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Abstract—In this paper, the authors present a design technique
that enables inter-resonator and external coupling control for
high-quality-factor � � tunable bandpass filters. The design
incorporates low- varactors as part of the inter-resonator and
external coupling mechanisms without degrading the overall high

of the original filter. Detailed design methodology and equations
are presented to illustrate the concepts. A first-time demonstration
of these concepts is presented for a widely tunable high- evanes-
cent-mode cavity bandpass filter. The cavities are integrated in
a low-loss substrate with commercially available piezoelectric
actuators and solid-state varactors for frequency and bandwidth
tuning. This technique allows for reduced bandwidth variation
over large tuning ranges. As one example, a constant 25-MHz
absolute-bandwidth filter in the 0.8–1.43-GHz tuning range with
loss that is as low as 1.6 dB is presented as an example. The filter
third-order intercept point is between 32.8 and 35.9 dBm over
this tuning range. To further show the impact of the technique on
high- filters, a filter that is as high as 750 is demonstrated in
the range of 3–5.6 GHz, while using low- varactors ( ��
at 5 GHz for a 0.4-pF capacitance) to achieve more than 50%
reduction in bandwidth variation over the tuning range.

Index Terms—Cavity resonators, evanescent-mode filters, piezo-
electric transducers, tunable filters.

I. INTRODUCTION

N EXT-GENERATION wireless systems may require re-
configurable bandpass filters for front-end preselection

to enable multiband operation [1]. A lot of research has been
done on the center-frequency adaptable bandpass filters, and
they have been realized in different technologies, notably micro-
electromechanical systems (MEMS) [2], [3], ferroelectric thin
films [4], and evanescent-mode cavity filters [5]–[7]. For a re-
configurable filter, it is essential to have control over not only
the center frequency but also the bandwidth of the filter. This
is because the filter bandwidth is proportional to the center fre-
quency [8] and can therefore vary significantly over wide tuning
ranges. This bandwidth variation can significantly be reduced
for a varactor-tuned combline filter topology by appropriately
designing the transmission lines in the resonator [9], [10]. By
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using independent electric and magnetic field coupling, prede-
fined bandwidth characteristics have also been demonstrated for
the same electrical length of the resonators [11]. To achieve
dynamic control over the bandwidth as a function of the filter
center frequency, tunable components have also been incorpo-
rated in the inter-resonator coupling mechanism in the form of
varactor diodes [12], [13] or MEMS cantilevers [14]. However,
tunable components generally have much lower quality factors

than tank resonators and can significantly degrade the per-
formance of a high- filter. In this paper, the authors present an
alternative approach for high- narrowband filters, where the
low- tunable components such as varactors can be utilized for
bandwidth control without significantly impacting the insertion
loss.

For narrowband filters, the bandwidth can be changed signifi-
cantly with only a small change in the inter-resonator coupling,
and, therefore, the low- varactors do not have to be the
dominant inter-resonator coupling mechanism. The varactors
are incorporated in parallel with a low-loss inter-resonator
coupling mechanism, which sets the initial bandwidth of the
filter. To achieve a good impedance match to this bandwidth
control design, a tunable external coupling design using low-
varactors is also implemented which allows additional control
over the shape/group delay of the filter. The tunable tank
resonators for center frequency tuning are shielded from these
low- varactors using transformers, which allow bandwidth
and external coupling control while maintaining high of the
filter. A first-time demonstration of these concepts for evanes-
cent-mode cavity filters [15], [16] fabricated in a low-loss
Rogers trimethylenemethane (TMM) substrate is presented.

In [17], the authors had presented inter-resonator coupling
control for these filters, demonstrating bandwidth control of up
to 33% while maintaining at least 71.4% of the original . The
extracted filter was in the range of 250–350, even though
low- varactors ( at 1 GHz) with a capacitance in
the 0.5–4-pF range were utilized in the inter-resonator coupling
mechanism. A constant absolute-bandwidth 25-MHz tunable
filter was also presented in the 0.89–1.47-GHz range, with less
than 3 dB of insertion loss. However, these designs did not have
tunable external coupling and, thus, did not allow full control
over the filter group delay/out-of-band attenuation.

