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ABSTRACT

Novel RF Microelectromechanical Systems Tunable Filters
with Adjustable Spurious Suppression. (December 2008)
Vikram Sekar, B.E., Visveswariah Technological University

Chair of Advisory Committee: Dr. Kamran Entesari

This thesis presents the theory and design of fixed and Radio Frequency (RF)
Microelectromechanical Systems (MEMS) -based tunable microwave filters for RF
and microwave applications. The methodology for the design of coupled resonator
filters is explained in detail and is used to design an end-coupled microstrip filter at
1.5 GHz with inductive loading using a stepped microstrip discontinuity to lower the
resonance frequency of the half-wavelength microstrip resonator. The fabricated end-
coupled filter shows center frequencies of 1.36 GHz and 1.03 GHz in the unloaded
and loaded state respectively, with insertion losses between 1.2-1.5 dB and return
loss better than 10 dB in both states. The filter response shows spurious passbands
at approximately twice the filter center frequencies. To overcome this problem and
improve the upper rejection skirt of the filter, microstrip resonators with tapped
input/output coupling and mixed inter-resonator coupling are used to suppress the
spurious passband by introducing a transmission zero at spurious resonance frequency.
Measurement results for the fabricated tapped-resonator filters show an improvement
of the upper rejection skirt due to spurious suppression to a level of -40 dB, with
insertion loss of 1.2-1.5 dB for the same center frequencies.

The concepts developed from fabrication and measurement of fixed-tuned mi-
crostrip filters are used to design an inductively-loaded RF MEMS tunable filter with
adjustable spurious suppression implemented using packaged metal-contact switches.

The two-pole 5% filter has a tuning range of 17% from 1.06 GHz to 1.23 GHz with an



v

insertion loss of 1.56-2.28 dB and return loss better than 13 dB over the tuning range.
The inductive loading mechanism is used to tune the open-ended quarter wavelength
stub such that a tunable transmission zero supresses the spurious resonance as the
filter center frequency is tuned. The spurious passband response in both states is
suppressed below -20 dB. The unloaded quality factor (Q) of the filter varies from
127 to 75 as the filter is tuned. The equivalent circuit model for the series metal-
contact packaged RF MEMS switch used in the tunable filter is derived from full-wave
electromagnetic simulations and used to predict the effect of MEMS switch parasitics

on the overall performance of the tunable filter.
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CHAPTER I

INTRODUCTION

A. Tunable Filter Applications

Electrical filters have the property of frequency-selective transmission which enables
them to transmit energy in one or more passbands and to attenuate energy in one or
more stopbands. Major advances and development in the field of microwave filters
were mainly during World War II at M.I.'T Radiation Laboratory, Harvard Radio
Research Laboratory, etc and research was mostly devoted to the development of
Electronic Counter Measures (ECM) for radar applications. ECM systems involve
Electronic Support Measures (ESM) systems that classify incoming radar signals by
amplitude, pulse-width, frequency, etc, to identify and intercept radio communication
signals [1]. Appropriate counter-measures such as jamming could then be taken based
on the identity of the intercepted signal. Frequency resolution of signals can be
achieved by splitting the entire microwave range into smaller sub-bands and by using
mechanically, magnetically or electronically tunable filters with fast-tuning speed to
scan the whole receive band.

Microwave filters are essential components of Radio Frequency (RF) front-end
communication systems for mobile and base station applications. The advent of
multi-standard wireless handsets require frequency-agile RF front ends that support
communication at multiple frequencies. Tunable filters are employed in transmitters

and receivers of multi-band or frequency-hopped transceivers.

The journal model is IEEE Transactions on Microwave Theory and Techniques.



B. Filter Tuning Techniques

The tuning mechanism in tunable filters can be classified into three major types:
mechanical, magnetic and electronic [2].

Mechanically tunable bandpass filters are realized using co-axial or waveguide
resonators and have large power-handling capability and low insertion loss. These
manually tuned filters have slow tuning speed and are often large and bulky for
application in modern integrated systems [3].

Magnetically tunable bandpass filters have been used extensively in microwave
communication systems and have single-crystal Yttrium-Iron-Garnet (YIG) spheres
in their resonators that are tuned by changing the biasing current (typically hundreds
of milliamperes). Advantages of such filters are multi-octave tuning range, spurious
free response, low insertion loss and high quality factor (Q-factor), while their disad-
vantages are size, power consumption, tuning speed and incompatibility in integrated
systems [4], [5].

Electronically tunable filters typically employ variable capacitors that are con-
trolled by applying a bias voltage, thereby tuning the resonator. These filters provide
octave tuning range, compact size, fast tuning and compatibility to integrated front
ends. Several technologies are used to provide variable capacitors in tunable filters
such as semiconductor diodes (gallium arsenide, silicon and silicon germanium), fer-
roelectric thin-films and RF microelectromechanical (MEMS) switches. Among these
technologies, semiconductor diodes suffer from poor power handling, non-linear be-
havior and low Q-factor at microwave frequencies [6], [7]. Barium Strontium Titanate
(BST) ferroelectric thin films provide high tunability at room temperature and have a
relatively high power handling capability. They are easily implemented in integrated

planar structures and enable compact designs but suffer from poor linearity hence



limiting the dynamic range of systems [8].

Recently, RF MEMS technology has provided means of creating highly linear,
low-loss electromechanical switches that either provide an open circuit with a small
capacitance (10-80 fF) or a short circuit with a small resistance (0.6-1 ). MIT
Lincoln Laboratory [9], Raytheon [10] and Radant MEMS Inc. [11] have developed
miniature switches with moving metal membranes in series or shunt configuration,
that are actuated by an applied voltage bias. RF MEMS switches have several distinct
advantages such as very low insertion loss (0.05-0.2 dB), very high linearity (/1 P; >60
dBm), extremely low power consumption due to electrostatic actuation and very high
isolation. They are very suitable for highly integrated systems and have been widely
used in miniature switchable filters, phase shifters, etc [12]. The disadvantages of
RF MEMS are low power handling capability (<1-2W), medium switching speed (3-
100pus), reliability and requirement for hermetic packaging. Ongoing research in RF
MEMS concentrate on improving these drawbacks and efforts are being made to make

RF MEMS compatible with integrated circuit foundry processes.

C. Thesis Overview

This thesis comprises of the theory and design of novel fixed and RF MEMS-based
tunable microstrip filters for microwave applications. Chapter II deals with the design
of a fixed end-coupled microstrip filter with inductive loading. This filter is then ex-
tended to design a novel inductively loaded microstrip filter with tapped input-output
coupling and mixed inter-resonator coupling. These fixed filters are fabricated and
measurement results are provided. Chapter III deals with RF MEMS switch tech-

nology and the switch parameters for the packaged series metal-contact RF MEMS



switch from Radant MEMS Inc.!, which is used in the design of the tunable filter.
Chapter IV describes the design of a tunable RF MEMS filter based on the topolo-
gies investigated in Chapter II. The upper rejection skirt of the filter is improved by
developing means of simultaneously suppressing the spurious harmonic resonance as
the filter is tuned. The fabricated filter and measured performance are presented.

