSENCE  OF  COMPLEX  MATERIALS  EXPLOITING  
TWO-HOT-ARM  ELECTROTHERMAL  ACTUATORS 

A.X. LALAS,  N.V. KANTARTZIS,  T.D. TSIBOUKIS ......................................................... 137 
 
A  CARBON  NANOTUBES  RIDGE  GAP  RESONATOR 

A.M SALEEM,  S. RAHIMINEJAD,  V. DESMARIS,  P. ENOKSSON ............................... 147 
 
DESIGN  OF  AN  UWB  ANTENNA  WITH  A  NOVEL  RECONFIGURABLE 
MEMS  BAND  NOTCH  ACTUATED  WITHOUT  BIAS LINES 

A. NEMATI,  B.A. GANJI ................................................................................................... 153 
 
RESIDUAL  STRESS  AND  SWITCHING  TRANSIENT  STUDIES  FOR   
BiCMOS EMBEDDED  RF  MEMS  SWITCH  USING  ADVANCED   
ELECTRO-MECHANICAL  MODELS 

A. MEHDAOUI,  S. ROUVILLOIS,  G. SCHRÖPFER,  G. LORENZ,  
M. KAYNAK,  M. WIETSTRUCK ....................................................................................... 163 

 



 
 
 
 
 

FOREWORD 
 
 

The main scope of the MEMSWAVE conference is to bring together scientists 
from different universities, research institutes, industrial companies interested in 
the development of the RF-MEMS field, to create a forum for the knowledge 
exchange between the RF-MEMS players, provide a qualified international forum 
for researchers and people from the industry, interested in the area and introduce to 
the most recent advances and achievements, especially on European activities.  

The MEMSWAVE workshop was generated by the European project 
“Micromachined Circuites for Microwave and Millimeter Wave Applications” 
<<MEMSWAVE>> (1998-2001) coordinated by IMT-Bucharest. The project was 
nominated between the ten finalists (from 108 participants) to the Descartes Prize 
2002. 

This qualified international forum, which has become a reference point for the 
RF MEMS field and gathering interest from all over Europe and the rest of the 
world, was started in Sinaia Romania. The first 2 editions were organized by IMT 
Bucharest at Sinaia in 1999 and 2001. A special volume in the series Micro and 
Nanoengineering “Micromachined Microwave Devices and Circuits” of the 
Romanian Academy Press, was dedicated to the second edition of the workshop 
and was published in 2002.  

Starting from 2002, the MEMSWAVE workshop is an itinerant European event 
and has become a reference point for the field, gathering interest from all over 
Europe and the rest of the world. 

The next editions were held in Heraklion and Toulouse. From 2004 the 
MEMSWAVE workshop was connected to the European FP6 Network of 
Excellence in RF MEMS “AMICOM” and was strongly supported by this network. 
Most of the European teams involved in these challenging topics were partners in 
the AMICOM project. The workshop was organized in Uppsala (2004), Lausanne 
(2005), Orvieto (2006), Barcelona (2007) and became conference being important 
instruments for knowledge dissemination of the AMICOM network results. 

In 2008 at Fodele, Greece, took place the first MEMSWAVE conference 
following the completion of AMICOM. In 2009, the conference was organized by 
the MemSRaD Research Group of the Fondazione Bruno Kessler (FBK), in 2010 
by Universita del Salento, Lecce, in 2011 by University of Athens, in 2012 by 
METU-MEMS Center of Middle East Technical University (METU) Ankara.  



The conference is technically sponsored by the European Microwave 
Association (EuMA). However, the significant number of contribution has 
manifested the lasting support of the European RF MST community to this event.  

It is now a tradition to publish the papers in the Series of Micro and 
Nanotechnologies of the Romanian Academy Press. Previous volumes may be 
requested at IMT-Bucharest (print@imt.ro). The present volume contains the 
papers presented at the 14th edition of the MEMSWAVE conference organized by 
IHP (Innovations for High Performance Microelectronics) Frauenhofer, Frankfurt 
(Oder), Germany, in July 2013, in Postdam. 

 
 

The editors 
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Abstract. A cost effective and non-intrusive failure analysis methodology 
applied to capacitive RF-MEMS components based on a standard 250 nm BiCMOS 
technology is presented. The approach relies on non contact profilometry and an 
equivalent circuit model extracted in past works. The failure analyses are based on 
space application specifications, and allow to carry out a wafer level selection of 
functional devices (screening).  

 
 

1. Introduction  
 

RF-MEMS technology is considered to be one of the most promising solutions 
for advanced frequency agile RF architectures. Combining this technology with the 
impressive performances of BiCMOS's in a single process represents a switching 
paradigm in RF systems design. Even though process dispersions in CMOS 
technology are known to be very small, they may yield significant deviation in the 
behavior of MEMS devices. Therefore, it is very important to study the relationship 
between the fabrication process parameters and the effects of the variation on the 
RF performance which allow the Design for Reliability implementation. An 
accurate and versatile model would significantly help to predict the process 
variation effects in design level.  

In terms of reliability, all the failure mechanisms have already been studied and 
classified by means of the FMEA (Failure Mode and Effect Analysis) [1]. 
However, standard methodology and failure criteria definition are missing 
nowadays. The key issue is to detect after manufacturing which parameter of the 
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device (electrical or mechanical) can be used as an indicator of possible future 
failure mechanisms in each specific application. This could eliminate the default 
switch over the wafer defining the yield of the process regarding reliability. This is 
the purpose of the present work developed in the framework aerospace application.  

 
2. Switch Description  

 

A. Brief Technology Description  
 

Figure 1 illustrates the RF-MEMS switch integration in IHP’s 0.25 μm SiGe 
BiCMOS process (SG25H1) based on 5 aluminum metal layers [2]. The capacitive 
switch is built between the two metal layers (M2 and M3). M3 is the membrane 
and it is realized using a stress controlled Ti/TiN/AlCu/Ti/TiN stack. The RF line is 
built in M2 and the high-voltage electrodes are formed using the bottom metal 
layer (M1). The additional RF-MEMS switch process only adds 1 more mask to the 
standard BiCMOS flow in order to release the RF-MEMS device. Thus, it does not 
increase the mask cost which is one of the main concerns of these technologies.  
 

 
 

Fig. 1. Switch (top) and cross section (bottom) with a zoom of the contact region of the  
BiCMOS-MEMS fabrication process. 

 
 

All the fabricated devices use the same contact region [3] and the target 
operating frequency is tuned by adding series inductances at the anchors of the 
switch [4]. The main advantage of this solution is that the membrane is 
mechanically optimized only one time in order to yield high reliability, while the 
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switch can be designed to work at different frequencies without affecting the 
mechanical performance. On the other hand, the bandwidth of the switch is reduced 
at lower frequencies because of the higher values of inductances (hence higher 
losses and lower Q-factor) that are needed. For this reason these switches are 
typically suitable for applications at frequencies higher than 40 GHz.  
 

3. Failure Analysis  
 

In past work an accurate scalable lumped-elements model has already been 
proposed for these switches [5]. The relevance of the proposed model resides in its 
capability to map all the lumped-elements back to specific constitutive parts (shape 
and size) of the device, provides by this way a complete and detailed electrical 
description. This model has been moreover used to trace back and to detect 
possible manufacturing flaw or deviation due to technological dispersion.  

The purpose of the present paper is to introduce an evolution of these past 
works by proposing a failure analysis selection criteria (screening) for mission 
profiles coming from space applications. From the manufacturer point of view, the 
availability of an effective screening procedure is paramount. The definition of the 
selection criteria depend on the capability of the component to satisfy the targeted 
application performance, for given working conditions. This paper uses the 
industrial requirements provided by the industrial partner (Thales Alenia Space) 
presented in [6]. According to them, a maximum deviation of 10% in VPIN and 
VPOUT and an increase of 1dB in IL for 1h of continuous stress are assumed as 
acceptable limits beyond which failure is detected (failure criteria). The actuation 
profile has been monitored through RF parameters (specifically |S12(V)|) 
measurements since the DOWN state (contact) position is reached below the 
mechanical pull-in.  

