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Abstract—This paper presents the design and implementation of
a new class of evanescent tunable combline bandpass filters based
on electronic tuning with the use of RF microelectromechanical
systems (RF-MEMS) capacitor banks and also mechanical tuning
using piezomotors. The use of microelectromechanical systems
tuning circuit results in compact implementation of the proposed
filters with high- and near to zero dc power consumption.
The proposed filter structures consist of combline resonators
with tuning disks that are either mechanically moveable using
piezomotors or are loaded with RF-MEMS capacitor banks.
Two- and six-pole tunable bandpass filters are designed and
measured based on the proposed tuning concept. The two-pole
tunable filter operates at 2.5 GHz with a bandwidth of 22 MHz
and demonstrates a tuning range of 110 MHz, while the quality
factor is better than 374 (1300–374 over the tuning range). The
six-pole tunable filter with RF-MEMS capacitor banks operates
from 2.634 to 2.59 GHz (44-MHz tuning range). The proposed
tunable filter structures can also be implemented using alternative
technologies such as barium–strontium–titanate varactors.

Index Terms—Combline filter, tunable filters, high , electronic
tuning, mechanical tuning, RF microelectromechanical systems
(RF-MEMS), piezomotor.

I. INTRODUCTION

A S WIRELESS devices become more and more compact,
the development of inexpensive and miniaturized tunable

filters with a superior performance is crucial not only for mobile
handheld devices, but also to wireless infrastructure equipment.
It can benefit from tunable filter technologies in three different
areas; first, installing wireless infrastructure equipment, such as
a remote radio unit (RRU) on top of a 15-story high commu-
nication tower, is a very costly job. By using tunable filters,
one installation can serve many years since if there is a need
to change the frequency or bandwidth, it can be done through
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remote electronic tuning, rather than installing a new filter. Sec-
ondly, in urban areas, there is very limited space for wireless ser-
vice providers to install their base stations due to expensive real
estates and/or maximum weight loading constrains on certain
installation locations such as light poles or power lines. There-
fore, once an installation site is acquired, it is natural for wireless
service providers to stuff as many functions, such as multistan-
dards andmultibands, into one site as possible. A tunable filter is
a key element to enable such possibility. Finally, the frequency
spectrum is a very limited and expensive resource. To construct
a wireless network that covers large geographic locations, it is
not quite unusual for one wireless service provider to use a dif-
ferent frequency spectrum and bandwidth at different locations,
even within one single network. This complex frequency spec-
trum allocation will require many different fixed filters to be
built. However, by using tunable filters, it is quite possible to
just use one type of filter to construct the whole network.
Various tuning techniques have been developed to construct

tunable filters. Mechanical tuning [1], [2] magnetic tuning [3],
and electrical tuning [4], [5] are the most common. In terms
of quality factor, power-handling capability, and linearity, me-
chanical tuning is superior to the other two tuning techniques.
Unfortunately, due to their bulky size, heavy weight, and low
tuning speed, mechanically tunable filters have limited appli-
cations. Microelectromechanical systems (MEMS) technology
has the potential to produce highly miniaturized tunable filters
[6]–[13]. Planar tunable filters employing MEMS devices are
reported in [6]–[8]. These filters cover a frequency range from
1 to 6 GHz with filter values between 85–250. Since the RF
microelectromechanical systems (RF-MEMS) devices have
very low insertion loss, of these planar filters are limited by
the resonator . In addition to a relatively low quality factor,
they require complicated MEMS fabrication for monolithic in-
tegration of MEMS devices with filters. A variety of nonplanar
tunable filters using RF-MEMS technology have been reported
in [9]–[11]. The evanescent-mode cavity filter in [9] utilizes
capacitive RF-MEMS switch networks and operates from 4.07
to 5.58 GHz with a from 300 to 500. Tunable dielectric
resonator filters using RF-MEMS devices with exceptional
values above 500, over the entire tuning range, are reported
in [10]. Although these filters have higher values compared
to the planar tunable filters, they still require complicated
RF-MEMS fabrication and assembly of the tuning elements
inside the cavities. Tunable filters using substrate integrated
waveguide (SIW) technology and off-the-shelf RF-MEMS
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Fig. 1. Combline tunable resonator with tuning disk.

switches are presented in [12] and [13]. The two-pole filter in
[13] operates from 1.2 to 1.6 GHz with values from 93 to 132
over the tuning range. A novel tuning approach of combline
evanescent-mode cavity filters using commercially available
RF-MEMS switches is reported by the authors in [14]. A
two-pole tunable bandpass filter is demonstrated that achieves
a high- above 374 over the entire tuning range from 2.503
to 2.393 GHz (110-MHz tuning). In this paper, the concept is
thoroughly analyzed and we also expand the proposed tuning
concept to higher order combline filters with more stringent
requirements for multiband wireless applications. For the first
time, we present six-pole tunable filters using both RF-MEMS
tuning circuits and piezomotors with superior performance in
terms of values.

