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Abstract—The theory of bandpass-to-bandstop reconfigurable
filters is developed in this work, and example filters are demon-
strated. Designs are developed that allow for reconfigurable re-
sponse shape and independent bandwidths in the bandpass and
bandstop modes of the filter. These capabilities could potentially
be useful in dynamic, open spectrums, concurrent transmit-receive
systems, and multimode antenna array applications. The demon-
strated filters were fabricated using substrate integrated evanes-
cent-mode cavity resonators. The resonators are tuned using de-
formation of a copper membrane induced by a piezoelectric ac-
tuator. In measurement, a 1.06% 3-dB bandwidth bandpass filter
with 2.6-dB passband insertion loss was switched to a 0.82% 3-dB
S11 bandwidth bandstop filter with 45 dB of isolation.

Index Terms—Adaptive filters, cavity resonator filters, elliptic
filters, switched filters, tunable filters.

1. INTRODUCTION

S MODERN microwave systems are progressed toward

spectrally cognitive operation, more and more filter re-
configurability will be necessary to enable the full potential of
these systems’ performance [1]. There has been much recent
interest in tunable filters for cognitive systems, especially tun-
able bandpass filters. Some of these filters demonstrate rela-
tively high ) values and can tune over an octave [2], and some
have reconfigurable shapes [3]. Recent progress has also been
made in tunable bandstop filters [4]. These bandstop filters are
important in spectrally dense environments where interference
is a large concern.

In an open spectrum with multiple cognitive radios simul-
taneously operating in it, an increasingly dynamic filter shape
may be needed by a new radio for it to effectively join the envi-
ronment. If this open environment contained several low-power
interfering signals as in Fig. 1(a), this radio could need a nar-
rowband bandpass filter centered at its receive frequency band
to maximize the signal-to-noise ratio (SNR). If the environment
changes so that it includes a higher power interferer that is spec-
trally close to the receive band of the radio, as in Fig. 1(b), the
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Fig. 1. (a) Spectrum where a bandpass filter would be most useful for isolating
the signal of interest. (b) Spectrum where a bandstop filter would be most useful

for isolating the signal of interest. These signals were adapted from an Agilent
ADS example WCDMA project.

radio may lose its ability to resolve desired signals well. In this
situation, the SNR could possibly be maximized if the radio was
able to place a deep bandstop filter response at the high-power
interferer’s frequency of operation. In addition, if the new radio
has a high-power transmitter, the existing radios may need to dy-
namically place a transmission null at the new radio’s operating
frequency so that they can maximize their levels of performance
in the changed spectral environment.

Filters occupy a relatively large amount of physical space
in modern wireless systems compared with other typical radio
components, most of which are now easily integrated on chip.
In many cases, it would be impractical to implement both tun-
able bandpass filter banks and tunable bandstop filter banks in

0018-9480/$26.00 © 2010 IEEE
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Fig. 2. Simulated results showing possible S2; responses of a set of two tun-
able resonators with tunable external and/or source-load coupling values.

a system due to size constraints. A possible solution to this
problem is to implement sets of coupled resonators whose re-
sponse can be dynamically switched between a bandpass and
bandstop shape, saving space while providing added flexibility
to a system. Fig. 2 shows that Chebyshev bandpass, elliptic
bandpass, and bandstop responses can be obtained from the
same set of resonators if their coupling values are tunable. Note
that Fig. 2 is theoretical, and the ability to achieve all three re-
sponses in Fig. 2 would require components that have wider
tuning ranges than what is commercially available today. How-
ever, with the wide array of switches and varactors that are avail-
able today, the theory presented below can be used to implement
a filter that can transform between any single bandpass filter
shape and any single bandstop filter shape. Fig. 3 shows the cou-
pling diagram of the theoretical structure needed to implement
the responses shown in Fig. 2. The dashed lines represent tun-
able or switchable coupling values, and the solid line represents
static coupling.

