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Abstract: In this paper, a tunable bandpass filter using micro fixed-fixed beam structure is designed,
simulated and fabricated. The tunable bandpass filter is designed by micromachined capacitive bridges,
with an original passive topology. Full-wave electromagnetic simulations are performed to accurately
predict the frequency response of the filter. The Monte Carlo approach is used to analyze the effect
of parameter uncertainty for the fixed—fixed beam. Surface micromachining fabrication process is
employed on the high resistivity silicon substrate which is compatiable with the new SiGe process.
The fabricated filter occupies a chip area of 12 x 3 mm? and achieved an insertion loss of less than
2 dB and return loss of less than -15 dB throughout the operation band, thereby tuning the filter
centre frequency by 11% between 8.76 to 9.80 GHz.
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INTRODUCTION

The growing number of multi-standard and multi-application telecommunication systems has led to the
development of new tunable filter topologies. Tunable filters are integral components in a variety of radar and
modern multi-band communication systems (Fourn ez al. 2003a, Fourn et al. 2003b). The conventional tunable
filters typically utilize YIG resonators, active resonators or varactors as the tuning element. However, these
varactor based tuning filters have low Q values due to high series resistance of diodes.

The development in microelectromechanical systems (MEMS) technology allows new and innovative design
of the tunable bandpass filters (Liu ez al. 2001, Tamijani ez al. 2003). By leveraging existing state-of-the-art
of integrated circuit (IC) fabrication technologies, MEMS technology exhibits many advantages indigenous to
IC technologies such as cost, size and weight reduction. These advantageous characteristics have positioned
MEMS as a winning technology in many applications, including accelero-meters, pressure sensors, micro-optics
and ink-jet nozzles.

New developments in satellite communications as well as advances in the area of millimeter-wave
multimedia services require high performance components, and radio frequency (RF) MEMS can fulfill those
needs by providing critical reductions in power consumption and signal loss, thereby extending battery life or
reducing weight. Parallel-coupled bandpass filters are more favorable to be used for planar microstrip filters
in modern microwave and wireless communication system, due to their low weight, low cost and easy
integration (Wu et al. 2006).

The reliability of a system can be readily described as the probability of survival. Uncertainty analysis is
a technique by which one can determine, with good approximation, whether a system will work within raw
specification limits when the parameters vary between their limits (Vamshi er al. 2006, Mawardi and
Pitchumani 2005). The manufacturing of structural components is generally associated with manufacturing
imperfections. If the influencing variables are uncertain, a direct consequence is that the response parameters
are uncertain as well (Stefan ez al. 2008). Probabilistic analysis is implemented for deflection of a micro fixed-
fixed beam using ANSYS®™ by considering uncertainty in geometric and material properties simultaneously
(Islam et al. 2008a).
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In this paper, a tunable bandpass filter in microstrip platform with tunable bandwidth at the passband is
presented. Tuning is achieved by the surface micromachined metal-air-metal shunt switched capacitors with
electrostatic actuation. The proposed filter differs from the reported MEMS filters in that the bandwidth
tunability is obtained by shunt capacitance variation across the resonating stub rather than the conventional
length switching. In this context, enhancements of the filter design and fabrication process have been presented
(Islam et al. 2008b). The following sections describe the filter design and fabrication process more details and
present the result achieved.

MATERIALS AND METHODS

Basic Filter Topology:

In order to design the tunable bandpass filter, a 3™ order parallel coupled bandpass filter has been designed
on a microstrip platform using coupled half-wave resonators to give a maximally flat response. Microstrip
technology has been used for simplicity and ease of fabrication (Edwards and Steer 2000). Although
miniaturized end coupled bandpass filters are widely used for tunable applications, owing to the loose coupling
of their resonators they account for high insertion losses and poor performance. The parallel coupled bandpass
filter is designed by following the design procedure based on the even- and odd-mode impedances of the
coupled lines [Pozar 2005, Lee and Tsai 2005) and is further optimized using IE3D.

The filter is designed on silicon substrate (¢, = 11.7) of height 600 um using Polygon-Based Layout Editor
MGRID. With this, the filter requires even- and odd-mode characteristic impedances (Zoe, Zoo) of 142 and
42 , respectively, for the first coupled line section, which translates to a line width of 75um and line gap of
50 um on a 600pm silicon substrate. The next coupled line section requires Zoe and Zoo of 114 and 34 ,
respectively, yielding a line width of 150pm and line gap of 50pm.