II. PROPOSED TUNING CONCEPT

Fig. 1 shows the 3-D view and cross-sectional view of a con-
ventional combline resonator. The resonator can be tuned by ad-
justing the gap between the metallic post and tuning disk. This
can be achieved by manual tuning using a screw or by automatic
tuning using a driving mechanism such as motors. The use of
conventional mechanical tuning using stepper motors can result
in fine tuning steps, high-power handling, and high ; however,
these motors are usually very expensive and bulky, increasing
the total weight and size of the tunable filter. In this paper, we
are proposing the use of inexpensive tuning mechanisms based
on RF-MEMS switched capacitor banks and piezomotors.
Fig. 2 demonstrates the structure of the proposed tunable res-

onator based onRF-MEMS switched capacitor banks. As shown
in this figure, the tuning disk is isolated from the cavity wall with
a Teflon spacer. An RF-MEMS capacitor bank is implemented
on a printed circuit board (PCB) and is assembled on top of the
cavity. The tuning disk is connected to the PCB board through
a threaded insert on the PCB board. The variable loading ef-
fect of the capacitor bank on the tuning disk is used to tune
the resonator. A simplified schematic view and the equivalent
circuit diagram of the RF-MEMS tuning circuit is presented in
Fig. 3. The switched capacitor bank consists of high- capaci-
tors in series with RF-MEMS contact type switches. By turning
the MEMS switches on and off, using a dc actuation voltage,
it is possible to change the value of the capacitor bank and ad-
just the resonant frequency of the cavity. The use of RF-MEMS

Fig. 2. Schematic drawing of the proposed tunable resonator.

Fig. 3. (a) Schematic diagram of the RF-MEMS tuning circuit and (b) the cir-
cuit model.

switched capacitor bank results in improved performance in
terms of , insertion loss, power handling, and linearity for the
proposed tunable filter.

III. TUNABLE RESONATOR

A tunable resonator is designed using the proposed struc-
ture and the tuning circuit shown in Fig. 3. The capacitor bank
consists of four high- capacitors – in series with four
RF-MEMS switches. Each one of the MEMS switches has a
separate bias voltage and can be actuated separately. Using this
circuit, the resonator can be tuned to 16 different states based on
the value of the capacitor bank. Fig. 5 shows the simulated reso-
nance frequency of a single resonator for different values of the
capacitor bank when pF, pF, pF,
and pF. As seen in this figure, a tuning range of
168 MHz from 2.5 to 2.332 GHz is achieved.
A photograph of the assembled tunable resonator is shown

in Fig. 4(a). The resonator was machined from copper and in-
side the cavity was sputtered with silver for a higher value.
The tuning circuit was mounted on top of the lid and glued with
silver epoxy. Fig. 4(b) shows the RF-MEMS capacitor bank.
High- ( at 2.5 GHz) multilayer ceramic capaci-
tors from Johanson Technology (S-series) and Radant single-
pole single-throw (SPST) RF-MEMS switches (RMSW101) are
mounted on a Rogers RO4350 PCB board. Each MEMS swicth
is actuated separately with an actuation voltage of 90 V and zero
dc current (near to zero dc power consumption). The total size
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Fig. 4. (a) Proposed tunable resonator. (b) RF-MEMS switched capacitor bank.

Fig. 5. Simulated andmeasured resonance frequency and versus capacitance
value for single resonator.

of the PCB for each capacitor bank is 2.5 cm 2.5 cm. The
measured tuning response and of the tunable resonator is pre-
sented in Fig. 5. The resonator is tuned from 2.503 to 2.393 GHz
(110 MHz), while the measured is from 1301 to 374 for all
the tuning range.

IV. TWO-POLE TUNABLE BANDPASS FILTER

Employing the constructed tunable resonator, a two-pole
tunable bandpass filter is designed and simulated using HFSS.
Fig. 6 shows the full-wave simulation model of the filter. For
electromagnetic (EM) simulations, the MEMS tuning circuits
are included in the model. A factor of 150 at 2.5 GHz is
assumed for the fixed ceramic capacitors. The MEMS switch is
modeled with a small series capacitor and resistor for the “off”
and “on” states, respectively ( fF and ).
Fig. 7 shows the simulated -parameters of the designed tun-
able bandpass filter for three (three out of 16) different tuning
states. Simulation results demonstrate that the filter operates at
2.5 GHz with a bandwidth of 22 MHz (0.9%) and a return loss
better than 20 dB. It exhibits an insertion loss of 0.44 dB for
the first state, when all the switches are “off” and the capacitive
loading on the tuning disk is almost zero. The center frequency
can be tuned to different states from 2.5 to 2.345 GHz, while
the bandwidth varies from 20 to 22 MHz and the return loss is
better than 12 dB.