The 8-inch wafer is divided in cells within which the switches are replicated  
(Fig. 2). The size of the cell has been previously established and studied by the 
manufacturer. One quarter of wafer is used for the presented results since 
horizontal and vertical symmetry applies. The availability of a large number of 
devices allows a fair monitoring of the process dispersion and it is instrumental to 
assess the reliability of the device for given industrial specifications [7]. Another 
important point is that the reliability study presented hereafter can be extended to 
any type of switches using the same movable part.  
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Fig. 2. Quarter of 8 inch wafer studied for the reliability tests. 
 
 

A. Definition of Selection Criterion  
 

Several devices of each cell have been held in DOWN position during 1 h 
measuring the IL and the pull-in/out voltage every 10 min. Fig. 3 plots the 
deviation after stress of the pull-out voltage for several identical devices with 
different initial VPOUT. It is demonstrated that the higher the VPOUT, the lower is the 
deviation after stress. Moreover, the difference between VPIN and VPOUT plays also 
an important role and it should be also as low as possible. Applying the 
aforementioned industrial requirements (10% deviation in VPOUT) on devices taken 
on the entire wafer, a limited number of components succeeded the tests. These 
devices (in black dots in Fig. 3) are characterized by:  

 

VPOUT > 36 V                                                              (1) 
and 

VPIN - VPOUT  ≤  1                                                        (2) 
 

which are therefore chosen as the sought selection criteria.  
The condition (2) is due to the short distance between the different metal layers 

used for the electrodes and the transmission line. It is well known that the 
relationship between the gap (g) and the applied voltage (V) is related to the 
stiffness (k), the initial gap between actuator and membrane (g0) and the size of the 
actuator (surface (S), thickness (td) and material (εd)) by mean of the following 
relation [8]:  
 

( )ggg
S

kV −= 0
2

0

2
ε

                                                  (3) 

 

Plotting the g(V) curve of the successfully tested devices (Fig. 4) using (3), it 
becomes evident that the correspondent actuation voltage is placed in the quasi-
linear region (below pull-in) meaning that the VPIN and VPOUT are coincident. The 
distance between membrane and line is smaller than 2/3 of the distance between 
the membrane and the electrode (g0). 
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Fig. 3. Relation between the deviation after 1h of stress and the initial VPOUT.  
The size of the disk represents the difference between VPIN and VPOUT.  

The black point represents the devices that succeeded the tests 
 

 
 

Fig. 4. g(V) of a succeeded device with the actuation point  
when applying 45V and the mechanical pull-in. 

 
B. Methodology Applied for Failure Detection  
 

Once the selection criterion has been established, the next step is to develop a 
technique in order to predict which devices accomplish VPOUT > 36V. The proposed 
screening protocol is based on distance measurement between different metal 
layers. This approach is cost-effective (very quick), non-intrusive (no activation of 
the device is needed) and can be implemented over the whole wafer (also in TCV – 
Technology Characterization Vehicles specific cells).  
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In Table 1 the measurements of the gap between membrane and electrode (M1-
M3) and between membrane and line (M2-M3) for the tested devices in UP state 
(OFF) is depicted. This result demonstrates the possibility to detect by means of a 
profilometer measurement weather the device is compliant with the targeted 
performances. Distances about 2.8 µm and 4.7 µm from M2-M3 and M1-M3 
respectively coincide with pull-out voltages above 36V which is the established 
criteria.  
 

Table 1. Distance between metals before and after stress 
 

 
 

The name of the switch is given by: Xx_Yy_fG where x,y are the 
position over the wafer and f is the working frequency. 

 
Regarding the distribution over the wafer, it is observed that the regions placed 

at the exterior part of the wafer (X7) succeed the tests (Fig. 5). This result is very 
useful for the manufacturer since it allows a performance based (RF and lifetime) 
monitoring and analysis of the wafer yield.  
 

 
 

Fig. 5. Area of the wafer with optimal RF and lifetime performance. 
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C. Failure Mechanism Study  
 

Comparing both distances (M1–M3 and M2–M3) with the reference value 
extracted from the devices of the same cell, it has been observed that the failure 
mechanism is due to fatigue and creep. Since the electrostatic force is applied on 
the lateral part of the membrane, the creep effect turns out to decrease the distance 
M1–M3 which implies an increase of the distance between M2–M3 (Fig. 6).  
 

 
 

Fig. 6. Schema of the mechanical deformation before  
(black) and after (red) stress. 

 
The occurrence of fatigue phenomena was observed by comparing the S-

parameters in UP state before and after the test (Fig. 7). By using the equivalent 
circuit model of the device described in [5], the undesired resonance found at 
35GHz has been properly modeled and attributed to the likely breaking of one of 
the suspending arms. A clear evidence of this failure mechanism is given by the 
excellent agreement between the measurement of the defective device (after stress) 
and the equivalent circuit model modified in order to account for this failure 
(broken arm).  
 

 
 

Fig. 7. Comparison of IL before (black) and after (red) stress with the model (triangle). 
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With respect to the schematic presented in [5], beside the effect of the broken 
arm on the Lanchor, the parameters that have been also modified are the 
capacitances CMEMS and CM1-M3. In fact, due to the fatigue, the distance 
between the metals has changed and both values of capacitance should be modified 
using (4) and (5) respectively.  
 

final
MM

initial
MM

MEMS
failed

MEMS d

d
CC

32

32

−

−⋅=                                              (4) 

 

final
MM

initial
MM

MM
failed

MM d

d
CC

31

31
3131

−

−
−− ⋅=                                                 (5) 

 
In order to avoid failure mechanisms associated with fatigue and creep three 

possible approaches are typically envisioned. Going in order of growing 
implementation difficulties they are: to increase the effective Young's modulus by 
material engineering, to increase the membrane thickness and finally to redesign 
the membrane (anchors) shape. An optimal solution may pass through a 
combination of them.  

 
4. Conclusion  

 

This paper has showed a cost-effective and non-intrusive reliability monitoring 
technique such to predict creep and/or fatigue induced phenomena. The proposed 
reliability approach has demonstrated its validity and effectiveness in observing 
and analyzing the MEMS process yield, be it within the same wafer or wafer to 
wafer. This is a very important achievement for future commercialization of RF-
MEMS devices and circuits.  
 

Acknowledgments. The authors would like to thank the IHP pilot line and 
Christian Wipf for the technical support during manufacturing and RF 
measurement respectively, and the partial financial and technical support provided 
by Thales Alenia Space in Toulouse.  
 
References  
 
[1] I. De WOLF, Reliability of MEMS, Proc. of the 7th Int. Conf. on Thermal, Mechanical and 

Multiphysics Simulation and Experiments in Micro-Electronics and Micro-Systems 
(EuroSime), pp. 1–6, 2006  

[2] M. KAYNAK, et al., BiCMOS embedded RF-MEMS switch for above 90 GHz applications 
using backside integration technique, Electron Devices Meeting (IEDM), 2010 IEEE 
International, pp. 36.5.1–36.5.4, 6-8 Dec. 2010  



Fast and Non Intrusive Failure Analysis of BiCMOS RF-MEMS 

 

17 

[3] M. KAYNAK, et al., RF-MEMS switch module in a 0.25 μm BiCMOS technology, Silicon 
Monolithic Integrated Circuits in RF Systems (SiRF), IEEE 12th Topical Meeting, pp. 25–28, 
16-18 January, 2012  

[4] M. KAYNAK, et al., Packaged BiCMOS embedded RF-MEMS switches with integrated 
inductive loads, Microwave Symposium Digest (MTT), IEEE MTT-S International, pp. 1–3, 
17-22 June 2012  

[5] N. TORRES MATABOSCH, et al., Accurate and versatile. equivalent circuit model for RF-
MEMS circuit. Optimization in BiCMOS. technology, Microwave Integrated Circuits 
Conference (EuMIC), European, October, 2012. 

[6] O. VENDIER, RF-MEMS for space applications, Microwave Integrated Circuits Conference 
(EuMIC), European, RF-MEMS for Mm-wave Reconfigurable ICs Workshop, November 
2012.  

[7] N. TORRES MATABOSCH, et al., Estimation of RF performance from LF measurements: 
Towards the design for reliability in RF-MEMS, Microelectronics Reliability, 52(9–10), pp. 
2310–2313, September–October, 2012  

[8] G.M. REBEIZ, RF MEMS: Theory, Design, and Technology, New York: Wiley, pp. 87–104, 
2003. 