A filter with the ability to switch between Chebyshev band-
pass, elliptic bandpass, and “off”” responses was shown in [5].
In contrast, the filter presented in this work switches between
designed bandpass and bandstop filter responses, which is fun-
damentally different functionality. Bandpass-to-bandstop filter
reconfigurability has been achieved in [6] and [7]. However,
the filters demonstrated in these papers are not tunable and use
relatively low @ resonators that result in spectrally wide re-
sponses. The filter in [6] uses the frequency-selective behavior
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Fig. 3. Coupling diagram needed for implementation of a filter with responses
shown in Fig. 2. Note that the resonant frequencies of the two resonators are
independently tunable.

of a cascade of unit electromagnetic bandgap (EBG) structures
that can be switched to exhibit either a bandpass or bandstop re-
sponse, and [7] demonstrates a bandpass-to-bandstop filter with
a closed-ring resonator whose reconfigurability results from the
perturbation effect on degenerate modes. In contrast, this work
demonstrates a filter that can switch between many commonly
prescribed narrowband filter functions. For example, the theory
described in this paper could be used to create a filter that could
switch between a Butterworth bandpass response and a Cheby-
shev bandstop response. In general, while the previous solutions
are innovative, bandpass-to-bandstop reconfigurable filters suit-
able for integration into a tunable, narrowband system have not
been demonstrated. This work develops the theory of narrow-
band, prescribed-response, bandpass-to-bandstop electronically
reconfigurable filters and demonstrates a novel, high-(Q), tunable,
evanescent-mode cavity design with new capabilities not found
in previous designs.

II. BANDPASS-TO-BANDSTOP RECONFIGURABLE
FILTER THEORY

The same geometry resonators can be used for a bandpass
or a bandstop filter if the coupling relationships between the
source, load, and resonators are changed appropriately. For the
second-order filter analysis in this work, both external coupling
values will be equal to each other, the resonator self-coupling
values will have the same magnitude but opposite sign, and sym-
metries such as the source-to-load coupling being the same as
the load-to-source coupling can be taken advantage of to sim-
plify the generalized second-order filter (N +2) x (N + 2) cou-
pling matrix M as shown in

0 M01 0 M03
My My Mo 0
M = 1
0 My —-Mn My )

where the subscripts 0 and 3 correspond to the source and load,
respectively, and subscripts 1 and 2 correspond to the first and
second resonators, respectively.

It can be shown with coupling matrix methods [8] that the
coupling matrix for a typical second-order Butterworth band-
pass filter is

0 0.8409 0 0
0.8409 0 0.7071 0

M= 0 0.7071 0 0.8409 )
0 0 0.8409 0
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and the coupling matrix for a second-order Butterworth band-
stop filter is

0 1.189 0 1
1.189 0 0 0

M = 0 0 0 1.189 | - )
1 0 1.189 0

Compared to the bandstop filter in (3), the coupling matrix in
(2) has two main differences. Typical bandstop filters have a
source to load coupling (My3) value equal to one, which is com-
monly implemented as a 90° transmission line. Also, common
bandstop filters have an interresonator coupling (Mjo) value
of zero, indicating that bandstop filters place the resonators in
a shunt configuration, while bandpass filters, with a nonzero
M35 and zero-valued M3, place the resonators in a series con-
figuration. In addition to these two differences, the My; value
changes slightly between the bandpass and bandstop cases. My
becomes 1.189 in the normalized frequency Butterworth band-
stop case, compared with 0.8409 for the Butterworth bandpass
case.

It is straightforward to change the zero-valued M3 of a band-
pass filter to a value of one through the use of switches with high
isolation which switch in a 90° transmission line between the
resonators. In addition, a uniquely designed coupling structure
will be shown below that allows for the switching of My, be-
tween the bandpass and bandstop modes of the filter. However,
changing from a nonzero Mj» value to an M5 value of zero is
very difficult in practice, since it is difficult to fully block the
coupling mechanism between resonators. Fortunately, it is pos-
sible to synthesize a bandpass-to-bandstop reconfigurable filter
with a nonzero M5 value if the resonators of the filter can be
tuned asynchronously [9].

The analysis in [9] begins with the general coupling matrix
for a conventional bandstop filter with synchronously tuned res-
onators. An example can be seen in (3) for a synchronously
tuned Butterworth bandstop filter. However, [9] shows that (3) is
just one of many possible Butterworth bandstop filter coupling
matrices. If (3) is allowed to have nonzero M7, and M5 values
as in (1), an infinite number of Butterworth bandstop filter cou-
pling matrices is possible. Reference [9] shows that, as long as

Mg, (M + M{,) + M7, > M{3 4)

is satisfied, where primed quantities correspond to the new,
asynchronously tuned filter and unprimed quantities correspond
to the original, synchronously tuned filter, the same frequency
response can be achieved with an arbitrary M7, value if

My = /M (Myz + Mpy) + M — M3 (5)

is satisfied and M{; = My;. In this example, M7, which is the
inter-resonator coupling for the synchronously tuned bandstop
filter in (3), is zero. For an M7, of one, an M7 of 0.643 produces
the Butterworth response of the original synchronously tuned
filter.