Fig. 6. 3-D EM model of the two-pole tunable filter.

Fig. 7. Simulated -parameters of the designed filter.

A two-pole tunable combline filter was fabricated and mea-
sured. The filter housing was made of aluminum and plated
with copper for improved performance. The tuning circuits with
RF-MEMS capacitor banks were assembled on top of the lid, as
shown in Fig. 8. There are screws connected to the tuning disks.
These screws are used only for the initial tuning of the filter after
assembly. There are biasing wires for each one of the capacitor
banks and each set of MEMS switches. The MEMS switches
are turned on and off in a way that the two capacitor banks have
the same capacitance values and the two resonators are tuned
synchronously. Measurement results for the two-pole tunable
bandpass filter are presented in Fig. 9. As shown in this figure,
for the first state, the filter operates at 2.5 GHz with a 23-MHz
bandwidth and 1.32-dB insertion loss. Amaximum tuning range
of 110 MHz from 2.503 to 2.393 GHz is achieved using the
RF-MEMS tuning circuits. The return loss is better than 14 dB
and the insertion loss is less than 2.4 dB for all the tuning states.
The measured return loss when pF

( are “off”) shows that the two resonators are not com-
pletely tuned to the same frequency. This is due to the small dif-
ference in the capacitance values of the two ceramic capacitors
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Fig. 8. Assembled two-pole tunable filter with MEMS capacitor bank.

Fig. 9. Measured -parameters of the two-pole tunable filter.

, in each capacitor bank, which was not accounted for in
the simulations. For this type of discrete tuning, it is necessary
for the two capacitor banks to have exactly the same capaci-
tance values. The measurement results validate the simulations
and the feasibility of using the proposed tuning approach for
combline bandpass filters.

TABLE I
SUMMARY OF SPECIFICATIONS FOR WiMAX TUNABLE BANDPASS FILTER

Fig. 10. Coupling scheme and matrix of the six-pole tunable filter.

V. WiMAX TUNABLE BANDPASS FILTER

Tight channel spacing requirements for the current wireless
standards call for filters with a very sharp frequency roll-off. As
channels are packed more closely together, higher order cou-
pled resonator filters are required and for this reason filter specs
become more demanding. In this section, we present the de-
sign and implementation of a tunable bandpass WiMAX filter
operating at 2.5 GHz. Some of the filter requirements are pre-
sented in Table I. The sharp frequency roll-off at the band edge
( 25 dB, 5-MHz offset from passband) requires a combline
filter with a higher number of cavities. Based on filter synthesis
in order to meet the filter requirements, an Elliptic filter with at
least six coupled cavities is required. Fig. 10 shows the coupling
scheme and the coupling matrix from the filter synthesis using
coupling matrix method [15]. Two different implementations of
this tunable filter are presented in this paper. The two filters
have the same coupled cavity combline structure with two dif-
ferent tuning mechanisms. The first filter is using piezomotors
as tuning elements, while the second filter employs RF-MEMS
switched capacitor banks.

A. Tunable WiMAX Filter With Piezomotors

The same resonator structure with the dimensions shown in
Fig. 1 is used to design the six-pole filter. EM optimization with
HFSS is used to find the dimensions of the coupling irises in
order to achieve the coupling matrix elements listed in Fig. 10.
For positive coupling values, as shown in Fig. 11(a), a rect-
angular iris with width and height of mm and

mm is used and the parameters are optimized to ob-
tain the different coupling values between resonators. For the
negative coupling value between resonators and , a probe
with a length is used, as shown in Fig. 11(b). The location
and the length of this probe are optimized in HFSS to achieve
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Fig. 11. EM models to find: (a) positive coupling and (b) negative coupling
between the combline resonators.