In this paper, the authors present an improved design addi-
tionally incorporating a tunable external coupling mechanism.
The new design enables improved matching throughout the
band, exemplified by a reduction in loss of up to 0.4 dB over
the tuning range for the same 25-MHz bandwidth compared to
the design in [17]. Additionally, the tunable external coupling
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Fig. 1. Reconfigurable second-order filter schematic. All the tunable elements are emphasized by shaded boxes.

mechanism allows the control over the out-of-band attenua-
tion/group delay of the filter which is also demonstrated. As a
further demonstration, filter that is as high as 750 is demon-
strated for filters in the 3–5.6-GHz range, while using varactors
with less than 30 at 5 GHz. The bandwidth variation over the
tuning range has been reduced by more than 50% compared to
an inter-resonator coupling iris alone.

II. FILTER DESIGN

The reconfigurable filter schematic is shown in Fig. 1 and
includes bandwidth and external coupling control in addition
to center frequency tuning. For a high- filter, it is critical to
achieve all these requirements without degrading the filter .
This is particularly challenging since tunable lumped compo-
nents are generally low and will hence reduce the overall filter

. The filter schematic in Fig. 1 allows the possibility of using
low- varactors to achieve bandwidth and external coupling
control, without degrading the high of the filter. The filter
consists of two high- tunable resonators modeled as equiva-
lent lumped components, a tunable capacitor and an in-
ductance at the center frequency of the filter. The
impedance denotes the low-loss inter-resonator cou-
pling between the two resonators and sets the initial bandwidth
of the filter. For a narrow-bandwidth filter,
or for inductive or capacitive cou-
pling, respectively [18]. To tune the bandwidth, lumped varac-
tors are used in parallel with , connected to each
resonator through transformers with a number of turns . The
external coupling is controlled using the lumped varactors
shielded from the high- resonator using a transformer at the
input and output with number of turns . A transmission line
with impedance and length is used to control the external
coupling variation over the tuning range. The major advantage
of this design is that, for sufficiently large values of and

, low- varactors and can be used to control the
shape of a narrowband high- filter, with little degradation in
the overall of the filter.

The effect of on the filter bandwidth can be understood
by looking at the even and odd modes of the filter shown in
Fig. 2(a) and (b), respectively. only affects the odd mode
of the filter and, therefore, can be used to change the band-
width of the filter. The odd modes of the filter for an inductive
(i.e., ) and a capacitive coupling (i.e.,

Fig. 2. Equivalent circuit schematic of the filter resonant modes. (a) Even
mode. (b) Odd mode.

) network are described by (1) and
(2) in the following, and the even mode is described by (3):

(1)

(2)

(3)

For large values of and and for a narrowband filter
such that or

, (1) and (2) can be simplified to give

(4)

(5)

The percentage change in absolute bandwidth from the ini-
tial bandwidth due to the addition of can be written as the
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ratio of the change in the odd mode due to to the original
separation of the odd and even modes obtained using (3)–(5) as

(6)

(7)

and
are the coupling coefficients in the absence

of and are proportional to the filter fractional bandwidth
for narrowband filters [18]. According to (6) and (7), the per-
centage change in bandwidth is inversely proportional to these
coupling coefficients. This indicates that a narrower initial
bandwidth, corresponding to a smaller coupling coefficient,
would allow a larger percentage change for the same value of

. The addition of changes the bandwidth from the
initial bandwidth set by or . The band-
width decreases with increasing for inductive coupling
and increases for capacitive coupling, as seen from (6) and
(7), respectively. The minimum desired percentage bandwidth
change from the initial bandwidth, denoted by , decides
the minimum value of the varactor capacitance, obtained using
(6) or (7) as