The last two coupled line sections are symmetrical to the first two, thus they have the same dimensions
as stated earlier. All the quarter-wave coupled lines have lengths of 2650um at 10GHz. The dimensions of the
I/O ports are corresponding to a 50 microstrip line which could be considered as subminiature version A
(SMA) adapter. Figure 1 and Table 1 show the top view and various design parameters along with the amount
of impedances of the filter structure respectively.
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Fig. 1: Top view of the bandpass filter structure

Table 1: Dimensions of the filter structure with the impedances

Parameters Section 1 Section 2 Section 3 Section 4
Width (um) 75 150 150 75
Spacing (pm) 50 50 50 50
Length (um) 2650 2650 2650 2650
Even-mode impedances () 142 114 114 142
Odd-mode impedances () 42 34 34 42

Port impedances () 50 - - 50

Modeling of Fixed-Fixed Beam:

A simple representation of an electrostatic pull-in device is shown in Figure 2. It consists of two parallel
conductive plates forming a variable capacitor with an effective overlap area 4 and separated by a gap
spacing g.

The bottom plate is fixed to the ground and the top plate is suspended over the bottom plate and fixed
at both ends. The two most important electromechanical features of this device are the pull-down voltage and
the deflection. Both these quantities can be calculated by treating this device as a mechanical spring. In order
to calculate the pull-down voltage, one must equate the force pulling down on the beam by the electrostatic
force between the two conductive plates (Wang 2006)
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Fig. 2: Electrostatic beam configuration
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Where g, is the permittivity of air, V" is the applied voltage. The force pushing up from the spring using
the Hooke's Law is (Wang 2006)

F,=-k(g,— &) )

Here k is the spring constant and g, is the original air gap between the two plates. For parallel plate
electrostatic actuation, when the gap reduces to 2/3 of the original gap, the beam becomes unstable and
experiences a "pull-in" effect. Equating the equations above where the gap is 2/3 of the original gap and
solving for the pull down voltage gives (Wang 2006)

F

down —

Skgo3

ull-down — )
P 27¢,4
The maximum deflection can also be calculated from the spring constant by the equation (Wang 2006)
F
0=—— )
k

Where ¢ is the deflection and F is the force pushing down the spring. The effective spring constant k can
be approximated by (Muldavin and Rebeiz 1999)
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Here E is Young’s modulus of the moveable plate material, ¢ is the plate thickness, / is the plate length,
o is the residual tensile stress and v is Poisson’s ratio for the plate material. Table 2 presents the dimensions
of a micro fixed-fixed beam.

Table 2: Dimensions of a micro fixed-fixed beam

Parameters Nominal values
Geometric Parameters

Length of the beam (pm) 500

Width of the beam (um) 75

Thickness of the beam (pm) 1.5

Zero voltage gap spacing (um) 1.5

Material Properties of Aluminum

Young’s modulus (MPa) 70000
Poisson’s ratio 0.35

Density (kg/um3) 2.7e-15
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Tuning Principle:

The concept of tunability is incorporated into the basic filter design by a set of low loss RF MEMS fixed-
fixed beam, used as variable capacitors as shown in Figure 3. The design proposed in this work is the metallic
bridge suspended over a coplanar microstrip couple line. The functionality of this device is the same as a
parallel plate actuator (Kretly er al. 2005).

Fig. 3: RF MEMS tunable bandpass filter

The cross section of a metal membrane variable capacitor is shown in Figure 4. The RF MEMS capacitor
consists of a lower electrode which is fabricated as a filter circuit and a thin aluminum (Al) membrane
suspended over the electrode. The air gap between the two conductors determines the MEMS capacitor off-
capacitance (Up state). With no applied actuation potential, the residual tensile stress of the membrane keeps
it suspended above the RF path as shown in Figure 4a.
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Fig. 4: Cross-section of an RF MEMS capacitor in the a) up state and b) down state position

Figure 4b demonstrates an RF MEMS variable capacitor in the actuated state (Down state). In this state,
the characteristics of the capacitor determine the MEMS on-capacitance. By virtue of changing the position
of the membrane with an applied DC voltage, the capacitance of this RF MEMS device can be changed over
a significant capacitance range and can be approximated by (Prasath et al. 2005)

&4
g

Where g, is the permittivity of air, 4 is the effective overlap area and g is the gap of the bridge. Table
3 shows the amount of capacitances introduced by the air bridge to the parallel coupled resonator filter.
Furthermore, the down state to the up state capacitance ratio is approximately 2:1 for every each section.

C

(6)
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Table 3: Bridge capacitances at up state and down state position

Parameters Section 1 Section 2 Section 3 Section 4
Up state capacitances (pF) 0.1 0.2 0.2 0.1
Down state capacitances (pF) 0.2 0.4 0.4 0.2

Tunable Filter Fabrication:

There are three basic building blocks in MEMS technology, which are the ability to deposit thin films of
material on a substrate, to apply a patterned mask on top of the films by photolithographic imaging, and to
etch the films selectively to the mask. A MEMS process is usually a structured sequence of these operations
to form actual devices as shown in Figure 5.
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Fig. 5: MEMS process flow

The filters are constructed on a 2x3 cm2 silicon substrate, with 600 pm thickness and dielectric constant

g, = 11.7. The fabrication process of three mask levels is illustrated in Figure 6 and briefly described here.