In most cases, the desired bandpass and bandstop response M
matrices will have different M5 values. However, it is possible
to implement both matrices without a tunable physical inter-res-
onator coupling structure in a filter. In a physical filter imple-
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mentation at microwave frequencies, the inter-resonator cou-
pling coefficient k15 can sometimes describe coupling values
between resonators more clearly since it accounts for band-
width explicitly. This is especially appropriate in a filter with
two modes of operation, where each mode has different semi-ar-
bitrary fractional bandwidths. In this case, k12 will be constant
between filter modes of operation for a static physical inter-res-
onator coupling structure, but M2 will change due to differing
fractional bandwidths in each mode of filter operation. In other
words, using k5 instead of Mjs will more clearly show that
the inter-resonator coupling is static throughout the synthesis
process. Because of this, the remainder of the theoretical anal-
ysis in this paper will be done using the coupling coefficients
ko1 and k15 along with My; and M, as follows:

ko1 = VA - M,
]C12 =A- M12 (6)

where A is fractional bandwidth. It is to be understood that kg;
represents external coupling to both of the filter’s ports because
both coupling values will always be equal in this analysis.

Using the k values in (6) to represent coupling values at the
actual design fractional bandwidths will allow straightforward
synthesis of a bandpass-to-bandstop reconfigurable filter with
independent bandwidths for each mode of operation without a
tunable k12 value. It will be shown that a bandpass-to-bandstop
reconfigurable response can be synthesized by enabling tunable
coupling values for kg1, M11, and M3 only and that k12 can be
static and arbitrary as long as (4) is satisfied. It is also possible
to change M3 to produce an elliptic response in the bandpass
case. First, the novel coupling structure used in the proposed
filter will be explained.

A. Novel Coupling Structure for Simultaneous ko1 and My
Switching

The novel coupling structure designed for bandpass-to-band-
stop reconfigurable filters is a transmission line of electrical
length L degrees over a coupling aperture in the wall of the first
resonator, followed by a switch, followed by a transmission line
of length 270 — 2 - L. degrees, followed by a switch, followed by
a transmission line of length L degrees over a coupling aperture
in the wall of the second resonator. A model of such a structure
can be seen in Fig. 4, where the resonators have been omitted
for clarity.

This coupling structure has three modes of operation. First, in
the bandstop mode of the filter, the switches are closed, and the
coupling structure becomes a 270° transmission line over cou-
pling apertures in the resonators. A 270° transmission line has
a positive coupling value in this analysis. This positive insertion
phase allows for a bandstop response with a nonzero k12 value.
The coupling apertures in the walls of the resonators are sized
to provide the appropriate kg; value for the bandstop mode of
the filter. An equivalent circuit model of this mode of operation
can be seen in Fig. 5(a).

The coupling structure’s second mode of operation requires
very high isolation switches. In this mode, the switches are open,
and the coupling structure becomes a transmission line of length
L degrees over a coupling aperture in the in the wall of the first
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Fig. 4. Novel coupling structure designed for bandpass-to-bandstop reconfig-
urable filters.
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Fig. 5. (a) Coupling structure in the bandstop mode of the filter. (b) Coupling
structure in the bandpass mode with very high isolation switches. (c) Coupling
structure in the bandpass mode with medium isolation switches, enabling an
elliptic response.

resonator. The transmission line between the two switches is not
coupled to, therefore the source to load coupling is removed.
Symmetry allows similar coupling into resonator 2 as resonator
1. The transmission lines of length L are approximately open
at their interior ends if high-isolation switches are utilized. The
length of the transmission line from the coupling aperture to the
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open end transforms the impedance seen at the coupling aper-
ture. Therefore, kg1 also changes accordingly, and different kg
values are possible between the bandpass and bandstop modes
of the filter. An equivalent circuit for this mode of operation can
be seen in Fig. 5(b).