(8)

The next step is to evaluate the effect of the varactor on
the original filter , denoted by . It is estimated using the
following equations:

(9)

(10)

(11)

where is the shunt parasitic resistance of and is
the shunt resistance in parallel with . Equation (11) can be
further simplified using (9) and (10) to give

(12)

The maximum value of the varactor capacitance is deter-
mined by the desired , where , and
can be obtained using (12) as

(13)

In order for the design to be feasible, has to be
greater than which places a limit on the largest cou-
pling coefficient given by

(14)

The coupling coefficient in (14) decides the initial bandwidth
of the filter which is controlled using .

Achieving external coupling control is important to enable
impedance matching to this controllable bandwidth over large

Fig. 3. Tunable � section. (a) With the external coupling network.
(b) Without the external coupling network.

tuning ranges. The external for a bandpass filter is given by
the following equation [18]:

(15)

From (15), the reduced bandwidth variation over a large
tuning range requires an increased , i.e., reduced external
coupling at the high end of the tuning range, to allow good
impedance matching. To achieve this, a short transmission line,
shown in Figs. 1 and 3(a), of length and impedance

is used to tailor the external coupling as a function
of the tuning range. In addition, the varactor is also used
to achieve dynamic control over the external coupling. The
effect of this external coupling section can be understood by
comparing the real part of the admittance and
as shown in Fig. 3(a) and (b). can be related to the real
part of the admittance using

(16)

For the same number of turns , the ratio of the new
with the external coupling section in Fig. 3(a) to the old in
Fig. 3(b) gives an indication of the change in external coupling
and can be obtained using (16) as

(17)

The new admittance can be calculated by approximating the
short length of the transmission line as an inductor and is given
by

(18)

The real and imaginary part of this admittance can be further
obtained as

(19)

(20)
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By substituting (19) into (17), the ratio of the new to old
can be estimated using the following equation:

(21)

The aforementioned expression indicates that can be re-
duced by increasing the value of . To determine the effect
of the transmission line by itself, consider the special case of

. For this case, (21) reduces to

(22)

can be therefore increased by using a short length of the
high-impedance line. Furthermore, the external coupling will be
reduced much more at the high end of the tuning range due to the
linear dependence of on . This will allow a good impedance
match to the reduced bandwidth variation. While can be
reduced by just the transmission line, its variation as a func-
tion of frequency is predetermined. The addition of the varactor

before the transmission line further allows dynamic con-
trol of the external coupling. From (21), can be reduced by
increasing the value of for fixed transmission line parame-
ters. With this two-variable control (T-line and ) of the ex-
ternal coupling, the filter response can be tailored to achieve the
desired out-of-band attenuation/group delay over large tuning
ranges. Another advantage of this design is that can be a
low- varactor since the high- tank resonators are shielded
from it by the input and output coupling transformers with
number of turns.

These design concepts can be illustrated for a high- filter
at 1.5 GHz with pF. The original for such a
filter without the addition of the low- varactors is chosen
to be 500 and is referred to as . A coupling coefficient

is chosen which corresponds to a filter
bandwidth of 40 MHz obtained using [18]. For a given
and , the maximum coupling coefficient

of the filter can be computed using (14). Fur-
thermore, for a given and , and can be
estimated as a function of using (8), (13), and (14). Fig. 4
shows the estimated change in and of the filter on
increasing ( at 1.5 GHz) for . From
Fig. 4, increasing up to 3.4 pF reduces the bandwidth
from the initial value of 40 MHz by up to 50% ,
with the new being still 68% of the old . For

and pF, and can be
computed using the standard filter design equations in [18] as
29.7 and 0.57 nH, respectively.