 



Design and Validation of RF-MEMS Wide Band 
Phase Shifters in Harsh Environments 

 
 

Alexandre HARCK1, Pierre BLONDY1,  
Sylvie FARGEOT2, Serge VILLERS2 

 
1XLIM–UMR CNRS n°7252, 123, Avenue Albert Thomas 

87060 Limoges Cedex, France 
E-mail: alexandre.harck@xlim.fr  

 

2Astrium SAS, B.P. 20011, 33165 St. Médard en Jalles Cedex, France 
 
 

Abstract. This paper describes progress towards the fabrication of 2.5GHz 
integrated MEMS switched line phase shifters. PCB fabricated phase shifter is 
presented in a first part and MEMS integration on this type of board is shown. Is can be 
seen that polymer flip-chip bonding of RF-MEMS is feasible and low loss MEMS 
switches can be successfully integrated. 

 
 

1. Introduction 
 

Telemetry on space launch vehicle is one of the most important functions that 
allowing for precise and efficient control of flight parameters. The required 
antennas for the remote operation of these systems have to be integrated very close 
to the outside of the space vehicle, and are therefore exposed to harsh environments 
encountered by the vehicle. During the flight, it is necessary to know the behavior 
of the different parts of the space launcher. Telemetry is used to transmit all 
information via a radio link between the launcher and the ground. The signal can 
be transmitted via electronically steerable antennas since this type of antenna 
provides appropriate directivity and optimum robustness against interference. Such 
antenna requires phase shifters based feeding network to adjust beam direction of 
the antenna, as shown in Fig. 1. Low loss, RF-MEMS based phase shifters, would 
be very well suited for this purpose, allowing the use of a single signal source, 
divided into several radiating elements. By passing signals through different delay 
lines, several delays (0°, 90°, and 180°) can be selected. This architecture provides 
a strong reduction in mass and volume, and relatively low energy consumption. It 
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also raises several challenges, like power handling, that needs to be optimized, and 
co-integration of RF-MEMS switches on printed circuit board devices. 
 

 
 

Fig. 1. Electronically steerable antennas SPNT (Single Pole 
N Throw) switch distribution. 

 
 

2. Phase Shifter Description 
 

According to the specifications, it is necessary to have three phase shift states 
for each antenna. Switched line based true time delay phase shifters (0°, 90°, and 
180°) have been chosen for wideband operation. The line length and width have 
been computed using CAD based design package, using a 1.5 mm thick duroid  
(Er = 2.8) substrate. This result in relatively low loss transmission lines, well suited 
for the present application. 

As shown in Fig. 2, switching between the different line lengths causes 
controlled delays at the output of the phase shifter. Since transmission lines have 
moderate loss, their impact on the overall phase shifter loss is very moderate, as 
shown in the following simulations. 

Electromagnetic simulations are shown in Fig. 3, based on ADS Momentum. 
Transmission parameters are obtained for each delay line, ideally connected on the 
layout shown in Fig. 2. It can be seen from these simulations that reflection loss are 
very moderate, and that the corresponding insertion loss are less than 0.5 dB 
around 2.5 GHz. 
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Fig. 2. Design of phase shifter switched lines 
(35mm×35mm). 

 

 
 

 
 

Fig. 3. ADS-Momentum simulations of the phase shifter. 
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A. RF-MEMS Switches 
 

The RF-MEMS switches are placed on the phase shifter between the different 
switched lines, allowing the transmission of RF signal. This signal will be high 
power, but should not damage RF MEMS switches during data transmission. 
Therefore, different designs have been investigated, as shown in Fig. 4. 1-MEMS 
design is a simple SPDT switch, allowing for routing RF signals between two delay 
lines. A design with 2-MEMS has been fabricated and integrated in order to 
improve the current handling of the device. It is also dividing the insulation by 2, 
as the equivalent capacitance is doubled as switches are parallel. A design with 4 
RF-MEMS, (2 in parallel and 2 in series) has also been fabricated to improve 
isolation, since it has capacitance equivalent to 1-MEMS design. 
 

 
 

 
 

Fig. 4. Fabricaed MEMS designs (1mm*1mm).  
1-MEMS (left side) and 2-MEMS (right side). 
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Simulations results are shown in Fig. 5 and confirm our expectations; the 4-
MEMS design is equivalent to 1-MEMS design, and off-state capacitances are 
almost identical, with slight difference due to design differences. For 2-MEMS 
design, there is an expected difference of 6 dB taking into account the single 
capacitance. The simulated insertion losses are less than 0.2 dB (not taking the 
contact resistance into account) and minimized up to 5 GHz. 
 

 
 

 
 

Fig. 5. ADS-Momentum simulations of RF-MEMS switches 
 
 

3. Manufacturing 
 

A. RF-MEMS 
 

The superposition of thin layers of different materials is used to manufacture the 
switches. For this, photolithography masks are necessary to keep only the design of 
the component. Its structure is kept simple, a first metal electrode provides the 
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actuating and bias lines then, sacrificial layers allow to suspend the final structure, 
and finally a second metal layer which transmits the RF signal through its movable 
part is added (Fig. 6). 

 

                 
 

Fig. 6. Manufacturing of RF-MEMS. 
 

B. Fabrication of the Switched-Line Phase Shifter 
 

For the phase shifter, wet etching process technique was chosen because it 
allows a neat and clean etching. To etch the phase shifter, photolithography method 
has been used. This protects the parts that want to keep, and etch the rest of the 
substrate Fig. 7.  
 

 
 

Fig. 7. Microphotograph Fabricated phase shifter. 
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The disadvantage of this method is over-etching that it is necessary to take into 
account when making masks; in general it is about the thickness of metallization. 

 
C. Integration of RF-MEMS 

 

Once the circuit made, the RF-MEMS switches are integrated on the substrate. 
For this, the flip-chip technique has been used. The RF-MEMS switch is mounted 
towards the membrane substrate. To realize this, it is necessary to use a polymer 
ring. This ring is used to suspend the component, and prevent the flow of the 
conductive paste that may short-cut the phase shifter, lines (see Fig. 8). Then, with 
the help of a pick & place machine, it is possible to place with enough accuracy the 
glue and switches onto the phase shifter. A vacuum oven curing removes binders 
and polymerizes glue, thereby welding the switch with the lines of the phase 
shifter. 
 

 
 

Fig. 8. MEMS switch flip-chip mounting. 
 
4. Test of the Packaged Flip-Chipped Switch 
 

During the manufacturing, it is necessary to pay attention to the resins and 
solutions used. A desorption step is necessary in order to not pollute MEMS 
contacts. First, a simple packaging with a resin has highlighted an increase in 
resistance, (Fig. 9). This is due to the desorbing of the resin during the firing in the 
oven. 

The S21 parameters without encapsulation have good transmission while with 
encapsulation the signal is attenuated. This test confirms a risk of pollution as 

Silver g 
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possible in the flip-chip or encapsulation. Results with low outgassing materials 
will be shown at the conference. 
 

 
 

Fig. 6. Measured measurements S21. 
 
 

5. Conclusions 
 

This paper reports progress towards the integration of RF-MEMS switches on 
PCB-like substrates. Flip-chip mounting of the devices permit to achieve low 
complexity, high performances phase shifters to be built. Moreover, flip-chip 
mounting needs improvement but offers an opportunity for encapsulation RF-
MEMS switches at very low cost. 
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Abstract. This paper presents a new concept for the design of high-Q bandpass 
filters with fine-tuning compensating for small deviation of their nominal response due 
to manufacturing tolerances and temperature variations. Discrete frequency steps are 
realized using a rectangular waveguide resonator loaded with a reconfigurable E-plane 
circuit. Ohmic MEMS switches are placed along thin E-plane metal strips so as to 
modify the TE101 mode resonant frequency, thus the central frequency of the filters. 
As an example, in a 10 GHz resonant cavity frequency steps of 0.1% can be obtained. 
High Q-factors are maintained if low loss substrates are used. Preliminary simulations 
results are reported for both an X-band and a K-band cavity.  

Key words: bandpass filter; high-Q; MEMS; tunable filter; waveguide filter. 
 
 

1. Introduction  
 

In recent years many techniques have been proposed to realize tunable bandpass 
filters for size and mass minimization of the front-ends.  