Chapter V is the conclusion and future work.

'Radant MEMS Inc., Stow, MA



CHAPTER II

DESIGN OF INDUCTIVELY-LOADED FIXED-TUNED
MICROSTRIP FILTERS

A. Introduction

RF bandpass filters are essential components in RF heterodyne receivers where they
act as image reject filters before the first down-converter to prevent the image fre-
quency from appearing in the intermediate frequency (IF) band. In heterodyne archi-
tectures, they are also used as channel select filters to minimize out-of-band interfer-
ence. Microstrip technology is popular in mobile wireless applications due to its light
weight, compactness and relatively low-loss. Various planar microstrip bandpass filter
topologies have been developed based on butterworth, chebyshev and elliptic function
responses to provide the required rejection performance in receiver systems [13].
The design of microwave filters is normally accomplished by using a two-port
lumped element network called a lowpass prototype with an angular cutoff frequency
of 1 rad/s and reference impedance of 1Q2. Network synthesis [14] enables the de-
sign of these prototype networks to meet an approximating transfer function such as
chebyshev, elliptic function, etc. Fig. 1(a) shows the ladder lowpass prototype net-
work for an all-pole (transmission zeros at infinity) network and Fig. 1(b) shows the
lowpass filter implementation with admittance inverters and shunt capacitors. The
dual implementation of these networks using impedance inverters and series inductors
is possible. The optimally selective function for an all-pole prototype is the cheby-
shev filter with equi-ripple response in the passband and monotonically increasing
rejection in the stopband. The order of the chebyshev lowpass network for a given

rejection performance can be determined by equations given in [13]. The designed
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Fig. 1. (a) Low pass prototype network for all-pole filter, and (b) low pass prototype

network using inverters.

lowpass prototype network is then converted to its bandpass equivalent by the use of
transformation equations [13]. The filter structures developed in this chapter can be
generally classified as coupled resonator filters and the underlying principles involving
the design of such structures has been well established by Cohn [15],[16]. Filter de-
sign is based on the use of quarter or half-wavelength microstrip resonators as series
and shunt resonators respectively and inductively or capacitively coupled microstrip
lines as impedance or admittance inverters. The design, simulation and fabrication of
capacitively coupled filters with inductively loaded resonators and tapped resonator

coupling for spurious resonance suppression is presented in this chapter.

B. Design

This section describes the design of two fixed filters: Traditional end-coupled filter

and mixed coupled filter with tapped resonators. A slow-wave resonator is created



by inductively loading the resonator with a step in resonator impedance and the
corresponding shift in resonant frequency is studied. The filter design methodology
for both filters is presented.

The general configuration of an open-ended half-wavelength resonator two-pole
microstrip filter and its equivalent circuit are shown in Fig. 2(a), 2(b). The half-
wavelength resonators have a physical length ‘I’ and characteristic admittance Yj,
and act as shunt LC resonators. The microstrip gaps provide a coupling capacitance
(Ciit1,1 = 0,1,2) due to fringing electric fields at the ends of the resonators. The
reactance associated with a capacitance C; ;1 is represented by B; ;1 1. The equivalent
m-model representation of the series gap capacitance is used to realize a J-inverter
in the filter structure, as shown in Fig. 2(c). The electrical length of the microstrip
resonator is reduced to adjust for the negative shunt capacitances provided by the
J-inverters. The input and output ports are microstrip lines with Y,=50 € and is
typically achieved with a tapered microstrip transition for Y4 # Y.

The design of end-coupled microstrip resonator filters can be accomplished with
the use of design equations in [13] but a more general computer-aided design method-
ology introduced by Dishal [17],[18] is employed for the design of filters in the rest of
this thesis. The design specifications for the end-coupled microstrip filter are shown
in Table. I. The low-pass prototype element values for the given specifications are:
go = 1,91 = 0.6323, go = 0.5269, g5 = 1.1999. The given passband ripple value (0.036
dB) ensures that there is at least 20.8 dB (1.2 VSWR) return loss at the filter input

and output.
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Fig. 2. (a) General configuration of end-coupled microstrip bandpass filter, (b) equiv-
alent bandpass prototype filter with J-inverters, and (c) equivalent circuit of a

capacitive J-inverter.

Table I. Bandpass filter specifications

Center Frequency 1.5 GHz
Fractional Bandwidth (FBW) 5%
Filter response All pole Chebyshev
Number of poles 2
Passband ripple 0.036 dB




1. End-coupled microstrip filter
a. Methodology

Any narrow-band, lumped element or distributed bandpass filter can be completely
described by three fundamental quantities: synchronous tuning frequency, fy, cou-
pling between adjacent resonators, K;;;, and the singly loaded external quality fac-
tor, Qes, of the input and output resonators. From the given specifications, the
inter-resonator coupling, K41, and external quality factor, ey, can be derived for

the general case of an N-pole filter as [14]:

o FBW
bt VYi-Gi+1

_ 90491
Qexty = B (2.2)

gN-gN+1
Qeth - FBI/I—; (23)

(2.1)

where i = 1,..., N — 1., FBW is the fractional filter bandwidth and g, ..., gy.1 are
the lowpass prototype values for a chebyshev filter of order N with given ripple in the
passband.

Eqns. (2.1), (2.2) and (2.3) are evaluated for the prescribed specifications result-
ing in Qert;, = Qext, = 12.64 and Ko = 0.08665. The design of the filter involves
converting the calculated values of Q).,; and K5 into equivalent physical parameters
involving open-ended half-wavelength microstrip resonators.

The microstrip filter is designed on RT/Duroid 6010LM with permittivity of
€, = 10.2 and thickness of 2.54 mm. The characteristic impedance of the resonator
is chosen to be Yy=30 2 which corresponds to a line width of 5.5 mm. The effective

permittivity of the substrate at 1.5 GHz is found to be e,.sy = 7.6 from full-wave sim-
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ulations using a commercial EM simulator, SONNET!, assuming that the substrate
material is non-dispersive in nature. The length of the half-wavelength microstrip
resonator is calculated as [ = 33 mm.

The end-coupled filter structure has purely electric coupling due to fringing elec-
tric fields at the open ends of the resonators and hence the inter-resonator electric
coupling coefficient is found as a function of inter-resonator capacitance (Cy2) [19].
The coupling coefficient between two resonators can be completely characterized by
the electric resonance frequency (f.) and magnetic resonance frequency (f,,) associ-
ated with the coupling mechanism. Since f, and f,, are less and greater than resonator
center frequency respectively for electric coupling, the resonator is detuned by loose
input /output coupling (|S2;| = —30 dB to —40 dB, at resonator frequency) so that f,
and f,, can be identified for calculation of the coupling co-efficient by full-wave EM
simulation for different values of C}5. Fig. 3 shows the simulated Sy; parameters for
different values of Ci5. The higher resonant peak corresponds to the magnetic reso-
nant frequency (f,,) and the lower resonant peak corresponds to the electric resonant

frequency (fe). The coupling coefficient is calculated from,

fo = f2

K=121m Je
fin 12

(2.4)

The obtained K values are used as data points for a 2"¢ order polynomial curve fit
as shown in Fig. 4. The polynomial equation is used as a reasonably accurate initial
approximation to find the inter-resonator capacitance for a given coupling coefficient.
It is observed that the resonator center frequency changes as the capacitance is varied.
A correction for the shift in resonance frequency is adjusted in the resonator length,

and the coupling coefficient is recalculated. Subsequent optimization results in accu-

ISONNET Software Inc. v11.52, Syracuse, NY
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Fig. 3. Simulated Sy; for different values of C5. Higher frequency peak and lower

frequency peak represent f,, and f. respectively.

rate values for resonator length and capacitance. The required coupling coefficient
(K12=0.0866) is achieved when the inter-resonator capacitance is Cjo = 0.494 pF.
Once the required value of ("5 is determined, it is realized in microstrip technology
by a gap or inter-digital capacitor.