The coupling structure’s third mode of operation requires a
switch with a medium level of isolation, similar to the level
found in common solid-state RF switches. Variable isolation
switches or varactors could also be used for even more flexi-
bility. In this mode, the switches are in their off-state but have
significant capacitance. An equivalent circuit for this mode of
operation can be seen in Fig. 5(c). For a certain range of small
switch capacitance values, the capacitance shown in Fig. 5(c)
adds approximately two more 90° phase shifts into the circuit.
Considering that 270 electrical degrees are already present from
the transmission lines, the total insertion phase in this mode of
the coupling structure becomes 450°. This is a significant re-
sult because the 450° of insertion phase is the sign opposite of
the 270° of insertion phase obtained in the bandstop mode of
operation, and this allows for negative source-to-load coupling.
Negative source-to-load coupling results in an elliptic response
[10], [11], providing a third useful mode of operation for the
proposed filter.

B. Analysis of Bandpass-to-Bandstop Reconfigurable Filter

In the typical bandpass mode of the filter, the second mode
of operation of the coupling structure defined in Section II-A
above is given by

koisp = v/ App - MyiBP

k1oBp = App - Mi2Bp @)

where the subscript BP denotes quantities associated with the
bandpass mode of the filter. As stated previously, it is desired
to synthesize a bandpass-to-bandstop reconfigurable filter with
a static k1o value. Therefore, in the bandstop mode of the filter,

koiss = v/ Aps - MoiBs

k12Bs = ki2BP (8)

where the subscript BS denotes quantities associated with the
bandstop mode of the filter. This corresponds to the first mode
of operation of the coupling structure defined in Section II-A.
Setting k12pp equal to kiops is possible if the resonators of
the filter are can be tuned asynchronously [9]. For an arbitrary
k12Bs, the resonators must be tuned asynchronously according
to the relationship in (9) and (10), which are modified versions
of (5). These expressions must produce a real number value for
M7 as follows:

Miips = \/MglgstBs — Mg ©)]

5 kiap k12mp )~
MllBS = MOlBS ABS - ABS

or

(10)
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Fig. 6. Filter simulation model showing geometry and materials used in the
fabricated filter.

The bandstop k£ and M values in (8)—(10) produce a bandstop
filter which has a fractional bandwidth (FBW) lower limit of

kiogp  App - Mi2pp

FBWBRS min = =
2 2
Mgips Myips

(11)

Since Mispp /M@ g5 = 0.5 using the values in (2) and (3),
the bandstop filter must be at least half as wide in bandwidth as
the bandpass filter for the case of switching a Butterworth band-
pass filter to a Butterworth bandstop filter. However, other filter
shapes can be used to produce different bandwidth limitations
between each mode of operation.

III. BANDPASS-TO-BANDSTOP RECONFIGURABLE
FILTER DESIGN

An  evanescent-mode  cavity-resonator-based  band-
pass-to-bandstop reconfigurable filter was fabricated with
a static inter-resonator coupling structure for measurement.
A model of the fabricated filter can be seen in Fig. 6. An
expanded view of each layer of the structure is shown in Fig. 7.
The evanescent-mode cavity resonators were designed in
3.175-mm-thick Rogers TMM3 printed circuit board material
and defined by plated vias. The cavities have semi-circular aper-
tures cut into their surface to enable magnetic field coupling.
These resonators were loaded with capacitive posts to reduce
their size for a given resonant frequency at the cost of quality
factor (Q)), but relatively high values of () are still possible
using this method [12]. Single, weakly coupled resonators were
fabricated out of the same TMM3 board as the filter cavities
presented in this paper, and the unloaded Q was measured to
vary from 608 to 650 across the frequency range from 2.75 to
3.75 GHz.

A copper membrane was laminated onto the substrate to close
the cavity and form the bottom plate of the capacitor inside of the
resonator. Commercially available 0.38-mm-thick piezoelectric
actuators from Piezo Systems were attached to the copper mem-
brane to allow for electronically controllable deformation of the
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Fig. 7. Layer-by-layer expanded view of filter. From top to bottom, the layers
are TMM 104, thin copper, TMM3, and thin copper. The disks represent the ac-
tuators. Note that there are switches in line with the transmission line shown
above on the top layer.

membrane. This deformation changes the loading capacitance
and thus the center frequency of the resonator. Capabilities of
these resonators with associated bias voltages and capacitive
gap dimensions can be seen in [12].

The cavity feeds were fabricated on 1.27-mm-thick Rogers
TMM10i material and laminated to the cavities. The feeds were
fabricated on this high-dielectric material to reduce the size of
the 270° transmission line for source-to-load coupling described
above.