Similar techniques can be adopted to realise filters with an adjustable response, 
thus a fine-tuning. Their aim is to compensate for tolerances of the realization 
process (machining and assembling) and temperature changes that may cause a 
drift of the filter response.  

An acceptable trade-off among tuning capabilities, high unloaded Q, low-cost 
and small size, must be taken into account as a figure of merit for such techniques. 
For instance, magnetically tunable filters show wide tuning ranges and high Q, but 
are bulky and consume considerable DC power [1]. Tunable filters realized on 
planar technology based on RF MEMS [2] or ferroelectric components [3] offer 
compact size, fast tuning speed and wide tuning range, but limited Qs (< 300). 
Higher Qs (500-1500) can be reached using evanescent-mode cavities [4] or 
dielectric-loaded resonators [5], but such solutions require customized MEMS 
devices such as accurate varactors or movable membranes.  

As is well known, RF MEMS are an attractive technology for microwave 
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applications thanks to their low insertion loss, low power consumption, low cost 
and compact size [6]. High-Q tunable filters can be obtained by suitably combining 
RF MEMS and high-Q cavity resonators. In [7] a MEMS varactor has been used in 
a ridge-loaded cavity at 5 GHz to tune its resonant frequency resulting in a 
(measured) Q above 500 and a tuning range up to 10%.  

A new tuning concept for high-Q tunable bandpass filters employing ohmic 
cantilever RF MEMS switches has been patented in 2010 [8] and the first 
experimental results with real MEMS in [9] showed Qs around 1000.  

Another MEMS-based tuning approach for waveguide filters was proposed by 
the same authors in [10] showing similar performances.  

A new concept of adjustable bandpass filters leading to very high Qs (> 1000) is 
proposed in this paper. The filter is based on rectangular waveguide resonators 
loaded with thin E-plane metal strips on a low-loss substrate. Ohmic RF MEMS 
switches are used to modify the lengths of the different metal strips so as to 
digitally change the resonant frequency of the fundamental TE101 mode, thus the 
filter passband frequency. In [12] this concept was employed to move the centre 
frequency of a filter thus realising a reconfigurable response.  

The main advantages of such a solution are the several small frequency steps 
that can be obtained, the high-Q (> 1000) in all states and the simple design and 
fabrication leading to a potentially low-cost manufacturing. The discrete fine 
tuning can be used in order to compensate for undesired filter response changes 
due to tolerances of manufacturing process and temperature sensitivity.  

To illustrate and validate the proposed tuning principle, a resonant cavity at X-
band has been designed and simulated with equivalent models for the MEMS, 
showing very satisfactory and promising results.  
 

2. The Tuning Principle 
 

Two kinds of rectangular waveguide sections loaded with E-plane metal septa 
patterned on a low-loss and low-permittivity substrate are depicted in Fig. 1.  
 

 
                                                 a)                                                                 b) 

 

Fig. 1. Conventional E-plane resonator (a), strip-loaded E-plane resonator (b). 
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The resonator of Fig. 1a consists of a waveguide section comprised by two E-
plane septa of length d. The latter determines the input (output) coupling between 
the TE10 mode of the guide and the TE101 resonant mode of the resonator (i.e. an 
inductive coupling), while the distance l between the septa determines the resonant 
frequency of the fundamental TE101 mode [11].  

In Fig. 1b additional E-plane conductive thin strips are placed between the septa 
and used to change the resonant frequency of the TE101 mode, in a similar way as 
in [10]. We call the structure in Fig. 1b a strip-loaded E-plane resonator. The thin 
strips behave as metallic tuning screws located in the region of the E-field 
maximum of the resonant mode: the longer the strips the lower the resonant 
frequency [13].  

The strip-loaded E-plane resonator of Fig. 1b is amenable to tuning as 
illustrated in Fig. 2. Here, MEMS switches are placed along the thin strips very 
close to the short-circuited ends (i.e. close to the top waveguide broad wall).  
 

 
 

Fig. 2. Tunable strip-loaded E-plane resonator using MEMS swithes. 
 

 
The MEMS switches can be realized as ohmic cantilever switches. In the case 

of the RF switches fabricated at FBK (Fondazione Bruno Kessler) foundry in 
Trento (Italy), they consist of 110 μm wide and 170 μm long gold thin beams 
suspended above an interrupted line and a DC actuation pad underneath the beam. 
In the on-state (with roughly 50 V DC voltage) the switch is closed and can be 
modelled as a very low series resistance (Ron ~ 1 Ω), while in the off-state the 
switch is open and can be modelled as a low series capacitance (Coff ~ 10 fF). Such 
approximations are valid up to 25 GHz [6].  
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The tuning principle of Fig. 2 is as follows. We refer to the fundamental TE101 
resonant mode. When all the switches along all the strips are closed (state 11111 in 
Fig. 3a), the strip are continuous conducting lines and the E-field in the central 
longitudinal plane (yz in Fig. 3) is confined below them as in the case of Fig. 2, 
thus the resonant frequency is lowered. When instead all the switches are open 
(state 00000 in Fig. 3b), the E-field goes through the interrupted conducting lines, 
thus the mode perturbation is reduced and the resonant frequency is increased with 
respect to previous case. As a result, the resonant frequency is lowered by 
switching on the MEMS.  

The entity of the frequency shift can be controlled by choosing the length and 
the number of the strips, as well as the distance between them. Intermediate 
frequency states are allowed switching only some strips: e.g. in the state 00001 
only one strip is closed.  
 

            
 

a) 
 

              
 

b) 
 

Fig. 3. E-field behavior when the MEMS is on (a), E-field behavior when the MEMS is off (b)  
of the fundamental resonant mode of the resonator in Fig. 2. 

 

 
3. Tunable Single-Resonator  

 

The practical design of a MEMS-based tunable strip-loaded E-plane resonator is 
illustrated in this section. Two resonant frequencies are considered, in X-band 
(WR90 standard waveguide) and in K-band (WR45 standard waveguide).  
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Fig. 4. HFSS models for a feasible MEMS-base tunable strip-loaded E-plane 
resonator: the MEMS and the strips are on the metal septa substrate. 

 
Referring to Fig. 4, the E-plane circuit pattern (i.e. septa and strips) and the 

MEMS switches are realized on a 500 μm thick quartz substrate using gold. The 
strips are 500 μm wide. Quartz is preferred over silicon because of its lower 
permittivity (3.78) and tanδ (1·10-4).  

In the model of Fig. 4 the quartz protrudes in the waveguide broad wall in order 
to allow the connection of the MEMS bias lines to the external DC circuitry. The 
10 μm wide bias lines are realized in high resistivity polysilicon [6] and they are 
placed underneath the substrate metallization (see Fig. 4). The slots opened in the 
waveguide broad wall are thin enough not to interrupt the flowing current (that is 
zero in the middle of the transverse plane for the TE101 mode), thus preventing or 
minimizing undesired radiation. 

Two ohmic cantilever MEMS switches have been considered in parallel in each 
strip (i.e. 10 switches in each resonator), thus the equivalent series resistance is 
roughly 0.5 Ω in each strip. 

The structure has been carefully modelled by HFSS including the bias lines, the 
lossy substrates and the actual material conductivity. 
 

4. Simulation Results 
 

Preliminary simulation results of the tunable cavities in X- and K-band are here 
presented. Each cavity presents five MEMS switches that can assume two different 
states, therefore the number of combinations is 32 (i.e. 25). However some 
combinations are equivalent to each other, therefore the number of different states 
reduces to 20. In the following tables the results obtained for the X-band and the K-
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band cavity are shown. Simulations were carried out considering silver plating on 
the internal walls.  
 

Table 1. Comparison between the starting state (00000) and 
the next one (00001) for X-band cavity 

 

 

 
Table 2. Comparison between the first (00000) and  

last state (11111) for X-band cavity 
 

 

 
A total frequency shift of 0.64% is observed in the X-band cavity. The step 

between a state and the next one is not constant in this case where all the five lines 
were identical and equidistant. Anyway it can be chosen as desired by opportunely 
design the length and position of the lines.  
 

Table 3. Comparison between the starting state (00000) and  
the next one (00001) for K-band cavity 

 

 

 
Table 4. Comparison between the first (00000) and  

last state (11111) for K-band cavity 
 

 

 
A total frequency shift of 250 MHz (1.25%) is obtained for the case of a K-band 

cavity. Simulation also shows that the Q-factor is maintained to high values (1690). 
This means that such cavities can be used as building blocks for designing filters 
with low losses and built-in fine-tuning.  