The phase response of a singly loaded resonator as shown in Fig. 5 is used to
extract the external quality factor of the end resonators [13]. The phase response of
St1 of the singly loaded resonator is found at the reference place T'—T" with external
conductance GG attached to the lossless shunt LC resonator. Ideally, the absolute
phase of Sy is zero at the resonant frequency and the external quality factor is found

from,

Qeact = (25)

Af:i:90‘7
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Fig. 4. Variation of coupling coefficient with coupling capacitance.

where fj is the resonance frequency of the resonator and A figge = figoe — f_gge is
the frequency difference between points of absolute phase +90° and —90° respectively.
Qext 18 extracted from full-wave EM simulation for different values of input/output
coupling capacitance (Cj,) and a 2" order polynomial curve is fit to the calculated
data points. The reference plane T—T" in Fig. 5 may not be located at the same point
in EM simulation thus resulting in non-zero absolute phase at resonant frequency. A
correction is enforced to account for this phenomenon by calculating £90° offsets
from the non-zero absolute phase value at resonant frequency. Fig. 6 shows the
variation of external quality factor with input/output coupling capacitance and shows
that C;, = 1.83 pF is necessary to achieve the calculated external quality factor,
Qewt = 12.64.

Fig. 7 shows the designed layout of the end coupled microstrip filter. The

inter resonator capacitance C, is implemented as an four finger interdigital capacitor
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Fig. 5. Equivalent circuit of a singly loaded resonator.

with dimensions as shown in Fig. 7 while the external coupling capacitors Cj;, are
implemented as lumped surface-mount capacitors due to their large capacitance value.
Fig. 8 shows the full-wave EM simulation of the filter structure with dielectric loss
included. A shift in filter center frequency is observed due to existence of shunt
parasitic capacitances in the interdigital capacitor. These contribute to an excess
phase length which shifts the bandpass response to lower frequencies. Correction
in resonator length must be incorporated to ensure that the bandpass response is
centered around the designed frequency of 1.5 GHz.

The simulated response of the end-coupled microstrip filter shows the presence
of a second spurious response due to the resonance between capacitive inverters and
inductive open-ended resonators as they are tuned to lower frequencies [20]. Only
dielectric loss is considered in the simulation and is observed to be around 0.5 dB.
For the rest of the filters designed and fabricated in this thesis, the dielectric loss
remains almost the same. Any additional loss arises due to radiative losses and losses
due to external components such as capacitors, connectors and switches. The presence
of a spurious response degrades the rejection in the upper skirt of the filter response
and hence it is not desirable. Methods will be developed later in this thesis which

result in the suppression of the spurious response to improve the upper rejection skirt
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Fig. 6. Variation of external quality factor with input/output coupling capacitance.

of the filter.

b. Inductive resonator loading

Inductively or capacitively loaded resonators are used in miniature filter design to
create “slow-wave” resonators through which signals propagate with a phase velocity
lesser than the natural phase velocity that is determined by the guided wavelength in
the medium [21]. By decreasing the phase velocity through a resonator, the resonator
appears electrically longer and resonates at a lower frequency. Recently, the loading
technique has been extended to the design of tunable filters by switching inductive
or capacitive loading elements to provide controllable phase velocity in the resonator
[22]. The loading mechanism in [21] and [22] is based on capacitive resonator loading
with shunt capacitive RF MEMS switches in short-ended CPW resonators at the

point of maximum voltage. The dual of this topology, i.e., series inductive loading



Fig. 7. Layout of the end-coupled filter. All dimensions are in mm.
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in microstrip resonators at the point of maximum current density is discussed in the
following paragraphs.

Consider the inductively loaded resonator and the equivalent circuit of the load-
ing section shown in Fig. 9(a) and 9(b). A microstrip stepped impedance discon-
tinuity is equivalent to a series inductance with parasitic shunt capacitances at the
step interface [13]. The parameter r is considered to be the ratio of widths w; to wsy
(0 < r <1) and the length of loading section [, is located at a distance dy from one

of the open ends of the microstrip resonator.

W3

(a)

Lind
.-l ZOr dS! Ereff ZO; dsr Ereff |_.

I Cind Icind

(b)

Fig. 9. (a) Stepped-impedance inductively loaded resonator, and (b) equivalent circuit

for inductively loaded resonator.

The values of r, d, and [, determine the shift in the resonant frequency of the
stepped-impedance resonator, and hence the effect of these parameters on the res-
onator will be studied. Analytical expressions for the stepped-impedance resonator
will be developed in chapter IV. It is of interest here to establish a parametric study
of the shift in resonance as the constitutive parameters are varied. Fig. 10 shows the

variation of resonance frequency as r and [ are varied with the inductive discontinuity
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placed in the middle of the resonator.
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Fig. 10. Change in resonator center frequency expressed as a percentage tuning from
unloaded resonator frequency as the line width ratio and length of inductive

section is varied.

It is seen that smaller values of r provide greater shift in resonance frequency. The
smallest value of r is restricted by manufacturing tolerances and should be considered
in design. Empirical formulas for the determination of equivalent circuit parameters
Ling and Cjpq in the microstrip discontinuities is found in [13]. Parasitic shunt capac-
itance Cj,q provides partial capacitive loading in the resonator apart from inductive
loading by L;,q and causes the resonance to shift to still lower frequencies. Increasing
ls causes L;,q to have higher values thus causing greater loading effect on the res-
onator. The highest shift in resonance frequency for a given r and [, occurs when the
loading section is located in the middle of the resonator, i.e., at the point of highest
current density. Based on these design curves, an inductively loaded microstrip filter

is designed with » = 0.0909 and [, = 4.8 mm with the loading section located in the
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middle of the resonator. Fig. 11(a) shows the proposed layout of the filter and Fig.
11(b) shows the obtained full-wave simulation considering the effect of dielectric loss
mechanisms.

The inductively loaded end-coupled filter also shows a higher spurious passband
response that degrades the upper rejection skirt of the filter. Tamijani et al. have
shown that the spurious passband can be moved to higher frequencies (> 3 ;) by using
distributed loading techniques [21]. Since the proposed inductive loading mechanism
is lumped in nature, alternate solutions are required to ensure suppression of the

spurious band.