The bandwidths of the bandpass and bandstop modes of the
filter are somewhat independent. Each can be designed within
the fractional bandwidth range of 0.5%-5.0%. The design of
a second-order, independent-bandwidth, bandpass-to-bandstop
reconfigurable filter like the one presented in this work can be
completed by following the procedure outlined below. It is as-
sumed at the start of this procedure that adequate resonators
have already been designed and that magnetic coupling is used
to physically implement M1, such as the aperture coupling into
the resonators shown in Fig. 7. Example values for a 1.2% frac-
tional bandwidth Butterworth bandpass to 0.9% fractional band-
width Butterworth bandstop reconfigurable filter will be given
to aid understanding.

Step 1) Design the coupling between the two resonators, k12,
as required by the bandpass shape that is desired
[13]. This should be carried out as if only a bandpass
filter was being designed. For example, in a second-
order Butterworth bandpass filter as in (2), Mjs is
0.7071. For a 1.2% fractional bandwidth, this results
in a k12 of 0.008485.

Step 2) Implement a source-to-load coupling value, M3, of
one with a phase of 270° degrees. A 270° transmis-
sion line whose characteristic impedance matches
that of the system can be used to accomplish this.
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Step 3) Now, assuming a k1o value of zero, design the ex-
ternal coupling, ko1, as required to meet the band-
width specification of the bandstop filter [14]. Use
the Mjyq value from (3) for the normalized Butter-
worth bandstop filter, 1.189. For a 0.9% fractional
bandwidth filter, this results in a kg1 of 0.1128.

Step 4) The k12 value is fixed by the bandpass mode of the
filter at 0.008485. Since the bandstop filter has a
0.9% fractional bandwidth, an M- value of 0.9428
describes the inter-resonator coupling in the band-
stop mode.

Step 5) To achieve the desired bandstop response, tune the
resonators asynchronously according to (9) and
(10). With the coupling values above, an M7 value
of 0.6663 describes the resonator self-coupling for
the bandstop mode of the filter.

Step 6) Design the location of the switches along the 270°
transmission line to enable switching between the
ko1 needed for the bandstop mode [step 3)] and the
ko1 needed for the bandpass mode [see (2) and (7)]
[15]. When the switches are placed directly after the
magnetic coupling structures for ko1, the minimum
in external coupling is achieved for the case when
the switch is open because the coupling structure is
adjacent to a current minimum on the transmission
line. When the switches are placed 90° in electrical
length after the coupling structures for kg1, the max-
imum in external coupling is achieved for the case
when the switch is open because the coupling struc-
ture is adjacent to a current maximum on the trans-
mission line. The switches are closed in the bandstop
mode, resulting in a 270° transmission line.

Step 7) Determine the switch type and amount of switch
isolation needed for the prescribed bandpass filter
shape. A very high isolation switch with low off-state
reactance will provide a Butterworth or Chebyshev
response, as shown in Fig. 2(a). Isolation on the
order of 40-50 dB is required for this example
design. However, a lower isolation reflective switch
with capacitive reactance in the off state will create
an elliptic response, as shown in Fig. 2(b). The
isolation level of the switches will be the limit of the
out of band isolation in the elliptic bandpass case,
unless the design has high source-to-load coupling
through another mechanism. An absorptive switch
will provide inductive reactance in its off state, and
this will produce the response of a self-equalized
filter. A theoretical progression of filter responses
in the normalized frequency domain for changing
switch isolation types and levels is shown in Fig. 8.
Note that the location of the transmission zeros in
the elliptic state of the filter can be designed through
the choice of switch isolation, with the tradeoff
being less filter isolation beyond the transmission
zeros the closer the transmission zeros are to the
filter passband.

In the 1.2% fractional bandwidth bandpass mode of the filter,
the coupling matrix in (2) will describe the filter, and the &
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values will be

koigp = 0.09212

k1onp = 0.008485. (12)

In the 0.9% fractional bandwidth bandstop mode of the filter,
the coupling matrix in

0 1.189 0 1
1.189 0.6663  0.9428 0

M= 0 0.9428 —0.6663 1.189 (13)
1 0 1.189 0

will describe the filter.
The k values for the bandstop mode of the filter will be

koins = 0.11280

k12Bs = 0.008485. (14)
Notice that the k1o value in both modes of the filter is the
same, enabling a static inter-resonator coupling structure. The
difference in ky; between filter modes is designed for by the
correct placement of the switches in the source to load coupling
structure described above. Finally, the difference in M7 values
can be implemented as long as the filter’s resonators are inde-
pendently tunable. Therefore, a tunable bandpass filter can be
made a bandstop filter by simply putting a switch on the feed
line structure, but only if the proper design rules are followed.