To achieve good impedance matching to this tunable band-
width, the tunable external coupling in Fig. 1 is implemented
using the varactor modeled as a tunable capacitor with
of 20 at 1.5 GHz and a maximum capacitance of 1 pF. The trans-
mission line parameters are chosen to have an electrical length
of 30 at 1.5 GHz and . Since a larger
value of results in increased external coupling, as seen from
(20), it should be reduced from 1 to 0.1 pF as the bandwidth is
reduced on increasing . The number of turns can be ob-
tained by using (15), (16), and (19) for the initial bandwidth of
40 MHz when and pF. For the case of a

Fig. 4. Change in � and bandwidth control as a function of � .

Fig. 5. Simulated results for the filter with bandwidth and external coupling
control.

second-order maximally flat filter ( , ), a value
of 2.5 is obtained for .

Since all the parameters in Fig. 1 are now determined, the
filter response can be obtained using the Agilent Advanced De-
sign System and is shown in Fig. 5. The bandwidth can be re-
duced from 40 to 21 MHz on increasing from 0 to 3.4 pF,
with the insertion loss being 1.3 and 2.3 dB, respectively. The
value of is correspondingly reduced from 1 to 0 pF to main-
tain good impedance matching as the bandwidth is narrowed.
The center frequency of the filter is slightly reduced since the
bandwidth reduction only affects the odd-mode resonance. This
can be compensated by tuning the tank resonators.

A comparison between the theoretical and simulated results
is shown in Fig. 4 for four different values of . There is a
slight difference ( 5%) between the theoretical and simulated
results due to the slight variation in the return loss in Fig. 5 as the
filter bandwidth is narrowed. This is because the tunable input
and output coupling networks also have a reactive component of
the admittance given by (20) and are thus not ideal transformers.
This reactive component, however, does not affect the location
of the even- and odd-mode resonances as seen from Fig. 5. This
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is because the shunt reactance from the tunable external cou-
pling network being absorbed by the resonators is computed
to be an effective inductance of 55.3 nH, which is significantly
larger than the resonator inductance of 0.57 nH. The tunable ex-
ternal coupling network consisting of can be therefore used
to achieve a good impedance match to a controllable bandwidth.

III. FILTER IMPLEMENTATION AND MEASUREMENT

In this section, the design concepts explained previously will
be used to create high- evanescent-mode cavity filters [15],
[16] with controllable bandwidths. By changing the capacitance
created by the post in an evanescent-mode cavity filter, the filter
can be tuned over wide frequency ranges [5]. By combining
this wide-tuning and high- capability with inter-resonator and
external coupling control, the response of the evanescent-mode
cavity filter can be tailored to the desired specifications.

A. Constant Absolute-Bandwidth Design (0.8–1.43 GHz)

The layout of a high- evanescent-mode cavity filter design
employing low- varactors for inter-resonator and external cou-
pling control is shown in Fig. 6. The filter is designed using An-
soft HFSS in a 3.175-mm-thick Rogers TMM substrate with a
dielectric constant of 3.2 and a loss tangent of 0.002. Conduc-
tive vias form the two resonators connected by a coupling iris
as shown in Fig. 6(a). Each resonator has a capacitive post in
the center created by four vias and a circular copper plate. The
capacitive posts are on the top side of the substrate as shown in
Fig. 6(a). A thin copper membrane is laminated on top of the
substrate forming a gap between the post and top of the cavity,
creating the tank capacitance . A post radius of 3.5 mm
is chosen, which corresponds to a resonator capacitance
of about 50 pF when the gap is 5 m. The membrane is de-
flected using a commercially available 0.38-mm-thick piezo-
electric disk actuator with a 12.7-mm diameter from Piezo Sys-
tems Inc. The actuator can provide up to 40 m of free–free
displacement.