The steps �f here considered are comparable to the frequency shifts deriving 
from a mechanical tolerance of +/- 20um, or a temperature drift of 80°C for a 
component in aluminium.  
 

5. Conclusions and Future Work  
 

A new concept has been proposed for high-Q MEMS-based adjustable bandpass 
filters with small steps in frequency. A waveguide resonator is employed consisting 
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of a rectangular waveguide section comprised between two metallic E-plane septa 
and loaded with thin E-plane conductive strips on a low-loss substrate. The thin 
strips are connected to the top waveguide wall by RF MEMS switches. In this 
manner, the TE101 mode resonant frequency can be modified depending on the 
MEMS state. This tuning principle allows for a fine tuning to be realised which 
may result very useful for high frequencies where resonators size is particularly 
small and where compensation for manufacturing tolerance effects and temperature 
variations are necessary. High Q-factor is maintained over the tuning range making 
this approach suitable for realising low loss filters.  

The advantage of this approach over classical tuning screws is that small 
frequency steps are achievable in a controlled and repeatable way. Fine-tuning is 
still feasible even in cases where it would be impossible with screws for 
dimensional issues. Moreover, being the driving of the switch entirely electronic 
this approach is amenable to remote control.  

An adjustable E-plane filters with real ohmic cantilever MEMS switches will be 
designed and manufactured in the next months employing ohmic switches 
fabricated at FBK foundry (Fondazione Bruno Kessler, Trento) [6].  
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Abstract. An accurate 3D electromagnetic (EM) model for a 140 GHz BiCMOS 
embedded RF-MEMS switch in 0.13 µm technology is built up in Ansoft HFSS solver. 
The 3D EM solver allows defining the air cavity of the switch and the back-end-off-line 
(BEOL) oxide simultaneously in the same model, in contrast to 2.5D planar EM 
solvers. Using the developed model, RF behavior of the MEMS device in air and the 
routing layers in oxide can be simulated at the same time which is very important 
considering the very high frequency of operation. Furthermore, the process effects such 
as bending of the membrane can also be modeled by changing the initial gap in the 
simulator. The simulation results show the significant importance of the EM model of 
RF-MEMS switch at such highfrequency of operation. 

Index Terms: RF-MEMS switch, 3D FEM, mm-wave, EM modeling.  
 
 

1. Introduction  
 

In the recent years, new generation communication system technologies demand 
not only miniaturization but also multifunctionality at the same time. In this point 
of view, RF-MEMS technology seems to be a promising option in order to add 
functionality to the RF systems. One of the most attractive RF-MEMS 
developments is in RF-MEMS switches. As a result of their low insertion-loss, 
high isolation, high linearity, near-zero power consumption and low fabrication 
cost, there is a growing interest in RF-MEMS switches for mm-wave frequency 
applications for the recent years [1]. 

EM modeling of RF-MEMS switches is performed mostly by using 2.5 D 
planar EM solvers where modeling of passive devices is very convenient and 
straightforward. However, most of the 2.5 D planar solvers have the limitation of 
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defining non-uniform dielectric planes in horizontal direction; means if the material 
between two metals is defined as a dielectric, it is the same dielectric everywhere 
in the same horizontal plane. Nevertheless, this is in contrast with the MEMS 
devices because the mechanical part of the MEMS devices are mostly in air but the 
anchors and routing layers are in a dielectric. Therefore, for high frequency EM 
simulation of RF-MEMS devices, a more careful modelling strategy is essential. 

In this work, RF-MEMS switch embedded into BEOL of IHP`s 0.13 µm 
BiCMOS technology is designed and simulated using Ansoft  HFSS 3 D FEM 
(Finite-Element-Method) solver at 140 GHz. The paper starts with the basic 
information about the technology and EM modeling strategy is given after that. 
 

2. BiCMOS Embedded RF-MEMS Switch 
 

RF-MEMS switch, embedded in IHP`s 0.25 µm BiCMOS technology, had been 
demonstrated before up to 140 GHz operating frequencies [2-3]. However, 
previous experiences have shown that the size of the RF-MEMS devices is getting 
the main limitation for higher frequencies, such as 140 GHz. Therefore, firstly the 
size of the RF-MEMS switch was shrunk and an accurate 3D EM model has been 
developed. BEOL metallization of 0.13 µm BiCMOS technology has 7 metal 
layers instead of 5 and the distances between the metals are also different 
compared to 0.25 µm BiCMOS technology [2]. Indeed, it is not possible to easily 
transfer the 0.25 µm RF-MEMS switch to 0.13 µm BiCMOS technology and some 
significant effort is necessary in order to optimize the switch at 140 GHz of 
operation. 
 

A. RF-MEMS Switch Technology 
 

The capacitive RF-MEMS switch is designed between Metal4 (M4) and 
TopMetal1 (TM1) of IHP`s 0.13 µm BiCMOS technology. Figure 1 shows the 
process integration scheme of the RF-MEMS switch. Similar to 0.25 µm BiCMOS 
technology, RF-MEMS switch in 0.13 µm BiCMOS technology consists of  high-
voltage  electrodes (Metal 4), RF-signal line (M5) and movable membrane (TM1). 
The movable membrane is modeled as an AlCu layer that is stacked by TiN layers 
both on top and bottom.  

The MIM capacitor which is used in contact region of the switch is formed on 
M5 in the 0.13 µm BiCMOS technology. 

One of the main changes from 0.25 µm to 0.13 µm technology is the smaller 
dimensions of the switch. With the reduced size of the switch, mechanical 
properties like stiffness also changed. With the increase of the stiffness, actuation 
voltage also increased. Higher electrical resonance frequency is achieved as a result 
of decreased contact capacitance of the switch due to the reduced contact size of 
the switch which provides higher frequency of operation The RF performance of 
the switch is optimized at 140 GHz operating frequency. 
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Fig. 1. Cross section of the 0.13 µm BiCMOS process,  
including embedded RF-MEMS switch. 

 

 
B. EM Modeling  

 

The limitation of the planar EM solvers is that the layers are defined infinite in 
horizontal directions. As the air cavity for released RF-MEMS devices in SiO2 
cannot be easily defined with planar EM solvers, all device including the anchors 
and routings is simulated in complete air or another dielectric environment. Such 
case might have less influence considering the operating frequencies less than 40 
GHz. However, at 140 GHz, the anchors and the routing layers of the switch which 
are normally in the BEOL oxide has a significant effect on the overall performance 
of the RF-MEMS switch, considering the low resistive silicon substrate (50Ω-cm) 
below the RF-MEMS switch. Therefore there is a strong need to simulate intrinsic 
MEMS devices in air and other parts in BEOL oxide environment. The simulation 
setup in Ansoft HFSS for 140 GHz BiCMOS embedded RF-MEMS switch which 
considers the air cavity inside the BEOL oxide is shown in Fig. 2. 

In 3D EM simulations the intrinsic part of the RF-MEMS switch can be 
simulated in air and the rest in oxide but there is still another limitation coming 
from the fabrication issues. For an accurate switch model in 3D EM solver, the 
contact parameters especially in down-state need to be precisely modeled. The 
contact capacitance of the switch depends on the membrane`s stress behavior in 
both up and down states and also on surface roughness in down state. In order to 
model the RF-MEMS switch in 3 D EM, the air capacitances of the switch in both 
states needs to be known. Therefore, the contact regio (Fig. 3) capacitances for up 
and down states, Cup and Cdown, are measured and appropriate membrane position is 
formed with respect to the measured values. 
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Fig. 2. Simulation setup in Ansoft HFSS for 140 GHz BiCMOS  
embedded RF-MEMS switch. 

 
With the extracted contact air capacitances, which are measured as 15 fF and  

90 fF for Cup and Cdown respectively, and known contact area, the distances 
between the membrane and TiN of the MIM capacitor on the RF-signal line are 
calculated for both states using the simple parallel plate capacitor equation. 
Calculated distances are then used in the EM model for the accurate modeling of 
the stressed membrane. 
 