IV. MEASURED RESULTS

The response of the fabricated filter was measured using an
Agilent Technologies N5230C PNA. Bias voltages were applied
to the switches and piezoelectric actuators using Keithley 2400
Sourcemeter power supplies. Piezoelectric actuator bias volt-
ages ranged from —200 to O V. A labeled photograph of the
device can be seen in Fig. 9.
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Fig. 9. Labeled photograph of both sides of the fabricated filter. For measure-
ments, a network analyzer was connected to the RF ports, and dc power sup-
plies were connected to the dc bias connector. The dc traces were fabricated on
a 25.4-pm liquid crystal polymer (LCP) substrate.

The ideal synthesized response in Fig. 10(a) shows a theo-
retical second-order Butterworth bandpass filter with no stray
coupling between source and load ports. It is valuable to do
a measurement of the fabricated filter without switches in the
source-to-load coupling structure to observe the amount of cou-
pling due to radiation and substrate paths for comparison. This
measurement can also be seen in Fig. 10(a). This response is
the optimal limit of what could be achieved with this design.
While this response is shown for reference, it may be possible
to achieve a similar response with high-quality microelectrome-
chanical systems (MEMS) switches [16] in the near future. The
response of this filter in both bandstop and bandpass modes can
be seen over a wider frequency range in Fig. 11. A zero-ohm
resistor was used in the bandstop case in Fig. 11 to simulate
a perfect switch and show the optimal limit of the design. The
bandstop mode shows good performance up to 6 GHz, where an
unwanted resonance starts to appear. The bandpass mode has
20 dB or greater out-of-band attenuation across the entire fre-
quency range. Because of the extended upper stop band in the
bandpass case, no spurious passband circuitry would be required
in most systems.

A self-equalized filter response was produced by using
state-of-the-art, absorptive, solid-state switches [17] with high
isolation and low insertion loss. Synthesized and measured
examples can be seen in Fig. 10(b). The measured plot in
Fig. 10(c) was obtained using medium isolation reflective
switches [18], resulting in an elliptic response. For the ideal
case in Fig. 10(a), the filter is centered at 3.21 GHz and exhibits
2.6 dB of insertion loss in the passband. Of this loss, 0.12 dB is
due to the fact that the filter has stronger external coupling than
was designed for due to fabrication tolerances of the circuit
board plotter used. Accounting for the mismatch loss, a 1%
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Fig. 10. Measured and synthesized S2; responses of the filter in the bandpass
mode. (a) Response with no switches (open) compared with the ideal Butter-
worth filter. (b) Response with absorptive switches compared with the ideal
self-equalized filter. (c) Response with reflective switches compared to ideal
elliptic filter. Note that loss was not included in synthesis.
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Fig. 11. Measured S1; and S>; responses of the filter in the bandpass and
bandstop modes from 1 to 10 GHz. (a) Bandstop mode. (b) Bandpass mode.

fractional bandwidth filter with 2.5 dB of insertion loss has a
Q@ of 457 based on gain—bandwidth product. Also, according



NAGLICH et al.: TUNABLE BANDPASS-TO-BANDSTOP RECONFIGURABLE FILTER WITH INDEPENDENT BANDWIDTHS AND TUNABLE RESPONSE SHAPE

0 Volts Piezo Bias -200 Volts Piezo Bias

Transmission (dB)

404

45

-50 T
2.75 3.00

3.756

Frequency (GHz)

Fig. 12. Measured S>; response of the filter in bandpass and bandstop modes,
tuned across the available tuning range.

to simulation, 0.1 dB of the loss was due to radiation from
the coupling apertures. It can be seen that synthesis lines up
well with measurement, noting that loss was not included in
synthesis.

Group delay for each filter case can also be seen in Fig. 10.
The filter in Fig. 10(a) has a 13.5-ns group delay in the middle
of the passband, with 0.4-ns variation across the band. The filter
in Fig. 10(b) has a 14.7-ns group delay in the middle of the pass-
band, with 0.6-ns variation across the band. The self-equalized
case has a greater group delay than the Butterworth case because
it has a narrower bandwidth. The narrower bandwidth is a result
of areduction in My, due to the use of an absorptive switch. For
comparison, according to Agilent ADS, a Chebysheyv filter with
similar bandwidth as the self-equalized filter in Fig. 10(b) has a
group delay of 18.2 ns in the middle of the passband.