The inter-resonator and external coupling control network is
on the back side of the substrate as shown in Fig. 6(b). The
bandwidth of the filter can vary significantly over large tuning
ranges due to the frequency variation of the coupling iris. To
control this bandwidth variation for achieving constant absolute
bandwidth, the inter-resonator coupling control network con-
sisting of the varactors shown in Fig. 6(b) is used. Both the
varactors are biased using the same voltage specified as
in Fig. 6(b). The slots in the bandwidth control network model
act as transformers ( turns) that connect the two resonators
through the bandwidth control network. To use this bandwidth
control for achieving reduced bandwidth variation over a large
tuning range, the external coupling is also controlled using var-
actors corresponding to in Figs. 1 and 6(b). The input
and output varactors are biased using independent voltages to
control the filter shape/group delay. They are specified as
and in Fig. 6(b). A high-impedance short length of line

mm of impedance is used for control-
ling the variation of the external coupling over the tuning range.

Commercially available BB857 varactors from Infineon
Technologies were used as and to achieve inter-res-
onator and external coupling control, respectively. The var-

Fig. 6. Filter layout. (a) Top side having the capacitive posts. (b) Bottom side
having the feed lines with the tunable bandwidth and external coupling section.

actors have a capacitance variation of 0.5–6.5 pF at 1 MHz
on changing the reverse bias from 28 to 1 V. The se-
ries resistance of the varactors is 1.5 at 470 MHz for

V pF [19], resulting in a of 60.
can be therefore estimated to be 30 and 20 at 1 and 1.5 GHz,
respectively, for a 2.5-pF capacitance.

The measured results are shown in Fig. 7 for a filter tuned
from 0.8 to 1.43 GHz with constant 25-MHz absolute band-
width. The estimated deflection of the copper membrane re-
quired for this tuning based on simulations is about 25 m. The
bandwidth of the filter is nearly constant at 25 MHz with a vari-
ation of only 0.27 MHz over the entire tuning range. The in-
sertion loss is less than 3.1 dB over the entire tuning range, with
a minimum of 1.6 dB in the range of 0.8–1 GHz. The estimated

of the filter corresponding to this insertion loss variation is
between 225 and 310 over the tuning range.

Fig. 8(a) compares this design to the 25-MHz constant-band-
width design presented by the authors in [17]. The insertion loss
in the new design has been improved by up to 0.4 dB due to the
improvement in impedance matching offered by . This can
be seen from in Fig. 7 which is lower than 10 dB across the
entire tuning range. A comparison between the measured and
simulated results is shown in Fig. 8(b). The simulations assumed
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Fig. 7. Measured � parameters for the constant absolute-bandwidth filter (a
simulated � response at 1.03 GHz is added for comparison).

Fig. 8. (a) Measured insertion loss improvement due to � . (b) Measured
versus simulated insertion loss and bandwidth.

ideal copper conductivity and have a slightly lower insertion loss
than the measured results. The varactors also allow control

Fig. 9. Comparison of the measured filter response. (a) � parameter. (b) Group
delay.

over the out-of-band attenuation/group delay of the filter in com-
bination with . This is shown in Fig. 9, where the response
of the filter can be both maximally flat and Chebyshev for the
same bandwidth. As expected, the Chebyshev response shows
a higher attenuation out of band in Fig. 9(a), while the group
delay for the maximally flat response has a flatter response in
the passband as seen in Fig. 9(b).

This filter is also tested for intermodulation products using the
two-tone test setup shown in Fig. 10. The filter center frequency
and bandwidth are monitored using two 10-dB directional cou-
plers and an Agilent 8720ES vector network analyzer (VNA).
The two input tones are separated by 0.5 MHz, and the input
tones, as well as the third-order products, are measured with the
filter centered at 0.8, 1, 1.2, and 1.43 GHz. The filter is set to
the desired bandwidth of 25 MHz at these center frequencies,
and the first- and third-order output power is measured using
an Agilent E4408B spectrum analyzer. The measurements are
done for three input powers for each frequency. The measured
data points for the filter center frequency at 1.2 GHz are plotted
in Fig. 11 versus the effective input power into the filter. The
filter IIP3 is extrapolated to be 35.2 dBm and is indicated in
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Fig. 10. Measurement setup for testing filter linearity.