Fig. 12. 3-D EM model of the six-pole tunable filter.

the required coupling value, . Fig. 12 shows
the 3-D EM model of the six-pole tunable filter with geometric
dimensions as listed in Table II. Simulated -parameters for
the designed six-pole tunable bandpass filter are presented in
Fig. 13 for three different tuning states at GHz,

GHz, and GHz. For the tunable filter with
piezomotors, tuning is achieved by adjusting the gap value be-
tween the tuning disk and the metallic post for each resonator

. The required values for the three tuning
states are listed in Table II. Note that due to the symmetric struc-
ture of the filter, , , and .
For automatic tuning of the designed filter, we have used a

compact size piezomotor known as the tiny ultrasonic linear ac-
tuator [16]. This actuator can drive the tuning disks in both di-
rections by switching the polarity of the applied ramp voltage.
Travel distance of the actuator and also its speed is controlled
by the number of pulses and the frequency of the applied signal,
respectively. The operation of the piezomotor is explained in
more detail in [17]. The piezomotors have been integrated on

TABLE II
OPTIMIZED DIMENSIONS FOR THE SIX-POLE TUNABLE FILTER

Fig. 13. Simulated -parameters of the designed six-pole tunable combline
filter.

top of the lid of the tunable resonators without requiring signif-
icant additional space, as shown in Fig. 14. In this configura-
tion, the moving part of the piezomotor is attached to a metallic
bracket fixed on the lid and the shaft itself is connected to the
tuning disk. As a result, it is the shaft and the tuning disk that
can move forward and backward depending on the polarity of
the pulses applied on the piezo driver.
The measured tuning performance of a single resonator

with piezomotor is shown in Fig. 15. The center frequency
is at 2.6 GHz and by changing the gap in the positive or
negative direction (20- m steps) it can be tuned from 2.565 to
2.635 GHz. Measured is from 2252 to 2914 over the tuning
range. A six-pole tunable bandpass filter was assembled with
piezomotors, as shown in Fig. 16. The measured -parameters
at GHz, GHz, and GHz are
presented in Fig. 17. A tuning range of 70 MHz is achieved
while the maximum insertion loss is less than 2.3 dB over the
tuning range. The return loss is better than 16.2 dB for both
ports and the required rejection level of 25 dB at 5-MHz offset
from the passband is achieved for the designed filter.
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Fig. 14. Piezomotor assembled on top of the cavity resonator.

Fig. 15. Measured tuning performance for a single-cavity resonator using
piezomotor with 20- m step size.

B. Tunable WiMAX Filter With MEMS Capacitor Bank

In this section, a second six-pole tunable combline bandpass
filter using RF-MEMS switched capacitor banks as tuning ele-
ments is presented. Using MEMS tuning circuits, it is possible
to reduce the size, weight, and cost and also improve tuning
speed compared to the mechanical tuning using piezomotors.
The tuning speed of the filter with piezomotors is in the range
of a few milliseconds depending on the required change in the
gap values for tuning disks. Typical switching speed of the elec-
trostatic RF-MEMS switches is in the range of a few tens of mi-
croseconds. The EM model of the filter is shown in Fig. 18 with
the MEMS tuning circuits on top of the lid. The geometric di-
mensions of the filter are the same as the ones in Table II. For
theMEMS tuning circuit, we have used the same capacitor bank
as in Fig. 3 with different capacitance values; pF,

pF, pF, and pF. Due to the sym-
metric structure of the six-pole filter, the capacitor banks for res-
onators and have the same values; , and
in the same way, and . The
final optimization of the EM model was performed with HFSS

Fig. 16. Six-pole tunable bandpass filter with piezomotors.

and for pF at GHz.
The only parameters that are optimized are the gap values for
each resonator . Fig. 19 shows the simulated
-parameters of the optimized filter at 2.6 GHz. After optimiza-
tion at 2.6 GHz, the filter can be tuned only by adjusting the ca-
pacitance values of the capacitor banks on each resonator.
The six-pole tunable bandpass filter with MEMS capacitor

banks is assembled as shown in Fig. 20. The tuning screws are
used for initial tuning at 2.6 GHz and when

pF. In order to maintain a high and low inser-
tion loss for the assembled filter, it is very important to establish
a good ground contact between the MEMS capacitor banks and
the cavity wall. For this reason, grounding gaskets on the lid and
also sufficient number of via-holes between the bottom ground
plane of the PCB and the top ground plane of the MEMS ca-
pacitor bank are required, as shown in Fig. 20. The measured
-parameters of the filter at 2.6 GHz and after initial tuning are
illustrated in Fig. 19. The maximum insertion loss is 2.5 dB and
the return loss is better than 15 dB. The measured center fre-
quency is 2.606 GHz and the bandwidth is 28 MHz. The tuning
performance of the filter is presented in Fig. 21 when the value
of the capacitor banks is changed from 0
to 1.7 pF. A maximum tuning range from 2.634 to 2.590 GHz
(44 MHz) is achieved while the insertion loss varies between
2.5–4.25 dB over the tuning range. As discussed in Section VI



FOULADI et al.: HIGH- NARROWBAND TUNABLE COMBLINE BANDPASS FILTERS USING MEMS CAPACITOR BANKS AND PIEZOMOTORS 399

Fig. 17. Measured -parameters of the tunable filter with piezomotors.