2. Tapped resonator microstrip filter with mixed coupling
a. Suppression of spurious responses

As discussed in the previous section, the decreased upper skirt due to spurious pass-
band response can result in filter performance that is unacceptable in many systems
due to insufficient adjacent channel rejection. Several methods have been developed
to suppress the spurious responses of microstrip filters by equalizing the even and
odd mode phase velocities of the wave traveling through the microstrip filter. In [23],
over-coupled end stages of the filter with increased image impedance is used to equal-
ize phase velocities in high €, substrates. Apertures in the ground plane designed by
quasi-TEM optimization routines are also used to suppress the second spurious pass-
band by equalizing the even and odd mode phase velocity [24]. Meandered parallel
coupled lines have been used to design miniature filters with spurious suppression
at the second harmonic frequency for wide bandwidth filters fabricated on high e,
substrates [25].

While these techniques depend on phase velocity equalization, the method dis-
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Fig. 11. (a) Proposed layout of inductively loaded end coupled filter, and (b) simulated

performance of inductively loaded end-coupled filter.
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cussed in this section is based on a tapped microstrip filter that is used to provide
a transmission zero at the spurious passband frequency to suppress it and hence im-
prove the upper rejection skirt of the filter. The design of tapped resonator filters has
been discussed in detail in [26]. The position of tapping on the resonator is based on
the required spurious suppression frequency as well as the value of ).,; that has to

be satisfied.

b. Tapped resonator filter

The proposed tapped resonator microstrip filter is shown in Fig. 13(a) where t; = 7.5
mm is the position of the tap point from the open end of the resonator. A transmission
zero at 2fp is introduced in the filter response by designing a filter with tapped
resonators where the tapping distance ¢, is a quarter wavelength long at 2f,, or
equivalently, one-eighth wavelength at f;. A quarter wavelength transformer at 2 f
transforms the open end of the resonator to a short circuit at the tap point thereby
suppressing the spurious passband. An approximate tap point is calculated based on
€refs Of the substrate and the tapped resonator is simulated using an EM simulator.
t, is adjusted to get a voltage minimum at the tap point at 2f;. The value of Qe
will be obtained by coupling the input/output lines with an appropriate coupling
capacitance to the resonators.

An end-coupled microstrip filter designed with the tapped resonator will have
purely electric inter-resonator coupling as discussed in the case of the end-coupled mi-
crostrip filter. Filter miniaturization can be achieved by using mixed inter-resonator
coupling due to reduction in the overall area associated with the filter. Mixed cou-
pling is characterized as the sum of electric and magnetic coupling coefficients [13]. By
coupling the two resonators at any arbitrary point on the resonator, electric coupling

is caused by fringing electric fields between the resonators and magnetic coupling is
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caused by mutual inductance between currents flowing in each resonator. Fig. 13(a)
shows the two resonators coupled at an arbitrary point and separated by an appro-
priate gap which determines the inter-resonator coupling co-efficient. The microstrip
resonator with tapped input/output coupling and mixed inter-resonator coupling will
have to satisfy the design requirements for ().,; and ko as derived in Section B.1.a
for the filter design specifications in Table I.

The filter is designed on RT/Duroid 6010LM with e, = 10.2, and thickness of
2.54 mm. Dishal’s method is used to extract the Q).,; and ko design curves for the
filter. The variation of Q.,; with input/output coupling capacitance and the variation
of k1o with inter-resonator gap is shown in Fig. 12(a) and Fig. 12(b) respectively.

The required value of Q¢ is achieved when the input/output coupling capaci-
tance is 2.2 pF and k;5 is achieved when the inter-resonator gap is 0.8 mm.

Fig. 13(b) shows the simulated performance of the tapped microstrip filter with
the only loss mechanism being the dielectric loss tangent of the substrate. The center
frequency of the filter is fy = 1.45 GHz and the suppressed frequency harmonic at
2fo = 2.9 GHz is suppressed to > 40 dB. This improves the upper rejection skirt
of the filter compared to the equivalent end-coupled microstrip filter performance in

Fig. 8.

¢. Inductive resonator loading

The inductive loading mechanism described in Section. B.1.b can be used to change
the resonant frequency of the tapped resonator filter. An inductive discontinuity
with » = 0.0909 and /[, = 4.8 mm placed in the middle of the resonator is used to
create a loaded tapped-resonator filter. The layout of the filter is shown in Fig. 14(a)
where all the dimensions remain the same as the unloaded tapped-resonator filter

except for the addition of the loaded section. With this implementation, the center
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(a) Proposed layout of the tapped resonator filter which provides suppression
of the higher spurious passband. All dimensions are in mm. (b) Simulated

filter performance.
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Fig. 14. (a) Layout of the inductively loaded tapped resonator filter, and (b) simulated

performance of the inductively loaded tapped resonator filter.
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frequency of the filter is moved to a lower frequency but the transmission zero due the
tapped resonator remains unaltered. This implies that as the filter center frequency is
changed, its higher spurious suppression mechanism is unaltered thereby resulting in
non-optimum upper rejection skirt performance. A mechanism to control the quarter
wavelength stub at input and output of the filter will be introduced in chapter IV
enabling the spurious suppression frequency to move as the filter performance is
changed, thus maintaining a reasonably constant upper rejection skirt.

Fig. 14(b) shows the full-wave simulation of the filter performance. It is seen
that the center frequency has changed from 1.45 GHz to 1.14 GHz due to inductive
loading, resulting in 21.3% change in center frequency with respect to the unloaded

filter center frequency.

C. Implementation

1. Fabrication and measurement

The filters designed in the previous section are all fabricated on RT/duroid 6010LM
high frequency substrate with a thickness of 2.54 mm and permittivity e = 10.2+0.25.
The copper cladding is 1 oz. electrodeposited copper which corresponds to 35um thick
copper foil. The filters are fabricated using a standard PCB etching process and SMA
connectors are mounted on the input/output ports to facilitate the measurement.
Standard full 2-port S parameter measurements are made on an Agilent 8719ES
network analyzer by calibrating out the effect of cables and connectors using Load-
Reflect-Match (LRM) technique.

Figs. 15, 16, 17 and 18 show the fabricated filters along with good agreement
between simulated and measured results. The end-coupled filters have a center fre-

quency shift from 1.36 GHz to 1.03 GHz in the unloaded and loaded cases respectively.
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The tapped-resonator filters have a center frequency shift from 1.40 GHz to 1.13 GHz
in the unloaded and loaded cases respectively. The measured responses have show
a frequency shift of 0.1-0.15 GHz from the simulated responses due to uncertainty
in the exact value of the dielectric constant of the substrate. The insertion losses
of the end-coupled and tapped resonator filters are 1.2 dB and 1.5 dB respectively.
The effect of introducing a discontinuity in the resonator does not have a significant
effect on the filter’s insertion loss. However, there are a few discrepancies that need
to be explained. In the case of the end coupled filters, the matching performance is
better than -10 dB in the measurements while the designed return loss is better than
-15 dB. This arises due to imperfect positioning of the input/output surface-mount
capacitor along the width of the resonator because of smaller width of the capacitor
compared to the width of the microstrip line thus decoupling the input/output from
the filter. Since there is no uncertainty in the position of the surface-mount capacitor
in the tapped resonator filter (the capacitor and microstrip line have similar widths),
the measured return loss is better than 15 dB and closer to the designed value. The
slight mismatch in high frequency performance (> 2 GHz) is attributed to fabrication
sensitivity at higher frequencies and the dispersive nature of the substrate which was

not accounted for in design.