 
 

Fig. 3. Contact region of the RF-MEMS switch. 
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EM simulation results of the RF-MEMS switch for different contact air 
capacitances that change with different distances in the contact region are shown in 
Fig. 4. Each graph includes s-parameter results with the change of the membrane 
distance by 50 nm steps over 730 nm initial distance. The bold red and blue curves 
show the expected up and down state results, respectively. As it can be easily seen, 
the electrical resonance frequency of the switch is getting smaller with the 
decreased distance between membrane and MIM layer. For 140 GHz BiCMOS 
embedded RF-MEMS switch in 0.13 µm technology, insertion loss less than 2 dB 
and isolation better than 32 dB are achieved, including the RF measurement pads. 
The return loss for up-state is less than 25 dB at the interested frequency band, 
although it was not exactly optimized for 140 GHz. 

 

 
 

 
 

Fig. 4. Simulated RF performance of the  RF-MEMS Switch for different  
contact region distances with the change of 50 nm in each step. 

 
As mentioned before, in planar EM solvers, RF-devices cannot be simulated 

with the air cavity in SiO2 because the layers are defined infinite in horizontal 
plane and at high frequencies the anchors and the routing layers of the RF-MEMS 
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switch which are normally in the BEOL oxide has a significant  effect  on the 
overall performance of the RF-MEMS switch. In order to compare the RF 
performance of the switch in two different environment conditions, RF simulations 
of the switch are also done when all parts of the switch, including the parts 
normally in BEOL oxide, are in air.  

Figure 5 and 6 show the comparison of the RF performances of the switch for 
two different environment conditions. The bold red and blue curves show the RF 
performance of the switch when it`s all in air and RF performance of the switch 
when the anchors and the routing layers of the RF-MEMS switch are in the BEOL 
oxide, respectively. As two environment conditions are compared, in the up-state 
RF-MEMS switches at high frequencies have quite different insertion and return 
losses when in the down state they have quite similar isolations. In both 
environment conditions contact region is simulated in air. Similar RF performances 
in down-state are results of domination of the down-state contact capacitance, 
Cdown, when compared with the other parts of the switch. Different RF behaviors 
in up-states are because of the domination of the anchors and routings of the 
switches, as compared to Cup, that are simulated in oxide or in air. Comparison of 
the RF performance of the switches shows that at high frequencies depending on 
the simulation environment different results in down-state can be obtained. Indeed, 
an accurate EM model for 140 GHz RF-MEMS switch needs to consider the 
anchors and the routing layers in BEOL oxide. 
 

 
 

 
 

Fig. 5. Simulated RF performance of the RF-MEMS Switch when all is in air (red) and  
when the anchors and the routing layers are in the BEOL oxide (blue), in up-state. 
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Fig. 6. Simulated RF performance of the RF-MEMS Switch when all is in air (red) and when the  
anchors and the routing layers are in the BEOL oxide (blue), for isolation in down-state. 

 
 

Further optimization on the return loss of the RF-MEMS switch will also 
decrease the insertion loss of the switch at 140 GHz. As mentioned before, the 
results in Fig. 4 includes the significant pad parasitics which needs to be considered 
especially at 140 GHz. Figure 7 shows the RF performance comparisons of the 
switches with and without measurement pads for insertion losses, when the return 
losses are excluded. Insertion loss reduced from 2 dB to 1.4 dB at 140 GHz. 
 

 
 

Fig. 7. Simulated RF performance of the RF-MEMS Switch with (blue) and  
without (red) measurement pads, for insertion loss in up-state. 

 

 
3. Conclusion  

 

3D EM modeling for 140 GHz BiCMOS embedded RF-MEMS switch in 0.13 
µm technology was demonstrated. As stressed membrane gives complexity for EM 
modeling, the switch was successfully modeled using measurement supported 3 D 
EM model for RF simulations. 140 GHz BiCMOS embedded RF-MEMS switch 
which considers the air cavity inside the BEOL oxide is also compared with the 
case of planar EM solvers as all switch is simulated in air. Also reduction of 30% 
in insertion loss is achieved by de-embedding the RF pads.  
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Abstract. In this paper a reconfigurable bandpass filter is designed using ohmic-
contact cantilever-type Micro Electro Mechanical Systems (MEMS) switches. The filter 
can switch between two different states with a center frequency tunable range of 13% in 
C band. The topology allows achieving two accurate center frequencies, each 
associated with a precisely defined bandwidth, using six MEMS ohmic-switches. The 
design carefully takes into account the external quality factor for both filter states to 
ensure a good impedance match at each frequency. The two sets of coupling 
coefficients and resonator lengths implemented with the MEMS ohmic switches 
originate the bandwidths and center frequencies required by design specifications. The 
filter is designed to have center frequencies of 5.5 and 6.2 GHz, with a fractional 
bandwidth (FBW) of 5 and 3%, respectively. Filter specifications were successfully met 
with the proposed topology. The filter was fabricated on a quartz substrate and 
measured responses are in good agreement with simulations.  

 
 

1. Introduction  
 

Reconfigurable filters are a key component in compact communication systems, 
because they allow selecting different operating bands with a single filter by using 
integrated tuning elements. Another advantage of the reconfigurable filter is to 
reduce the total volume of the system. A recent trend in reconfigurable filters is to 
obtain devices that reconfigure their parameters independently: center frequency 
[1, 2], bandwidth [3, 4], center frequency and bandwidth [5, 6] or selectivity [7, 8]. 
Designed filters with MEMS switches include monolithically integrated [9, 10] and 
planar circuits with integrated commercial MEMS switches [11].  

The goal of this work is to design a precise frequency and bandwidth 
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controllable filter topology using MEMS switching elements. This paper presents a 
bandpass filter designed to produce two fractional bandwidth (FBW), 5% for a low 
frequency state and 3% for a high frequency state with a center frequency tuning 
range of 13% in C band. The filter was designed using six ohmic-contact 
cantilever-type MEMS switches that control transmission line extensions to 
achieve reconfiguration.  

The center frequency is controlled by adjusting the length of the resonators. The 
bandwidth is controlled by adjusting the coupling between resonators. The external 
quality factor Qe is selected using MEMS ohmic-switches to maintain a proper 
input/output coupling for both states of the filter. The filter is able to reconfigure 
center frequency and bandwidth accurately.  

This paper is divided in five sections. Section 2 contains a discussion of the 
proposed filter topology, describing how the filter design parameters, center 
frequency and bandwidth were controlled. Section 3 discusses the MEMS 
technology used to implement the filter on a quartz substrate. Section 4 discusses 
simulated and measured responses of the filter. Finally section 5 gives an overall 
conclusion of this work.  
 

2. Filter Design  
 

Table 1 shows the specifications of the two filter states. Each of the states is 
defined by three parameters: the external quality factor Qe which relates the input 
and output coupling of the filter, the coupling coefficient K between the resonators, 
and the length of the resonator [12]. To find optimum filter layout using the 
ADS/Momentum simulator, the coupling between feed lines of the filter and the 
first or last resonator are calculated in order to match the theoretical values of Qe. 
Similarly, by simulating the coupling between resonators, the values of K are found 
using the well-known methods in [12]. 

 
Table 1. Filter specifications 

 

 
 

The topology of the filter, shown in Fig. 1, is based on parallel coupled 
transmission lines [12]. The topology uses six transmission line extensions 
switched using ohmic-contact cantilever-type MEMS switches, which se up 
precisely the three design parameters required to produce the two states of the filter 
specified in Table 1. 

In this topology all the MEMS ohmic-switches are of to produce the high 
frequency state, and are on for the low frequency state.  
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Fig. 1. Switchable bandpass filter topology. 
 
 

Figure 2 shows the relationship between the external quality factor Qe and the 
overlapping distance Y between the input line and a resonator (see Fig. 1). The 
values were simulated using ADS/Momentum and considering fixed values for the 
spacing S1 and the width w of the input line.  
 

 
 

Fig. 2. External quality factor Qe for different overlapping  
distances Y and Coupling coefficient K for different  

overlapping distances X. 
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Figure 2 shows also the relationship between the coupling coefficient K and the 
overlapping distance X between resonators (see Fig. 1); the values were simulated 
considering fixed values for the spacing S2. The length of the resonator extension A 
(see Fig. 1) is used to accurately determine the K values which define the 
bandwidth required for each state of the filter. 