Fig. 18. 3-D EM model of the six-pole tunable bandpass filter with MEMS
tuning circuits.

for this filter, all the capacitor banks are tuned to the same capac-
itance value (synchronous tuning), which results in the degra-
dation of the return loss and also insertion loss over the tuning
range.

Fig. 19. Simulated and measured -parameters of the optimized filter after
initial tuning for pF at GHz.

Fig. 20. Assembled six-pole tunable bandpass filter with MEMS capacitor
banks.

VI. DISCUSSION

Fig. 22 shows the narrowband measured tuning response
of the six-pole tunable filter with MEMS capacitor banks. As
shown in this figure, there is a degradation of the return loss

after tuning the center frequency from 2.6 GHz. This
is due to the synchronous tuning of the resonators with the
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Fig. 21. Measured tuning performance of the filter for pF.

Fig. 22. Measured: (a) and (b) of the tunable filter with synchronous
tuning of the resonators.

same value of capacitor banks .
For the two-pole filter described in Section IV, this is not an
issue. However, for higher order tunable filters, it is necessary

TABLE III
REQUIRED CAPACITANCE VALUES FOR ASYNCHRONOUS TUNING

Fig. 23. Simulated -parameters of the tunable filter with asynchronous tuning
at extremes of the tuning range.

Fig. 24. Modified MEMS capacitor bank for asynchronous tuning.

to tune the resonators asynchronously in order to maintain the
required return loss level. For asynchronous tuning of the pro-
posed filter, it is required to have a capacitance value for each
capacitor bank that is optimized at a specific center frequency.
Table III summarizes the optimized capacitance values of each
capacitor bank required for asynchronous tuning of the filter.
The simulated tuning response of the filter using capacitance
values in Table III is presented in Fig. 23. Using the MEMS
switched capacitor bank of Fig. 3, only discrete capacitance
values can be achieved, which may not be equal to the values
in Table III; therefore, to improve the performance of the filter,
it is required to employ MEMS capacitor banks with analog
tuning capability. This can be achieved by using a modified
tuning circuit as the one shown in Fig. 24 where a GaAs or
barium–strontium–titanate (BST) varactor with a capacitance
value of (0.05–0.3 pF) is added in parallel to the previous
tuning circuit. However, using this circuit, value, power
handling, and linearity of the proposed filter will be limited by
the performance of the varactor. Another approach is to use
integrated RF-MEMS switched capacitor banks with analog
tuning capability such as the ones reported in [18] where all
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the capacitors and MEMS switches are fabricated on a single
die and wire-bonding or PCBs are not required for the tuning
circuits. In addition to asynchronous tuning, this will also
further improve the and insertion loss of the filter. However,
this requires a dedicated RF-MEMS fabrication process, which
may not be commercially available.

VII. CONCLUSION

In this paper, a novel electronic tuning approach to design
tunable evanescent mode combline filters has been presented.
The tuning is based on the capacitive loading instead of me-
chanical movement of the tuning disk. The capacitive loading,
and as a result, the center frequency, can be adjusted by using
RF-MEMS switched capacitor banks. The use of commercially
available SPST contact type RF-MEMS switches not only
makes the tunable filter extremely compact, with near to zero
dc power consumption and fast tuning speed, it also main-
tains a high- value of the filter over the entire tuning range
by placing the tuning elements outside the cavity. Different
filter prototypes were presented with two and six poles. The
two-pole tunable filter achieves a tuning range of 110 MHz
with a value higher than 374 (1300–374) over the entire
tuning range. The six-pole filters were implemented using both
MEMS tuning circuits and piezomotors. The tunable filter
with piezomotors demonstrates superior RF performance with
a 70-MHz tuning range, insertion loss less than 2.3 dB, and
a rejection level better than 25 dB. The six-pole filter with
MEMS tuning circuits achieves a tuning range of 44 MHz,
while the insertion loss is better the 4.25 dB over the tuning
range. To our knowledge, this is the first implementation of
a tunable bandpass filter with an order higher than two using
commercially available RF-MEMS tuning circuits. The per-
formance of the proposed filters can be further improved by
utilizing asynchronous tuning of the resonators and also by
using integrated RF-MEMS switched capacitor banks.
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