Fig. 11. IIP3 measurement results for the filter (measured values are shown as
symbols). A measured output power spectrum is shown as an inset.

Fig. 12. Measured IIP3 results in the filter tuning range.

Fig. 11. An example of the measured output spectrum is shown
as an inset in Fig. 11, where the third-order products are below

40 dBm for the highest input power. The filter IIP3 over the
tuning range is plotted in Fig. 12 and has a minimum value of

Fig. 13. Measured bandwidth control for a high-� filter with � � ���.

32.8 dBm at 1.43 GHz. This is because the bandwidth compen-
sation using the varactors required to maintain a 25-MHz
bandwidth is maximum at 1.43 GHz, resulting in a slight in-
crease in the third-order intermodulation products. IIP3 also re-
duces slightly at 0.8 GHz because the input and output coupling
varactors are biased to a high capacitance to increase the
external coupling.

B. High- Filter With Bandwidth Control
(3–5.6 GHz)

The design can also be extended to higher frequencies by re-
ducing the size of the capacitive post in Fig. 6(a). For a much
smaller post radius of 0.55 mm, the filter can be tuned in the
range of 3–5.6 GHz with correspondingly higher ’s in the
range of 500–750 due to the increased electrical volume. To
control the bandwidth variation over this tuning range, com-
mercially available varactors MA46H120 from M/A-COM are
used as in the inter-resonator coupling mechanism. The
spec sheet indicates a of 3000 at 50 MHz for a capacitance
of 0.37 pF. This translates into an estimated of less than 30
at 5 GHz. In spite of this low , these varactors can be used
for controlling the bandwidth of filters with as high as 750 in
the 3–5.6-GHz range using the current design. This is shown in
Fig. 13, where the bandwidth of a filter at 5.2 GHz is reduced
from 45 to 33 MHz on increasing the varactor capacitance from
about 0.2 to 0.35 pF, with the corresponding insertion loss being
1.8 and 2.8 dB, respectively. The estimated filter is 750 and
650, respectively, indicating a drop of less than 15% in for
this bandwidth change of almost 27%.

The measured parameter results for the filter when tuned
from 3 to 5.6 GHz are further shown in Fig. 14. The insertion
loss and bandwidth variation of the filter is shown in Fig. 15,
with the insertion loss being less than 2.8 dB across the entire
range. The simulations, again, assume an ideal copper conduc-
tivity and, thus, show lower loss than the measured results. The
design also allows a much lower bandwidth variation than what
would be due to the coupling iris alone. This is shown in Fig. 16,
where the bandwidth variation over the tuning range from 3 to
5 GHz due to the coupling iris has been reduced by 54% because
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Fig. 14. Measured � parameter results for a high-� tunable filter (a simulated
� response at 4.53 GHz is added for comparison).

Fig. 15. Measured versus simulated performance of the high-� filter.

Fig. 16. Measured and simulated bandwidth variation with and without � .

of the addition of the varactors. This demonstrates the feasibility
of the design concepts even for very high filters.

IV. CONCLUSION

A design technique to enable inter-resonator and external
coupling control for high- narrowband filters has been
presented which can utilize commercially available low-
varactors. The design incorporates low- varactors so that
they do not limit the overall of the filter. A detailed theo-
retical analysis is presented to explain the concepts, and an
example of high- evanescent-mode cavity filters is used to
demonstrate the practical usefulness of this design technique.
A constant 25-MHz absolute-bandwidth filter is presented
in the 0.8–1.43-GHz range, with less than 3.1 dB insertion
loss across the entire tuning range. The design can also be
extended to higher frequencies, and that is as high as 750 is
demonstrated for a filter in the 3–5.6-GHz range. The low-
varactors allow a bandwidth control of over 25% with less than
15% reduction in the of the filter. This work demonstrates
high- reconfigurable filters with dynamic control of center
frequency, bandwidth, and group delay.
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