The filter center frequency is determined by the total length of the resonators; 
however as the bandwidth must take precise values, each resonator is designed to 
have two extensions. Extension A set the values of K for each state of the filter (see 
Fig. 1). Extension B defines the total length of the resonator without increasing the 
coupling between the resonators, which provides independent control of the 
bandwidth and center frequency of the filter. When both extensions are enabled the 
response of the filter is set to the low frequency state, while the high frequency 
state is obtained when the extensions are disabled.  

The input and output couplings of the filter are fixed through the extensions B 
and C, when both extensions are enabled, the input and output coupling of the filter 
is the optimal for low frequency state, and when the extensions are disabled, the 
input and output is the optimal for high frequency state. 

To define filter layout, each state of the filter was optimized using ADS/ 
Momentum to produce the required theoretical design parameters Qe and K for 
each filter state. 
 

3. MEMS Technology  
 

The fabrication technology for the MEMS reconfigurable bandpass filter is an 
integrated eight-mask surface micromachining process from FBK [13]. In Fig. 3, a 
cross section of the ohmic switches used in the design is shown. In this technology, 
movable bridges/cantilevers are manufactured using a 2-μm-thick electrodeposited 
gold layer. Another 3-μm-thick gold film is selectively superimposed to increase 
the rigidity of the central part of the beam and for the patterning of the microstrip 
lines. A third 150-nm gold layer is evaporated over the underpass metal line to 
implement a low-resistance metal-to-metal contact. A high performance ohmic-
contact series cantilever MEMS switch, with structure and dimensions similar to 
the one reported in [14] has been used to realize the integrated filter. The cantilever 
is suspended above an interrupted microstrip signal line and anchored at one end. 

The membrane dimensions are 180 μm (length) and 110 μm (width). In order to 
generate a good ohmic contact between the cantilever and the line, some dimples 
have been placed in the contact area of the microstrip line, by using small poly-
silicon bumps deposited underneath. The membrane embeds 10 μm × 10 μm holes 
for the easier removal of the sacrificial layer, increased flexibility and reduced 
damping. The bias network is made of poly-silicon high resistivity lines to reduce 
losses. 
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Fig. 3. Diagram of the cantilever MEMS switch on a quartz substrate. 
 
 

4. Results  
 

The fabricated filter is shown in Fig. 4 and Table 2 contains the filter 
dimensions.  It was realized on a 500 μm thick quartz substrate (εr=3.78, 
tgδ=0.0001). The measurements were taken using a N5242A PNA-X Agilent 
network analyzer and a probe station.  
 

 
 

Fig. 4. Photograph of the switchable bandpass filter. 
 
 

Table 2. Filter dimensions (in mm) 
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The measured actuation voltage of the MEMS switches is around 50 V.  
Tables 3 and 4 contain a summary of results. A good agreement in terms of center 
frequency and bandwidth was obtained for both filter states. 
 

Table 3. Simulated and measured results 
 

 
 
 

Table 4. Insertion loss 
 

 
 
 

A comparison between simulated and measured responses of the MEMS 
switchable bandpass filter is shown in Fig. 5. For the low frequency state the center 
frequency deviation between simulations and measurements is 20 MHz. 
 

 
 

Fig. 5. Simulated and measured results. 
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The return loss at the passband of the filter is around 21 dB in simulations, and  
15 dB in measurements. The difference between the simulated and measured 
bandwidth is 2.2%. Concerning the high frequency state the center frequency 
deviation between simulations and measurements is 70 MHz. The difference 
between the simulated and measured bandwidth is 0.5%. The return loss at the 
passband of the filter is found to be at around 24 dB in simulations, and 19 dB for 
the measurements. 

The deviations between simulated and measured results are analyzed by 
simulating the filter with different contact resistances and OFF-state capacitances. 
Fig. 6 shows the simulated results considering the effect of different MEMS switch 
contact resistance (r1=1 Ω, r2=10 Ω, r3=20 Ω and r4=30 Ω) on the filter low 
frequency response. The simulation includes the high resistivity lines. It is apparent 
that higher values of contact resistance increase the insertion loss in the ON-state. 
Simulated contact resistance is Ron=32.27Ω. 
 

 
 

Fig. 6. Simulated results for different series cantilever MEMS switch contact  
resistance (ON state); r1 = 1 Ω, r2 = 10 Ω, r3 = 20 Ω and r4 = 30 Ω.  

 
 

Figure 7 shows the simulated results considering the effect of different MEMS 
switch OFF-state capacitance on the filter high frequency state. The simulation 
includes the high resistivity lines. The simulations were done using OFF-state 
capacitances C1 = 1fF, C2 = 10 fF, C3 = 20 fF and C4 = 30 fF. It is apparent that the 
series OFF-state capacitance shifts the center frequency of the filter in the high 
frequency state. Simulated OFF-state capacitance is Coff = 23.46 fF. 
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Fig. 7. Simulated results for different series cantilever MEMS switch capacitance  
(OFF state); C1=1 fF, C2=10 fF, C3=20 fF and C4=30 fF. 

 
 
4. Conclusions  
 

A bandpass filter switchable between two discrete frequency bands is 
demonstrated. The filter is designed using ohmic-contact cantilever MEMS 
switches to switch between two different states with a center frequency tunable 
range of 13% in C band. Good agreement between simulations and measurements 
has been obtained for center frequency and bandwidth. Deviations in the 
measurements with respect to simulations have been analyzed, and were attributed 
to an increase of the contact resistance and of the OFF-state capacitance of the 
switch in the fabricated filter.  
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Abstract. In this work, the high-frequency behavior of BiCMOS embedded 
through-silicon vias (TSV) is analyzed using 3D full-wave EM simulations. Different 
types of analyzed transmission structures similar to MMIC microstrip and stripline 
transmission lines are investigated. By optimizing the TSV signal trasmission structure 
and the dimension of the TSV itself, very low-loss signal transmission with an insertion 
loss of 0.16 dB up to 100 GHz is feasible. This opens the way to minimize the 
interconnection losses and provide high-performance BiCMOS circuitry together with 
backside-integrated components like bulk-micromachining RF-MEMS for 
heterogeneous 3 D syetem-integration. 

 
 

1. Introduction  
 

There is a growing interest using through-silicon vias for 3D heterogeneous 
integration [1]. The integration of TSVs into a high-performance 0.25 μm SiGe:C 
BiCMOS technology enables the realization of small-size and highly integrated 
three-dimensional systems [2]-[3]. Apart from a real 3D-integration approach by 
stacking chips on top of each other, TSVs can be also useful to electrically connect 
additional components on the wafer backside or inside the silicon substrate to 
increase the overall system functionality [4]. This gives the possibility to bring 
together additional components like bulk micromachining RF-MEMS and 
electronic circuits to improve the system performance and reduce packaging and 
assembly costs (Fig. 1).  

Especially for very high-frequency systems the interconnections between 
different circuits or system blocks need to be considered and therefore having low-
loss electrical connections from wafer front-to-backside is mandatory. The most 
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promising solution for these type of interconnects are TSVs. In this work, the high-
frequency behavior of BiCMOS embedded TSVs is analyzed. By optimizing the 
TSV signal transmission structure and the dimensions of the TSV itself, very low-
loss signal transmission in case of a low or medium-resistive silicon substrate with 
a substrate resistivity of 50 Ωcm in a wide frequency range up to 100 GHz is 
feasible. This opens the way to minimize the interconnection losses and provide 
high-performance BiCMOS circuitry together with backside-integrated RF-MEMS.  
 

 
 

Fig. 1. BiCMOS chip with embedded TSVs for 
electrical connection from wafer front- to backside. 

 
2. Through-Silicon Via Technology  

 

BiCMOS embedded annular-type TSVs are integrated in a 0.25 μm BiCMOS 
technology using a via-middle approach. After fabrication of the Front-End-of-Line 
(FEOL), deep annular trenches with a depth of ~75 μm and an aspect ratio of 1:25 
are etched into the silicon substrate using Bosch process. A SiO2-liner is deposited 
on the trench sidewalls to isolate the TSVs from silicon substrate using SACVD 
process [5]. To achieve a low-ohmic electrical connection from wafer front- to 
backside, the trenches are filled with CVD-tungsten applying an alternating 
deposition and etch-back process. Finally, the TSVs are connected to the Back-
End-of-Line (BEOL) via the first metallization layer (Metal1) and the standard 
BEOL fabrication is finished (Fig. 2). 
 