Measured results showing a tunable elliptic bandpass Sa;
response and a tunable bandstop S2; response are shown in
Fig. 12. Note that all traces in the plot are S»;. The responses
in Fig. 12 were obtained using a solid-state reflective RF switch
[18] in line with the transmission line between the resonators.
While the loss is higher when using a solid-state switch, the
filter can be switched between modes very quickly in this con-
figuration, of the order of 10 ns. Comparatively, many MEMS
switches have switching speeds on the order of 10 us. Fast
switching speed between modes could be important in some sit-
uations, because the filter takes roughly 100 ps to tune across the
tuning range. For example, if a receiver was using the filter in
bandpass mode at 3.5 GHz, and a signal appeared at 2.9 GHz
that needed to be sensed quickly, the filter could switch to band-
stop mode in 10 ns to make the receive path a through line at
2.9 GHz instead of taking 100 us to tune that bandpass filter
to 2.9 GHz. This opens the receiver to a much wider frequency
range, but, in some situations, the tradeoff would be justified.

In bandpass mode, the filter has less than 2.9 dB of inser-
tion loss in the passband over the tuning range, which was
2.9-3.6 GHz. Up to 50 dB of isolation is demonstrated in the
out-of-band transmission nulls, which are 1.5% away from
the center of the passband. Beyond the transmission zeros,
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Fig. 13. Simulated versus measured data for the 3.35-GHz responses in Fig. 12.
(a) Bandpass data. (b) Bandstop data.

the out-of-band attenuation was 17 dB. In bandstop mode, the
filter produces up to 45 dB of isolation at its center frequency
and has the same tuning range as in the bandpass case. Due to
the higher resistance of the solid-state switch in its on state,
the filter shows 1.8-2.4 dB of loss across the passband in the
bandstop state.

Simulated versus measured data for the 3.35-GHz responses
in Fig. 12 can be seen in Fig. 13. It can be seen that the simulated
and measured responses are similar with only minor variation.
The insertion loss and transmission zero locations relative to the
passband in the bandpass mode were predicted very well. Sim-
ilarly, the out-of-band loss in the bandstop mode of the filter
lines up very well between measured and simulated data. How-
ever, there are a few discrepancies that warrant discussion. In
the bandpass data, the measured S1; away from the passband
is 1.7 dB lower than the simulated S71. It is hypothesized that
this is due to the finite off-state resistance of the switches on
the source-to-load coupling transmission line. In the simulated
bandpass data, the switches were modeled as 0.3-pF capacitors
in the off-state as a first-order approximation according to the
component datasheet. The finite resistance of the switches in
their off-state causes the discrepancy in out-of-band isolation in
the bandpass mode. In the bandstop mode, the switch was mod-
eled as a 6-(2 resistor as a first-order approximation according
to the component datasheet. The discrepancy in filter bandwidth
can be attributed to the fact that the external coupling apertures
were cut slightly too large by the circuit board plotter.

V. CONCLUSION

An electronically reconfigurable bandpass-to-bandstop filter
was shown that can utilize the same set of coupled resonators
and switch the feeding structure to change between different
modes of operation. For example, the filter can exhibit Butter-
worth and elliptic bandpass responses as well as a Butterworth
bandstop response by changing the state of the feed network and
slightly adjusting the center frequencies of the resonators. The
theory of such a filter was developed through the use of coupling
matrices and coupling coefficients such that the inter-resonator
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coupling remained unchanged. A detailed bandpass-to-band-
stop filter design process was also presented. In bandpass mode,
the fabricated filter had less than 3 dB of insertion loss for a
1.06% 3-dB bandwidth filter, and, in bandstop mode, the filter
provided greater than 45 dB of isolation.

Benefits and applications of a bandpass-to-bandstop recon-
figurable filter are envisioned to include general system flexi-
bility at no cost of physical space, concurrent transmit and re-
ceive schemes, and multi-element antenna systems, but there are
many other possible uses. In cognitive radio environments, these
filters would be valuable to radio systems to isolate signals of
interest or attenuate interfering signals, depending on the envi-
ronment or mode of operation of the radio. This flexibility will
be required since the electromagnetic environment of the future
will be open and constantly changing.
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