Deposition of 2000 A silicon nitride on a silicon substrate;

*  Deposition of 0.5 um aluminum by resistive evaporation; followed by spining of thin layer of AZ1500
photoresist, patterning of the basic filter structures using UV photolithographic process and aluminum
chemical etch;

*  Depositon of 1.5 pm sacrificial layer of spin-on-glass, used to define air gap and then, the patterning of
the windows related to the bridge columns is made. A hard bake is needed to avoid damages to the
sacrificial layer;

*  Deposition of 1.5 um aluminum bridge layer by resistive evaporation and patterning the bridge using UV
photolithographic process and acetone lift off;

*  Finally remove the sacrificial layer of spin-on-glass using buffer oxide etching to release the overall
structure.

RESULTS AND DISCUSSION

Electromechanical Simulation:

The commercial software ABAQUS, that uses finite element method is used as the mechanical simulation
tool for designing the MEMS device. The Figure 7 shows a 3D deformation analysis of the MEMS fixed-
fixed beam which is applicable for variable capacitor. The system is simulated in ABAQUS with the force
applied to the bottom surface of the beam as a ditributed load. The 3D ABAQUS simulation provides good
mechanical accuracy by automatically including the effects of geometric nonlinearity (or stress stiffening),
compliant stepups and contact.

The ABAQUS model (Figure 7) uses plane stress elements for the beam itself. For the accuracy of
analysis, the ABAQUS element type C3DSI is used to model the beam. Effects of fringing fields and finite
plate thickness are included in the model. To simplify the analytical simulation of a parrallel-plate variable
capacitor with such beams, an uncoupled model is considered to find the force-displacement relation for the
beam. Figure 8 presents the force-displacement characteristics of a fixed-fixed beam used to obtain the variable
capacitor. As can be seen, the applied force of 1 uN is strong enough to attract the beam to a maximum
displacemnt of 0.5 pm which is 1/3 of the original airgap.
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Fig. 6: Fabrication process flow for tunable filter

Fig. 7: Deformation structure of the fixed-fixed beam
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Fig. 8: Force-displacement characteristics of fixed-fixed beam
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The electro-mechanical coupling field analysis of the beam with an applied voltage of 8 Volts is performed
using ANSYS®. Figure 9 presents the pull-in voltage-displacement characteristics of a fixed-fixed beam. As
can be seen, the applied voltage of 7.5 Volts is strong enough to attract the beam to a maximum displacemnt
of 0.5 um which is 1/3 of the original airgap.

Electromagnetic Simulation:

The filter was simulated using 3D full wave electromagnetic simulator IE3D (Zeland Software 2007). The
insertion loss and return loss parameters of the tunable filter are shown in the Figure 10. Two states of the
MEMS bridges were simulated: 1) in the up state, when the bridges are at a height of 1.5 um the filter has
a center frequency of 9.8 GHz with a 3 dB bandwidth of about 45% and 2) in the down state, when the
bridges are at the minimum height of 1.0 um the center frequency shifts to a value of about 8.76 GHz with
a 3 dB bandwidth of about 69%. The 3 dB bandwidth of the filter tunes towards the left side of the response
from 45% to 69% for corresponding variations in the height of the bridge would be controlled by the actuation
voltage.
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Fig. 9: Pull-in voltage vs displacement characteristics of fixed-fixed beam
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Fig. 10: Transmission characteristics of the tunable filter

4625



Aust. J. Basic & Appl. Sci., 4(10): 4619-4629, 2010

Monte Carlo Simulation:

In a complex non-linear system such as this electrostatically-actuated beam, it is difficult to determine the
interdependence of various properties and parameters and hence Monte Carlo simulations are required. As a
guide for users of MEMS simulation tools, a Monte Carlo simulation on a 500 pm beam is performed to
obtain bounds on the precision of the simulated deflection assuming finite precision in input parameters as
given in Table 4. The Monte Carlo simulation is performed in ANSYS®, according a 5% variation for each
of these input parameters assuming a Gaussian distribution for all the dimensional parameters and material
properties.

The histogram of the maximum deflection shown in Figure 11 illustrate the scatter induced in the
deflection due to the scatter of the input variables. The relative frequency shown in the histogram is equal to
the number of samples within a certain interval divided by the total number of samples (100 in this case).