 
 

Fig. 2. FIB-image showing BiCMOS embedded tungsten TSVs and 
part of the BEOL metallization stack. 
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3. TSV 3D EM-Simulation  
 
The high-frequency S-parameter simulation is realized using 3D full-wave 

simulation tool HFSS. For high-frequency signal transmission, the signal needs to 
be transferred using a transmission line structure similar to an embedded ground/ 
signal microstrip- (GS), ground/ signal/ground stripline- (GSG) or coaxial structure 
to guide the signal from wafer front- to backside. It provides a well-defined 
impedance matching to 50 Ω to prevent from significant signal reflection [6]. A 
GS- and GSG-structure can be realized with a lower complexity fabrication process 
compared to coaxial TSV because of unavoidable thickness variations of coaxial 
signal and ground-ring during BOSCH-process and the requirement for at least two 
metallization layers on wafer backside. Hence, we will focus on GS- and GSG-
structures (Fig. 3).  
 

 
 

Fig. 3. Cross-section view of TSV simulation models showing the GS- (A) and 
GSG-structure (B) with signal and return-path. 

 
The most important design parameters for transmission line impedance 

matching are the metal-line width and the separation. Transferring these 
transmission line design parameters to a GS- or GSG-TSV structure, the TSV 
diameter as the line width and the TSV pitch as the separation needs to be 
optimized. The RF-performance influence of TSV diameter, pitch and the 
interaction between each other will be investigated by applying a parametric RF-
simulation. Both parameters will be swept simultaneously providing all possible 
design configurations ending in a matrix of n*m parameter sets.  
 

A. GS-TSV Structure  
 

The TSV diameter is varied in the range from 15 to 35 μm with a step-size of 5μm 
whereas the pitch is varied in the range from 40 to 100 μm with a step-size of  
10 μm ending in a matrix of 35 parameter sets. The insertion loss for all different 
combinations is summarized in Fig. 4 showing a strong sensitivity of the insertion 
loss with respect to the design parameters.  



M. Wietstruck, et.al 

 

56 

 
 

Fig. 4. Insertion loss vs. frequency for TSV diameter from 15 to 35 μm and TSV pitch from 
40 to 100 μm. Three different arbitrary parameter sets are highlighted. 

 
It is obvious that the insertion loss shows a continuous behavior over the whole 

frequency band without any resonance effects. Therefore a comparison of the 
insertion loss at a specific operating frequency of 100 GHz is reasonable (Fig. 5).  
 

 
 

Fig. 5. Insertion loss vs. diameter and pitch at 100 GHz. The area with 
minimum insertion loss of 0.16-0.17 dB is highlighted. 

 
Besides obtaining a minimum insertion loss, the area consumption of the full 

transmission structure needs to be also considered. A fixed TSV diameter of 25 μm 
is chosen for further investigation because it provides a good tradeoff between 



High-Frequency Optimization of BiCMOS embedded Through-Silicon Vias  

 

57 

insertion loss, manufacturability and area consumption (less than 1% increase in 
insertion loss compared to the best simulated result). The insertion and return loss 
with variation of the TSV pitch is shown in Fig. 6.  
 

 
 

 
 

Fig. 6. Insertion and return loss with a fixed diameter of 25 μm and 
variation of the TSV pitch for a GS-structure. 

 
Obviously, a diameter of 25 μm and a pitch of 50 μm are sufficient to achieve a 

minimum insertion loss of 0.16 dB up to 100 GHz. In comparison, having a pitch 
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of 60 μm or 100 μm would result in an increase in insertion loss up to 0.25 dB or 
0.92 dB at 100 GHz. The reason for the significant increase in insertion loss with 
increased TSV pitch is the impedance mismatch which can be obviously seen by 
the return loss in Fig. 6. For the optimal TSV structure, the return loss is below  
-25 dB over the whole frequency band providing a very good matching to 50 Ω 
whereas 60 μm or 100 μm pitch result in a return loss of more than -16 dB or  
-10 dB, respectively.  
 

B. GSG-TSV Structure  
 

To keep the TSV diameter range similar to the GS-structure the diameter is 
again varied in the range from 15 to 35 μm with a step-size of 5 μm. The pitch area 
is increased ranging from 80 to 160 μm with a step-size of 10 μm because of the 
impedance reduction of the second return-path TSV. The insertion loss for all 
different combinations is summarized in Fig. 7 showing a similar continuous 
behavior up to 100 GHz.  
 

 
 

Fig. 7. Insertion loss vs. frequency for TSV diameter from 15 to 35 μm and TSV pitch from  
80 to 160 μm. Three different arbitrary parameter sets are highlighted. 

 
For comparison, the insertion loss at 100 GHz with respect to the TSV diameter 

and pitch is shown in Fig. 8.  
With a diameter of 20 or 25 μm an insertion loss of ~0.16 dB can be achieved. 

Because of the afore-mentioned thickness variation of different TSV diameter 
during Bosch process and to provide direct comparison with the GS-structure, the 
same diameter of 25 μm is chosen and the insertion and return loss is extracted 
with variation of the TSV pitch (Fig. 9).  
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Fig. 8. Insertion loss vs. diameter and pitch at 100 GHz. The area with  
minimum insertion loss of ~0.16 dB is highlighted. 

 

 
 

 
 

Fig. 9. Insertion and return loss with a fixed diameter of 25 μm 
and variation of the TSV pitch for a GSG-structure. 



M. Wietstruck, et.al 

 

60 

With a diameter of 25 μm and a pitch of 130 μm a minimum insertion loss of 
0.16 dB and a return loss below -38 dB up to 100 GHz can be achieved providing a 
very low loss signal transmission and optimal impedance matching.  
 

C. Comparison of GS and GSG-Structure  
 

In principle, both GS and GSG-structures are suitable to provide a low-loss 
signal transmission from wafer front- to backside. To compare both GS- and GSG-
structures using the extracted optimal design parameters of 25 μm diameter and  
50 μm pitch (GS) or 25 μm diameter and 130 μm pitch (GSG), the insertion loss, 
return loss and area consumption for the whole transmission structure should be 
analyzed. In terms of insertion loss, a minimum insertion loss in the range of 
0.16dB can be achieved with both GS- and GSG-structures. In terms of return loss, 
a GSG-structure gives a better performance of less than -38dB compared to -25 dB 
for a GS-structure but in principle both versions show a very good matching to a  
50 Ω system impedance. The main difference appears in the area consumption of 
the transmission structures including the TSVs itself, the separation area and the 
connection pads. The GS-structure occupies an area of ~2100 μm2. In comparison 
the GSG-structure occupies an area of ~4250 μm² due to the increased separation 
requirement. Nevertheless comparing to a common SiP-approach using bond wires 
or flip chip-approach a significant area reduction can be achieved using both GS- 
or GSG-structures. At least two bond pads would be required to achieve the same 
functionality with an area of 6400 μm²/ bond pad which implies an increase of 3-6 
times the TSV transmission structures.  
 

4. Conclusion  
 

The high-frequency behavior of BiCMOS embedded TSV has been 
demonstrated. It has been shown that the design of TSV needs to be strongly taken 
into account because it is obvious that the high-frequency behavior is very sensitive 
to the TSV design. With respect to process limitations, the TSV diameter and TSV 
pitch has been found to be very important parameters to optimize the insertion loss, 
return loss and impedance matching characteristics.  

With the appropriate design parameters TSV transmission structures in a GS- or 
GSG-configuration showing a minimum insertion loss of 0.16 dB and a return loss 
of less than -25 dB up to 100 GHz. Using the most-valuable signal transmission 
design parameters, a high-performance interconnection from wafer front- to 
backside can be realized. To reduce the area consumption of a TSV transmission 
structure, GS-structures are advantageous over GSG-structures due to the usage of 
only two TSVs and the reduced separation in between the TSVs. TSV transmission 
structures in general and especially GS-structures have an outstanding potential to 
save highly expensive BiCMOS chip area.  

Therefore the integration of BiCMOS embedded TSV gives the opportunity to 
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make the BiCMOS technology more attractive by including additional components 
like RF-MEMS into the silicon substrate to increase the system functionality and 
reduce the overall costs.  
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