2. Quality factor

The quality factor of a resonator (Q) is a figure of merit that quantifies the energy

dissipated by a resonant circuit. The general definition for the Q-factor is given by,

enerqy stored in resonator

power dissipated
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At resonance, the Q-factor is,

Wt We _ 2W,
‘PlOSS B 0 'PZOSS

Q = wo (2.7)

where wy is the resonant frequency, W,,, and W, are the average magnetic and electric
energies stored in the resonant structure and P, is the power loss. At resonance,
the electric and magnetic energies are equal.

In practice, for a resonator to be used in a system, it has to be loaded by external
circuitry. The losses associated with the external circuitry adds to the losses in the
resonant structure and affects the Q-factor measurement of the resonant structure. In
order to measure the Q-factor of the resonant structure exactly, the Q-factor associ-
ated with the external circuitry (Qez¢) has to be known. The Q-factor of the resonant
structure and the external circuitry is called the loaded Q-factor (@) and is found
by direct measurement. The Q-factor associated with the resonant structure alone is
called the unloaded Q-factor (Qy) of the structure. Q., @1 and Qu are related as
[14],

L1 1
QL QU Qewt

(2.8)

For a bandpass resonant structure at resonant frequency with equal load and source
impedances, 0, and @y can be directly related by measured s-parameter values at

the resonant frequency as [27],

Qr = Qu(l — Sn) (2.9)

QL =QuSnu (2.10)

The method described so far is used to calculate the unloaded Q-factor of the in-

ductively loaded fixed-tuned filters. The unloaded Q-factor for the end-coupled and
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tapped resonator filters are approximately 140-150. This reasonably high value of Q-
factor is a result of low loss in the filter and justifies the use of microstrip designs for
filters in front-end receiver electronics. The loss can be further decreased by housing
the filter in a metal casing such that radiation losses are minimized thus increasing
unloaded Q-factor of the filter. This is especially important in microstrip circuits
since they tend to have high radiation losses due to fringing fields at the edges of the

microstrip line.
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CHAPTER III

DEVELOPMENT OF THE RF MEMS SWITCH MODEL

A. Introduction

Micro-Electro-Mechanical Systems (MEMS) are devices with dimensions in the mi-
cron range and use movable mechanical structures to control high frequency electrical
signals.

RF MEMS switches are of two types: series metal-contact and shunt capacitive.
The series switch makes an open circuit in the signal path when there is no bias
voltage applied. When there is an actuating voltage applied, the electrostatic force
developed pulls the movable membrane down to make a metal contact with the signal
line thereby providing a short circuit (Rs < 22) in the signal path. Capacitive
switches make a metal-dielectric contact when an actuating voltage is applied to it
resulting in a large down-state capacitance (Cyown =~ 1 pF) that provides a negligibly
small impedance to the signal flowing through it. Series metal contact switches are
mostly used from DC-40 GHz while capacitive switches are suitable for applications in
the 10-200 GHz range. Electrostatic actuation results in the MEMS switch having a
very low power consumption. Although MEMS switches have certain disadvantages
such as medium switching speed (3-100 ps) and low power handling capability (<
1 — 2 V), their high linearity, low insertion loss and high isolation justify their use
in RF /microwave systems which require high performance switches at relatively low

speeds.



32

B. Enhanced Modeling of RF MEMS Series Metal-contact Switch

Metal-contact SPST RF MEMS switches from Radant MEMS Inc. are used to im-
plement the tunable filter. Lumped-element tunable filters in the MHz range have
been designed and fabricated using this switch and they are shown to have good per-
formance [11]. This switch has been tested to > 100 billion cycles at 100 mW of RF
power for > 100 units [28], [29]. This section deals with the extraction of the equiva-
lent circuit model of the packaged MEMS switch which takes all the non-idealities of
the switch into account.

Fig. 19 shows the detailed structure of an eight metal-contact RF MEMS series
switch from Radant MEMS Inc. The switch is made of a gold cantilever beam that
is anchored at the source end and is movable at drain end. The signal flows between
the drain and source connections whereas the bias voltage to the switch is applied
to the gate. When an actuating voltage of 90 V or higher is applied between the
gate and source electrodes, the free end of the beam is deflected and contacts the
drain thus completing an electrical path between the drain and the source. Figs.
20(a),(b) show the hermetically packaged RF MEMS switch and Fig. 20(c) shows
the simplified model of a series metal-contact switch. The dimensions of the fully
packaged switch are 1.42 mm x 1.37 mm. When the switch is in the up-state (0 V)
the MEMS switch is equivalent to a capacitance of 80 fF and in the down-state (90
V), the switch is equivalent to a 0.7 € resistor. A short high impedance transmission
line on high resistivity silicon substrate is shown as a 0.15 nH inductance in series
with the switch. The switch modeling methodology and its effect on filter insertion
loss and bandwidth is described in detail in [11].

Fig. 21 shows the top and side views of a mounted and bond-wired RF MEMS

switch on RT/Duroid substrate. The switch is mounted on top of a metallic pad
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Fig. 20. (a) Photograph, (b) side view and (c) simple model of the Radant MEMS

switch.
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using silver epoxy. The drain, source and gate pads on the switch are 100 pm X
200 pm and they are attached by means of bond-wires to external metal landing
pads (0.7 mm x 0.7 mm). The bond-wire has a length of 1 mm and a height of
0.3 mm, with a diameter of 25 um. Fig. 21(c) presents the enhanced circuit model
considering bond-wire and mounting pad effects. The capacitance between mounting
pad and RT/Duroid substrate ground is extracted from full-wave simulation using
Agilent Technologies” Momentum! and fitted to a 144 fF capacitance to ground. The
magnitude and phase responses between the full-wave simulation and circuit model
show good agreement from 0.5-3 GHz as shown in Fig. 22. This is equivalent to a
parallel plate capacitance between the landing pad and the ground plane, and can be

expressed as,

€r60A
h

C:Cpp+0f: —|—Of (3.1)

where €, and C, are the parallel plate and fringing capacitances respectively. h is
the height of the RT/Duroid substrate and A is the area of the landing pad. The
landing pad size is chosen to be 1.9 mm x 1.9 mm on 2.54 mm thick RT/Duroid
substrate (¢, = 10.2). The parallel plate capacitance C,, is calculated to be 128
fF and the fringing field capacitance is found to be 16 fF from full-wave simulation
(fringing factor, v = 0.125) resulting in a total capacitance of 144 fF.