Table 4: Input random variables for probabilistic design

Parameters Mean Standard Deviation Minimum Maximum
Length (pm) 500 25 439 565
Width (um) 75 38 63 84
Thickness (pm) 1.50 0.07 1.32 1.69
Force (uN) 1 0.051 0.859 1.133
Young’s modulus (MPa) 70010 3485 61625 79065
Density (x10-15 kg/nm3) 2.70 0.13 2.30 3.08
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Fig. 11: Probability density function for the maximum dflection

Technical products are typically designed to fulfill certain design criteria based on the output parameters.
For example a design criterion is that the deflection will be above or below a certain limit. The cumulative
distribution curve for the deflection is shown in Figure 12. The line in the middle is the probability P that the
deflection remains lower than a certain limit value (g0-g). The complement 1.0-P is the probability that the
deflection exceeds this limit. For the stability of the beam, the deflection should remains within 1/3 of its
original gap spacing (Muldavin and Rebeiz 1999). Hence, the reliability of the device is given by the
probability that the deflection falls within that range. The upper and lower curves in Figure 12 are the
confidence bounds using a 95% confidence level. The confidence bounds quantify the accuracy of the
probability results.

Experimental Result:

The S-parameters measurements for the filters were done by using a vector network analyzer (VNA-
40GHz) and a Cascade probe station. The RF probes with a 450 um pitch were used for the RF measurements;
while Cascade Microtech probes were used for the DC application to the MEMS bridges. The DC ground was
provided through the RF path; by using two PicoSecond DC bias Tees. For the on-wafer measurement purpose,
a set of through reflection lines were also designed and fabricated on the same wafer with the filters.
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With the completion of the CPW RF probe pad to microstrip transition and the DC bias lines
implementation, the tunable bandpass filter reaches its final layout. Figure 13 shows the complete layout of
the tunable bandpass filter fabricated on Si substrate. It includes the CPW RF probe pad to microstrip and the
microstrip to CPW RF probe pad transitions at both of the input and output sides. A set of 450 pm pitch GSG
probes were used for the on-wafer RF measurement of this tunable bandpass filter.

The S-parameters (S11, S21) based comparisons between measured and simulated results for the tunable
bandpass filter are presented here. Figure 14 shows the tunable bandpass filter response comparison between
the measured and simulated results at the up state. As it can be seen from this figure, they have an excellent
agreement. The center frequency is at 9.8 GHz and the bandwidth is the same for both cases.

The measured insertion loss is about 2 dB which is an additional loss of less than 1 dB compare to
simulated insertion loss. This could be due to radiation loss, or the relatively thin metal used. This perfect
match shows two important aspects of the tunable bandpass filter development: 1) the physical dimensions in
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Fig. 12: Probability curve of the deflection
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Fig. 13: Final layout of the fabricated RF MEMS tunable bandpass filter

the simulations well match that of the real MEMS bridges from fabrication; 2) when all the MEMS bridges
at the up state, and the DC probes tips were not pulled down onto the DC bias pads which are connected to
the DC bias lines, the tunable filter does not experience any external loading effects.

Figure 15 shows the filter response comparison between the simulation and the measurement when all the
MEMS bridges are actuated, or at the down state. It is very obvious in this figure that the measured filter has
a much wider bandwidth than the simulated one. This could be due to the external loading effects, because
when all the MEMS bridges are at the down state, at that moment the dc probes tips were pulled down onto
the dc bias pads.

The bandwidth tuning is almost complete over the entire band of operation. The fabricated filter occupies
a chip area of about 12 x 3 mm2 and achieved an insertion loss of less than 2 dB and return loss of less than
-15 dB throughout the operation band. This tunable filter can be used in the future intelligent RF front-end
systems for wireless communication and multiband radar systems.
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Fig. 14: Transmission characteristics of the tunable filter (up state)
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Fig. 15: Transmission characteristics of the tunable filter (down state)

Conclusions:

In this paper, a tunable bandpass filter using micro fixed-fixed beam is designed, fabricated and measured.
The filter is fabricated on high-resistivity silicon substrate which is compatiable with the new SiGe process.
Alternatively, the filter could be fabricated on ceramic substrate (er=10) for even lower loss response. The S-
parameters (S11, S21) based comparison between measured and simulated results for the filter shows very good
agreement. The fabricated filter achieved an insertion loss of less than 2 dB and return loss of less than -15
dB throughout the operation band, thereby tuning the filter centre frequency by 11% between 8.76 to 9.8 GHz.
The tunable filter differs from the reported filters in that the bandwidth tunability is obtained by shunt
capacitance variation across the resonating stub rather than the conventional length switching. This paper has
also shown how probabilistic design can be used to simulate the effects of manufacturing tolerances on the
behavior of the device.
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