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ABSTRACT 

This paper reports for the first time on multi-position 
RF MEMS digitally tuneable capacitors with large tuning 
range which are integrated inside a coplanar transmission 
line and whose tuning is achieved by moving the sidewalls 
of the 3D micromachined transmission line, with the 
actuators being completely embedded and shielded inside 
the ground layer. Devices with symmetrical two and three-
stage actuators have been fabricated in an SOI RF MEMS 
process. A tuning range of Cmax/Cmin=2.41 with a total of 7 
discrete tuning steps from 44 to 106 fF was achieved for the 
three-stage tuneable capacitors. The symmetrical integration 
in the transmission line and a low parasitic inductance result 
in a high resonance frequency of 77 GHz. Devices with 
actuator designs of different mechanical stiffness, resulting 
in actuation voltages of 16 to 73 V, were fabricated and 
evaluated. The robustness of the actuator to high-power 
signals has been investigated by a nonlinear 
electromechanical model, which shows that self actuation 
occurs for high-stiffness designs (73 N/m) not below 50 
dBm, and even very low-stiffness devices (9.5 N/m) do not 
self-actuate below 40 dBm. 
 
INTRODUCTION 

There is an increasing need for reconfigurable 
RF/microwave circuits due to the increasing complexity of 
multi-standard RF frontends in modern telecommunication 
systems [1]. RF MEMS components are especially of 
interest for reconfigurable/tuneable filters for frequency-
agile systems and for impedance-matching networks for 
antennas and energy-efficient power amplifiers, due to their 
near-ideal signal handling behavior, ultra-low power 
consumption, large bandwidth and easiness of integration, 
since fabrication-compatible to integrated circuits. 

For MEMS tuneable capacitors, the parallel-plate 
principle with electrostatic actuation is the most widely used 
implementation [2, 3]. Electrostatic actuation offers 
virtually zero power consumption, a response in 
microseconds and fabrication compatibility, as no non-
standard clean-room materials are needed. Parallel-plate 
designs are easily implemented with standard surface-
micromachining thin-film technology [4]. Such parallel-
plate capacitors have electrode plates which are parallel to 
the wafer surface and are moving vertically (out-of-plane), 
typically above a planar transmission line. Extended tuning 
range beyond the theoretical limit of 1/3 of the initial 
electrode distance has been achieved by a triple-electrode 
arrangement [5]. 

Micromachining has also proven to be a suitable 

technology for creating on-wafer 3D transmission lines 
which are characterized by very low losses, typically 
achieved by suspending the transmission line above the 
substrate or by removing the substrate below it for reducing 
substrate and radiation losses [6]. 

The authors have previously shown the integration of 
complete electrostatic microswitch mechanisms inside the 
signal line of a 3D micromachined coplanar transmission 
line [7], as well as simple parallel-plate capacitors [8], 
fabricated by a single-mask SOI (silicon-on-insulator) RF 
MEMS process developed by the authors. 

The present paper reports for the first time on multi-
stage multi-position digitally tuneable capacitors with large 
tuning range, completely integrated into the sidewalls of the 
ground planes of a micromachined 3D coplanar waveguide. 
 

 
Figure 1: 3D illustration of ground sidewall integrated 
multi-stage tuned capacitors. 
 
CONCEPT AND DESIGN 

Figure 1 shows the basic concept of the multi-stage 
tuneable capacitors. The sidewalls in a section of the ground 
plane of a 3D micromachined coplanar waveguide can be 
moved laterally and are thus changing the capacitive load of 
the transmission line [8]. Thus, the parallel plate principle is 
here embedded with areas vertical to the wafer surface 
which are moving in-plane. The moveable sections are 
connected to the rigid ground-plane sections by mechanical 
springs, which are also carrying the RF signal, and are 
laterally moved by electrostatic actuators which are 
completely embedded inside the ground layer. 

The tuning range of the devices in this paper is much 
larger than conventional parallel-plate tuneable capacitors, 
as the actuation electrodes are de-embedded from the RF 
electrodes. Furthermore, a special multi-stage actuator is 
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implemented, which offers large displacement at acceptable 
low voltages by splitting the total movements into smaller 
parts, which is achieved by a series of actuators which are 
sequentially operated, as shown in Figure 2 for a two-stage 
design. For actuating a stage at low actuation voltage, all 
previous stages must already have been actuated. As 
compared to a conventional digital capacitor, this multi-
stage concept offers more than two discrete states, and in 
contrast to an analog tuneable capacitor which is susceptible 
to hysteresis/reproducibility problems, the capacitances of 
each digital state are well defined and do not require 
accurate actuation voltage control or any feedback 
mechanism. The tuning elements of one side are duplicated 
symmetrically in the ground layer of the other slot, and thus 
the number of possible states is higher than the number of 
actuator stages, as the transmission line can be loaded 
slightly unbalanced. For a two-stage actuator as shown in 
the Figures 1, 2 and 4, five out of six possible states are 
practically useful without unbalancing the line too much, 
and for a three-stage actuator as shown in Figure 5, seven of 
nine possible states may be used. In general, 2n+1 states can 
be utilized with n the number of stages. 