The intrinsic switch model consists of the equivalent circuit between the switch
drain and source pads through the 2 pum thick oxide layer (e, = 3.8), 250 um thick
high-resistivity silicon layer (p = 3 k{).cm). The intrinsic circuit depends on the
switch construction alone and not on extrinsic factors such as bond-wires, mounting
pads or other external parasitic effects. The intrinsic switch model has been extracted

'Advanced Design System (ADS) 2002A. Agilent Technologies, Palo Alto, CA,
2002.
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Fig. 21. (a) Top view, (b) side view, and (c¢) enhanced model of a mounted RF MEMS

switch on RT/Duroid substrate.
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by full-wave simulation and verified by measurement in [11] for the 25-75 MHz range
and remains unchanged in the 1-1.5 GHz range.

The bond-wire used to attach the MEMS switch to the rest of the filter circuit
has a resistance (R;) and an inductance (L) that is in series with the intrinsic switch
model. The bond-wire is 1 mm in length and 0.3 mm in height with a diameter of 25
pm (see Fig. 21(b)). The equivalent circuit model of the bond-wire is extracted by
simulating the bond-wire model which is available in Agilent Technologies’ Advanced
Design System (ADS) with appropriate dimensions and then fitting it to a series R-L
circuit. The comparison between bond-wire model simulation and circuit simulation
is shown in Fig. 23 where the circuit simulation is the s-parameters of a series R-L
circuit with L, = 0.8 nH and R, = 0.1€).

The transitions in the width of the microstrip line and the microstrip-bondwire
transition has an equivalent inductance associated with it which is external to the
switch, bond-wire and landing pads. This external inductance comes in series with
the bond-wire inductance and intrinsic bridge inductance thus increasing the overall
inductance in series with the switch. This inductance also depends on the exact posi-
tion of the bond-wire on the bonding pad attached to the microstrip circuit and hence
the accurate estimation of this inductance is a challenging task. Due to the accurate
extraction of the equivalent circuits associated with the bond-wire, landing pad and
the switch, an approximate estimation of the external inductance is possible by find-
ing the value of external inductance that best emulates measured filter performance.
It will be seen in chapter IV that this is in fact a valid approach due to the exact
determination of all circuit elements that are a part of the tunable filter leaving the
external inductance to be the only unknown factor. The results of the next chapter
will also prove that the circuit model for the MEMS switch presented in this chapter

predicts the filter performance accurately.
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The extracted circuit model directly affects the insertion loss and tuning range
of the filter. The insertion loss arises due to the non-zero value of down-state switch
resistance, conductive losses associated with the high-resistivity silicon substrate and
finite conductivity of metal lines. The total series inductance of the switch which
includes external inductance, bridge inductance and bond-wire inductance comes in
parallel with the inductance used to tune the resonator thereby decreasing the overall
loading inductance on the resonator. This significantly decreases the center frequency
tuning range of the filter and also decreases the tuning range of adjustable spurious

suppression. These effects will be discussed in detail in the next chapter.
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CHAPTER IV

AN INDUCTIVELY-LOADED RF MEMS TUNABLE
FILTER WITH ADJUSTABLE SPURIOUS SUPPRESSION

A. Introduction

Low power consumption and highly linear electrostatically actuated RF microelec-
tromechanical systems (MEMS) switches have been extensively used in high perfor-
mance miniaturized tunable microwave filters for reconfigurable RF front-ends, radar
systems and wideband tracking receivers in recent years [30]. The existing solutions
for RF MEMS tunable filters are based on using MEMS switches to control resonator
loading. Fixed relative bandwidth over the tuning range can be achieved by employing
dual coupling and loading schemes such as co-planar waveguide filters with capaci-
tively loaded resonators and shunt inductive inverters [21]. An alternative topology
with inductively loaded resonators and series capacitive inverters is necessary in mi-
crostrip designs where shunt inductive inverters are difficult to implement. Filters
with dual coupling and loading schemes have a spurious passband which results in
poor high frequency rejection [20]. It is possible to suppress the spurious passband
for fixed filters by introducing a transmission zero to provide spurious suppression
[31]. The spurious passband can be pushed to higher frequencies using distributed
loading for tunable filters [21].

This chapter presents a two-pole microstrip RF MEMS tunable filter with induc-
tive loading controlled by surface-mount on-chip metal-contact RF MEMS switches
with electrostatic actuation. The inductive loading technique is extended to tune the
spurious suppression as the filter is tuned, to achieve better rejection over the tuning

range.
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B. Circuit Analysis and Design

1. Resonator design

The proposed half-wavelength open-ended microstrip resonator and its equivalent
circuit model are shown in Fig. 24. The microstrip line step discontinuity provides
an equivalent lumped inductance which is used to load the resonator. Maximum
tuning is achieved when the high impedance transmission line is placed in the middle
of the resonator, at the point of maximum current density. Simultaneously actuated
series metal-contact RF MEMS switches are used to control the resonator loading by
providing a capacitance when the switch is in the up-state position and a resistance
when the switch is in the down state position. In the up-state position, the effective
length of the resonator is larger and hence it provides tuning to a lower frequency.
Assuming up-state switches provide an open circuit in the ideal case, the resonance
condition for the loaded resonator in Fig. 24(b) can be derived by replacing the
symmetry plane with an electric wall (short circuit) and solving Yj,., = 0. As a

result, the resonance condition is given by,
tan91 —?2 cot 92 =0 (41)

where 6, is the electrical length corresponding to length /; and 65 is corresponding to
l5/2, at filter center frequency. The bar indicates that the quantity is normalized to the
admittance Y. Eqn. (4.1) is used to design a tunable resonator by assuming values of
Y1, Ys and 6, which ensure physical realizability, and evaluating the required electrical
length 65. The values of Y, and 5 determine the shift in filter center frequency. 04
represents the equivalent shunt capacitance correction due to the step in width of
the microstrip line in the resonator structure which is calculated based on formulas in

[13] and then converted to its equivalent transmission line. The actual physical length
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Fig. 25. Equivalent circuit of the reconfigurable open-ended stub with ideal switches

in the up-state position.

of the high impedance discontinuity corresponds to an electrical length of 2(6; — 60)
since the shunt capacitance at the discontinuity accounts for the extra length of
transmission line required to meet the resonant condition. When switches are in
the down-state position, the absence of a step discontinuity results in an unloaded
resonator and hence a higher resonant frequency. In practice, when the switches are
in the down-state position, the amount of loading inductance is never zero resulting
in limited resonator tuning range. This can be included as an external inductance in

series with the switch as explained in Chapter III.

2. Adjustable spurious suppression

The inductive loading technique is extended to design a MEMS tunable open-ended
stub that is a quarter-wavelength long at the frequency of suppression. The tunable
transmission zero created by the virtual short circuit at the input of the stub is used
to suppress the spurious resonance. In Fig. 25, assuming ideal switches are in the
up-state position, the condition for short circuit at P; when P, is open-ended, is
Z;n,eq =1 /anveq = 0 and can also be expressed as,

(?/22 + 1) tan ¢y — Yy(cot ¢y — tan ¢y) = 0 (4.2)

The admittance ?/2 represents the normalized admittance Y, of the line with length ¢
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with respect to Y] of the line with length ¢; at the frequency of spurious suppression,
and the prime symbols refer to reconfigurable stub parameters. ¢4 is a transmission
line that accounts for the shunt capacitance in the step discontinuity. Eqn. (4.2) is
used to design an adjustable stub by assuming physically realizable values of Y/, Y]
and ¢, and evaluating the electrical length ¢5. The values of 7,2 and ¢y control the
shift in the transmission zero frequency. The physical length of the high impedance
discontinuity corresponds to ¢s — 2¢,4 since the shunt capacitance at the discontinuity
accounts for the extra length of the transmission line required to meet the spurious
suppression condition.