 

 
Figure 2: Operation states of a two-stage actuator (only one 
side of the coplanar transmission line illustrated): (a) non-
actuated; (b) stage 1 actuated (half displacement); (c) 
stage 1 and stage 2 actuated (full displacement). 

 
The advantages of this concept, over conventional 

electrostatic actuator based MEMS tuneable capacitors, are 
summarized as follows: 

- moving sidewalls low-parasitic tuning concept for 
changing the capacitive load of a coplanar 
transmission line 

- multi-step digital tuning with extended tuning 
range: multiple, accurately defined and 
reproducible tuning states with large tuning range 

- ground layer-embedded, electrically shielded 
actuators: no disturbance of the wave propagation 
in the slots by the actuators, size/strength/number 
of stages of the actuators has no influence on the 
wave propagation in the slot 

- de-embedded RF and actuation electrodes  
- 3D micromachined transmission lines: reduced 

substrate and radiation losses due to concentration 
of electric field lines above the substrate, and 
reduced metal losses due to vertical extension of 
the transmission line sidewalls 

- all-metal actuators and metal-air-metal capacitor 
design: no isolation layers (air gaps with stoppers 
are used instead), no dielectric charging 

- single-mask fabrication with standard 
micromachining processes 

The fabrication, already published by the authors in [7], is 
shortly summarized in Figure 3. 

 

 
Figure 3: Process flow summary: (a) SOI wafer; (b) DRIE 
of device layer; (c) box layer etching for free-etching the 
moving structures; (d) full-wafer metal sputtering; (e) 
removing of unwanted metal areas [7]. 

 
RF AND ACTUATOR EVALUATION 

Figure 4 and 5 show SEM pictures of fabricated two 
and three-stage devices, before the wire-bonding of the 
actuator electrodes to DC biasing contact pads. As seen in 
the pictures, the number of stages is increasing the size of 
the device into the ground layer, but has essentially no 
influence on the RF performance, as the whole actuator 
structure is electrically shielded inside the ground plane. 

 

 
Figure 4: SEM picture of a fabricated two-stage tuneable 
capacitor. 
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Figure 5: SEM picture of a fabricated three-stage tuneable 
capacitor. 
 

Table 1 lists the different practically useful states of a 
two-stage and a three-stage tuneable capacitor, with the 
corresponding capacitances extracted from S-parameter 
measurements of fabricated devices via an equivalent circuit 
model in Agilent Advanced Design System (ADS). The 
two-stage device can be operated in 5 discrete steps with 
tuning range from 48 to 105 fF, which corresponds to a 
Cmax/Cmin of 2.18, and the three-stage device with a total of 
7 discrete steps can be tuned from 44 to 106 fF (Cmax/Cmin of 
2.41). The gap between the laterally moved ground plane 
sidewall and the rigid signal line is 2 and 6 µm in the two 
maximum positions, respectively. The capacitive behavior 
and the varying capacitance is clearly visible in the 
measured return loss (S11) of the 50 Ω transmission line 
piece containing the tuneable capacitors, plotted in Figure 6 
for all states of the two and three-stage devices. The S-
parameters could only be measured up to 40 GHz with our 
measurement setup, but the minimum self-resonance 
frequency could be estimated with the ADS model by 
parameter fitting to the S-parameter measurements, to be 77 
GHz. 
 
Table 1: Actuation states and corresponding capacitances 
extracted from S-parameter measurements. 

 Actuated stages 
(left) 12  21 (right) 

Capacitance [fF] 
(measured) 

(a) 00 00 48 
two-stage 10 00 62 

device 10 01 70 
 11 01 88 
 11 11 105 

 

 Actuated stages 
(left) 123  321 (right) 

Capacitance [fF] 
(measured) 

 000 000 44 
(b) 100 000 47 

three-stage 100 001 50 
device 110 001 58 

 110 011 64 
 111 011 86 
 111 111 106 

 

 
Figure 6: Measured return loss (S11) of fabricated devices 
for all actuation states as listed in Table 1: (a) two-stage 
device; (b) three-stage device. 
 