When switches are in the down-state position, the stub must effectively be quar-
ter wavelength long at the new spurious frequency and provide a short circuit at P,
thereby suppressing the spurious passband as the filter is tuned. As in the case of the
resonator with switches in the down-state position, the equivalent loading inductance
when the switches are in the down-state position is non-zero resulting in limited tun-
ing of the transmission zero. This effect is more pronounced at higher frequencies as

will be seen in the measurement of filter s-parameters.

3. Filter design

A two-pole 5% Chebyshev filter with 0.036-dB ripple is designed at f,.;, = 1.06 GHz
based on shunt resonators and J-inverters. The required values of external Q (Qext)
and inter-resonator coupling co-efficient (k12) can be found from equations 2.1, 2.2
and 2.3 which result in Q.,; = 12.64 and k15 = 0.086 at f,,;, as described in chapter II.
The tunable open-ended stub is designed to suppress the second harmonic passband
of the two-pole end-coupled microstrip filter using the resonator structure in Fig. 24
as the filter is tuned.

Fig. 26(a) shows the proposed filter layout with adjustable spurious suppression.
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Fig. 26. (a) Proposed filter layout, and (b) equivalent half-circuit model of the filter

in the up-state condition.
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One arm of the resonator is bent at a right angle to achieve filter miniaturization.
Each ideal MEMS switch is represented by ‘S’ and all switches are actuated simulta-
neously to tune the filter. Cj, represents input/output coupling capacitance and kjo
represents the inter-resonator mixed coupling co-efficient. The equivalent half-circuit
model of the filter in the up-state condition is shown in Fig. 26(b). Since the stub
input admittance is not zero at resonator center frequency (Yfm,eq # 0 at fy), the
new condition for resonance can be found by placing a magnetic wall (open circuit)
at reference plane B-B’, neglecting coupling capacitances and finding 6, »; and 6y
for which Y, = 0, at resonant frequency. 6, 5 and 605 »; are extracted from ADS sim-
ulations such that the new resonance condition is met. In the down-state condition,
the electrical length of the overall unloaded resonator must be half wavelength long.

The circuit element values for the proposed model in Fig. 26(b) are provided in
Table II. The admittance values are chosen as Y7 =Y/ =1/30 S, Yo = 1/100 S and
Y, = 1/75 S and electrical lengths related to the resonator are at f,,;,, while those
related to the stub are at 2f,,;,. Fig. 27 shows the circuit simulation results in ADS for
the case when all the switches are in the up-state and it is seen that the passband is at
1.06 GHz while the harmonic frequency at 2.12 GHz is suppressed by the open-ended
quarter-wavelength stub. The filter layout is simulated using SONNET and tabulated
electrical lengths are mapped into their corresponding physical lengths after full-wave
simulation. The input/output capacitance value and inter-resonator gap length are

also found by full-wave simulation using the methodology described in [13].

Table II. Tunable Filter Model Element Values (Y; = Y/ = 1/30 S, Y = 1/100 S,
Yy =1/758)
Ouar | 20.4° | 050 | 38.7° || 05 | 13.5° | 6, | 10.8°

¢1 | 11.8° || @9 | BT.8° || ¢ | 14° || - .
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Fig. 27. Circuit simulation of the tunable filter with adjustable harmonic suppression

when all the switches are in the up-state position.

The ideal series RF MEMS switch is replaced by a packaged metal contact switch
from Radant MEMS Inc. The enhanced MEMS switch model shown in Fig. 21(c) in
chapter III is discussed in detail in [11]. The intrinsic switch model remains the same
as in [11] but the bond wire inductance and landing pad capacitance are recalculated
for RT /Duroid substrate between 0.5 to 3 GHz. The changes in microstrip line width
around the MEMS switch and the transition from microstrip line to bond wire results
in an additional external inductance which is in series with the switch. Full-wave
simulation results for the tunable filter using the enhanced switch model are discussed

in section C.

C. Fabrication and Measurement

The microstrip filter is fabricated on RT/Duroid 6010LM substrate with ¢, = 10.2 +

0.25, tan o = 0.0023 and thickness of 2.54 mm cladded with 35 pum electrodeposited
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Fig. 28. Photograph of the fabricated RF MEMS tunable filter.

copper. The filter is excited using 502 input/output microstrip lines. The in-
put/output J-inverter capacitances (C;, = 2.2 pF) are provided by discrete thin-film
surface mount capacitors, and the inter-resonator mixed coupling coefficient (k12) is
implemented with a gap of 0.8 mm. The switch actuation voltage (90 V) is applied
to the gate of the switch using copper bias lines. Each resonator has a 56 k{2 resistor
connected to ground to prevent any DC floating nodes across the switch, which could
result in electrostatic discharge. Fach switch has a separate DC coupling R-C filter
(R =10 k2, C = 10 pF, f. = 1.6 MHz) for added isolation between DC and RF
signals.

Fig. 28 shows the fabricated filter and Fig. 29 shows the simulated and measured
filter performances. The enhanced switch model is included in full-wave simulations
for up-state and down-state conditions. The filter shows center frequencies of 1.06
GHz to 1.23 GHz when switches are in the up-state and down-state position respec-
tively. The insertion loss changes from 1.56 dB to 2.28 dB with return loss better than

13 dB over the tuning range while the measured unloaded Q of the filter changes from
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Fig. 29. (a) Simulated filter s-parameters with switches in up-state and down-state
positions including the effect of enhanced switch model. (b) Measured filter

performance for two different states.
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127 to 75. The 4 nH external inductance in series with the switch limits the tuning
range of the filter. This effect is more significant at higher frequencies resulting in
limited tuning of the adjustable stub. Reducing the external inductance to 1 nH by
tapering switch drain/source landing pads and using parallel bond wires will result in
8.5% improvement in the passband tuning range and wider suppression tuning. The
presence of a spike at 1.74 GHz for both filter states is due to an unwanted coupling
path from the input to the output of the filter through metal bias lines on the sub-
strate. The rejection performance can be improved by providing a separate bias pad
to each switch and also by adding extra RC filters on different locations of the metal

bias path to suppress any RF leakage through the biasing circuitry.

D. Fundamental Limitations in Filter Tuning

The fundamental limits on the frequency tuning range of the filter is determined by
constraints imposed in the physical realization of the tunable filter. The resonator
center frequency is directly related to the amount of loading inductance provided by
the step-discontinuity in the microstrip line whose ratio of line widths is determined

9

by ‘r’. The maximum shift in resonator frequency is dependent upon the lowest
achievable value of ‘r’ by the fabrication processes involved.