Different actuator designs with varying spring constants 
have been designed, fabricated and evaluated. Figure 7a-c 
shows the measured pull-in and pull-out voltages of the 
variants A, B, C, D, and E, all three-stage device designs, 
plotted over the mechanical stiffness of their actuators, 
shown individually for the actuators of the three different 
stages. For measuring the actuation voltages of a higher-
order stage, all previous stages are already pulled in. 
Basically, the stiffness of the individual stages may be 
designed independent of each other, and it has been tried to 
achieve similar actuation voltages for all stages of a device 
of a certain stiffness class. Figure 7d-e shows the plot of the 
measured pull-in and pull-out voltages of the different 
stages of two-stage actuators, for the device designs F, G, H, 
I, and J, also designed for different stiffness classes and thus 
different actuation voltages. The mechanical resonance 
frequency of a device of medium stiffness class was 
measured to 11.05 kHz. 

Furthermore, the design robustness to RF signal 
voltage-induced self-actuation has been investigated by 
simulations with a nonlinear electromechanical model in 
Agilent ADS. In Figure 8, the self-actuation movements are 
plotted over the input power for the different stages of a 
low-stiffness (weakest spring constant out of the three 
stages: 9.49 N/m) design and a high-stiffness design 
(weakest spring: 73.2 N/m). The high-stiffness design does 
not pull-in before 50 dBm signal power on a 50 Ω line, and 
even the lowest-stiffness design withstands 40 dBm. 

167



 
Figure 7: Actuation and release voltages versus spring constants of 10 different actuator designs of varying mechanical 
stiffness, plotted or the individual stages of three-stage (A..E) and two-stage (F..J) devices: (a), (b), (c) three-stage devices, 
stages 1, 2, and 3, respectively; (d), (e) two-stage devices, stages 1 and 2, respectively. 
 

 
Figure 8: Simulated self-actuation robustness for three-
stage devices A (low k) and E (high k) from Figure 7. 

 
CONCLUSIONS 

A novel concept of RF MEMS tuneable capacitors has 
been presented which offers the following advantages: 
multi-position digitally tuning; large tuning range; number 
of states independent on required transmission line length; 
low insertion loss by moveable sidewalls and by embedding 
the actuators inside the shielding ground layer; low-loss 3D 
micromachined transmission line; high self-actuation 
robustness; high self-resonance frequency; single-mask 
fabrication. 

 
ACKNOWLEDGEMENTS 

The authors wish to thank Alan Cheshire and Gabriel 
Roupillard from Applied Materials for the SiO2 and Si deep 
etching on a prototype Centura etching platform. 

REFERENCES 
[1] Gabriel Rebeiz et al, “Tuning in to RF MEMS,” IEEE 

Microwave Magazine, Oct. 2009, pp. 55-72. 
[2] L. Dussopt, and G. M. Rebeiz, “High-Q Millimeter-

Wave MEMS Varactors: Extended Tuning Range and 
Discrete-Position Designs”, 2002 IEEE MTT-S Int. 
Microwave Symp. Dig., vol. 2, pp. 1205-8, 2002. 

[3] C. L. Goldsmith et al, “RF MEMs Variable Capacitors 
for Tunable Filters”, Int. J. of RF and MW Computer-
Aided Eng., vol.9, no.4, pp. 362-74, July 1999. 

[4] G. M. Rebeiz, RF MEMS: Theory, Design and 
Technology. New York, USA: John Wiley & Sons, 
2003. 

[5] J. Zou, Ch. Liu, J.E. Schutt-Ainé, “Development of a 
wide-tuning-range two-parallel-plate tunable capacitor 
for integrated wireless com. sys.”, Int. J. of RF and MW 
Computer-Aided Eng., vol.11, no.5, pp.322-9, 2001. 

[6] I. Llamas-Garro, A. Corona-Chavez, “Micromachined 
transmission lines for mm-wave applications”, IEEE 
Electronics, Communications and Computers, 2006. 

[7] M. Sterner, N. Roxhed, G. Stemme, and J. 
Oberhammer, “Static Zero-Power-Consumption 
Coplanar Waveguide Embedded Dc-to-RF Metal-
Contact MEMS Switches in Two- Port and Three-Port  
Configuration”, IEEE Trans. on Electron Devices, vol. 
57, no. 7, 2010. 

[8] U. Shah, M. Sterner, G. Stemme, J. Oberhammer, ”RF 
MEMS tuneable capacitors based on moveable 
sidewalls in 3D micromachined coplanar transmission 
lines”, IEEE Asia-Pacific Microwave Conf. 2010, 
Yokohama, Japan, December 7-10, 2010. 

168