The next fundamental limitation on the tuning range of the filter is related to
the maximum allowable mismatch at the filter input/output. In order to maintain
a constant return loss as the resonators in the filter are tuned, it is necessary to
tune all the inverters present in the filter structure. To achieve such a completely
tunable structure is challenging and often cumbersome, and its need is entirely based

on the filter application. In filters with constant inverters and tunable resonators,

the mismatch increases as the filter is tuned to lower frequencies, leaving the tuning



o1

range to be limited by the maximum allowable mismatch in the system.

Apart from these limitations, parasitic inductances and capacitances associated
with hybrid microwave structures play an important role in estimating the maximum
achievable system performance. For the filter described in this chapter, the parasitic
inductances and capacitances associated with microstrip transitions, bond-wires, RF
MEMS switch and connectors have a direct effect on the overall resonator loading,
and in turn impose a restriction on the tunability of the microwave filter. Among
these limiting factors, the external inductance (4 nH) is the most significant one and
contributes to approximately 10% reduction in tuning range. Bond-wire inductance
and bridge inductance do not contribute significantly to reduction in filter tuning

range.
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CHAPTER V

CONCLUSION AND FUTURE WORK

A. Conclusion

The main purpose of this thesis is the development of RF MEMS tunable filters
for use in low-power, reconfigurable front-end systems. The first part of this the-
sis deals with the design, simulation, fabrication and measurement of fixed-tuned
microstrip filters with inductive loading. By introducing a step-discontinuity in a
half-wavelength microstrip resonator, it has been shown that the resonance is moved
to lower frequencies. The presence of a spurious upper passband in microwave filters
with inductive-loading and capacitive coupling, such as those presented in this the-
sis, degrades the upper rejection skirt. The method of tapped resonator loading has
been applied to suppress the spurious resonance and improve the upper rejection per-
formance. Both end-coupled and tapped resonator filters have center frequencies of
1.36 GHz and 1.03 GHz in the unloaded and loaded state respectively. The insertion
losses of these filters are relatively low and are measured to be between 1.2-1.5 dB,
with return loss better than 10 dB for all fixed-tuned filters. The measured unloaded
quality factor for the fixed filters are between 140-150.

The second part of this thesis deals with the electromagnetic modeling of the RF
MEMS switch developed by Radant MEMS Inc., in the 1-1.5 GHz range. The equiv-
alent switch model is extracted considering the effects of mounting pads, bond-wires
and other external parasitics due to discontinuities in the microstrip structure. Full-
wave electromagnetic and circuit simulations have been matched to good agreement
to derive the enhanced RF MEMS switch model. This model is used in the design of

the RF MEMS tunable filter and accurately predicts the filter performance.
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The last part of this thesis deals with the design, fabrication and testing of
the RF MEMS tunable filter. The inductive loading mechanism used to tune the res-
onator is extended to tune the open-ended stub, resulting in tunable second harmonic
suppression. To our knowledge, this is the first demonstration of tunable spurious
suppression in planar microwave filters. The filter has center frequencies of 1.23 GHz
and 1.06 GHz, with insertion losses of 1.56 dB and 2.28 dB when the switches are
in the down-state and up-state position respectively. It is seen that the insertion
loss when the switch is in the up-state remains relatively the same as the fixed fil-
ter, implying that the dominant loss mechanism is the metallic and dielectric losses
associated with the microstrip structure. The RF MEMS switch loss is significant
when the switches are in the down-state due to the switch resistance resulting in
higher filter loss. The measured return losses are better than 13 dB in both filter
states. The measured unloaded quality factor is 127 and 75 when the switches are in
the up-state and down-state positions respectively. In the down-state position, the
down-state bridge resistance increases the loss of the filter resulting in lower Q) factor.
The measured filter response shows an unwanted spike at 1.74 GHz due to a stray
coupling path between the input and the output through the metal bias lines on the
substrate. The second harmonic resonance has been suppressed below -20 dB and is
limited by the constant spike at 1.74 GHz. The absence of this spike would result in
approximately 40 dB of spurious suppression. Methods to reduce this stray coupling
has been explained and techniques to improve the tuning range of the filter has been

proposed.
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Fig. 30. Inductive loading section for multi-state tunable filter.

B. Future Work

1. Multi-bit tunable filter

The two-state tunable filter described in this thesis can be extended to higher number
of tunable filter states, thus resulting in a contiguously tunable filter. Such a tunable
filter will provide higher resolution over the frequency band being selected which
is important in wideband reconfigurable front-end systems. The inductive loading
section for a tunable resonator with three switches is shown in Fig. 30. When all the
switches are in the up-state position, the inductive loading is maximum and hence
the resonator is tuned to the lowest frequency. By closing switches 1, 2 and 3 one
by one, the equivalent loading inductance decreases thus tuning the filter to higher
frequencies. With this structure, a total of four filter states can be achieved. For
higher number of filter states, the fabrication of the filter with discrete packaged
MEMS switches becomes increasingly cumbersome. To overcome this problem, the
RF MEMS switches must be fabricated monolithically with the microstrip filter thus
providing extremely small tunable elements that can be incorporated into the tunable

filter.
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2. Millimeter-wave RF MEMS tunable filter

The filter described in this thesis can be extended to design a millimeter-wave tun-
able filter, for example at 24 and 31 GHz for wireless high data-rate applications in
Industrial, Scientific and Medical (ISM) frequency bands and Local Multi-point Dis-
tribution Systems (LMDS). Fig. 31 shows a tunable filter for the 24-31 GHz range
using embedded shunt RF MEMS capacitive switches in end-coupled half-wavelength
microstrip resonators on 500 pm thick glass substrate. RF MEMS shunt capaci-
tive switches provide excellent performance at millimeter-wave frequencies and can
be used to control the resonator loading to achieve tuning. The suspended mov-
able membranes in MEMS capacitive switches are typically formed using a sputtered
Ti/Au layer and released using critical point drying. The MEMS bridge dimensions
are 160 pm x 100 pm and is suspended at a height of 1.5 yum above a silicon nitride
dielectric layer. The MEMS bridge is actuated using an electrostatic potential be-
tween the bottom electrode and the bridge itself. The performance of such a filter is
excellent due to the low loss, high isolation and high linearity of RF MEMS capacitive
switches. The parasitics associated with packaged RF MEMS switches are absent in
this case because the switches are monolithically fabricated along with the filter and
enables wide range of filter tuning. Fig. 32 shows the full wave filter simulation
using Sonnet. The filter loss is estimated to be around 2.1-2.5 dB at the two center
frequencies. The spurious resonant passband occurs at 39 GHz when the switches are
in the up-state position and results in poor rejection at frequencies higher than the
filter center frequency. The spurious suppression methodology developed in chapter
IV of this thesis can be used to reject the spurious resonance and improve the high

frequency rejection of the tunable filter.
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Fig. 31. Millimeter-wave RF MEMS tunable filter for 24-31 GHz applications.
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Fig. 32. Simulated results of the 24-31 GHz RF MEMS tunable filter.
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