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Tunable Constant-Bandwidth Substrate-
Integrated Bandstop Filters

Mark D. Hickle, Member, IEEE, and Dimitrios Peroulis, Fellow, IEEE

Abstract— A new method for designing tunable bandstop
filters with constant fractional and absolute bandwidths (ABWs)
is presented. The constant bandwidth is achieved through a
new coupling structure, which is passive and consists only of
coupling elements and transmission lines. Its theory of operation
is presented, and design principles and tradeoffs are examined
in detail. Several prototype filters are fabricated and measured
to demonstrate the performance and versatility of this method.
An octave-tunable filter with less than 12% fractional bandwidth
variation is demonstrated, along with an octave-tunable filter with
12.3% variation in ABW variation, a filter with a 50% tuning
range and less than 4% variation in ABW, and a four-pole octave-
tunable filter with less than 4% variation in its 10-dB ABW. These
results represent state-of-the-art performance when compared to
other constant-bandwidth bandstop filters at frequencies higher
than those compatible with lumped-element filters.

Index Terms—Filters, microwave filters,
resonator filters, tunable circuits and devices.

notch filters,

I. INTRODUCTION

UNABLE bandstop filters have been the focus of many

research endeavors in recent years due to their ability to
dynamically suppress signals by many orders of magnitude
with a high degree of selectivity. They can be cascaded
with bandpass filters in order to provide extremely high
rejection [1], [2], or can be used without preselect bandpass
filters to realize very wideband receivers with the ability to
selectively reject undesired signals.

Though many excellent examples of tunable bandstop filters
have been demonstrated, most suffer from large variations in
bandwidth when tuned over wide frequency ranges. A survey
of published tunable bandstop filters reveals this limitation.
In [3], a bandstop filter which has a 0.65-1.65-GHz tun-
ing range and a 1.2%-3.2% fractional bandwidth (FBW) is
presented. An 8.6%—11.3% FBW is seen in [4], which is a
bandstop filter with a 1.3-2.3-GHz tuning range. The filter
in [5] experiences a 4%-5.9% FBW over an 8.9-11.3-GHz
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tuning range, and the filter in [6] also experiences a
1.6%—4.2% FBW with slightly over an octave tuning range.
The frequency variation of bandwidth is related to the
external coupling structures which connect a filter’s resonators
to its signal path. The FBW of a first-order lossless bandstop
filter consisting of a parallel resonator coupled to a source-to-
load transmission line with an external coupling element of
magnitude Ko can be shown to depend only on the external
coupling [7]
K2
FBW34p = 70 M

Though factors such as finite unloaded quality factor and
non —90° lengths of transmission lines complicate analytical
expressions for the bandwidths of higher order bandstop
filters, they are still primarily determined by the strength of
the external coupling. Typical microwave coupling structures
used to realize external couplings in bandstop filters include
coupled microstrip lines, lumped capacitors, or inductors, and
apertures in cavities. Coupling structures which rely on a
certain geometry to provide the desired coupling coefficients,
such as coupled sections of microstrip lines or apertures
in cavities, have frequency variation because the electrical
size of the structure increases as frequency is increased.
Lumped-element coupling structures such as capacitors or
inductors exhibit frequency-dependent reactances which lead
to changes in coupling magnitude.

It is usually even more challenging to maintain con-
stant absolute bandwidth (ABW) across a wide tuning range
because ABW is equal to FBW - fy, where fj is the center
frequency of the filter. Even with a perfectly constant FBW,
the ABW of a filter will double when tuned over an octave
tuning range. To maintain constant ABW, the FBW must
decrease linearly with frequency, which requires the external
coupling coefficient to be inversely proportional to the square
root of frequency.

Several methods for addressing the problem of bandwidth
variation have been presented. In [8] and [9], lumped-element
absorptive bandstop filters are implemented with inductive
admittance inverters which, when combined with capacitively
tuned resonators, provide fairly constant ABW over more
than an octave tuning range. Due to the use of lumped-
element inductors and capacitors, however, this method is only
applicable for frequencies less than approximately 2 GHz.

Another method for maintaining constant ABW is to realize
the external coupling with an electrically long section of
coupled transmission lines. The length of the coupling section
can be optimized to blend electric and magnetic coupling, and
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the opposite frequency dependencies of these two types of cou-
pling can partially compensate for each other, yielding a fairly
constant bandwidth. Examples of this method can be found
in [10] and [11]. This method works well, as [10] demonstrated
a 92% center frequency tuning range with only 24% variation
in 3-dB bandwidth. However, this method is only applicable
to microstrip or other electrically long resonators which can
use both electric and magnetic coupling.

A third method for realizing constant-bandwidth filters is to
utilize tunable coupling elements, so that the coupling can be
reduced at higher frequencies in order to maintain constant
ABW. In [7] and [12], microstrip resonators loaded with
varactors on each end are used. By differentially tuning the
varactors, the voltage and current distributions on the resonator
can be modified, which tunes the external coupling coefficient
and thus the filter’s bandwidth. Specifically, [12] demonstrates
a constant 100-MHz 3-dB bandwidth over a 1.2-1.6-GHz
center frequency tuning range. Using the same method, the
filter in [7] has a 3-dB bandwidth which can be held constant
over a 0.67-1-GHz tuning range. In [13], substrate-integrated
waveguide cavity resonators are coupled to a through-line
with varactors, which allows the filter to maintain a constant
83-MHz 3-dB bandwidth across a 0.77-1.25-GHz tuning
range. Using tunable coupling elements allows tunable fil-
ters to maintain constant bandwidth, but it increases control
complexity due to the additional tuning elements, and also
decreases the filter’s linearity and adds additional loss.

Until recently, there was no way to passively control the
bandwidth variation of high-Q tunable evanescent-mode cavity
resonators. The lumped-element coupling method of [8] is not
compatible with this type of resonator, particularly at high
frequencies where lumped-element components are very lossy.
The electric field is concentrated into a very small portion of
resonator’s volume, while the magnetic field is fairly evenly
distributed throughout the volume of the resonator, making it
difficult to simultaneously realize both electric and magnetic
coupling. Thus, the method used in [11] cannot be used.
Tunable coupling elements can be used, as in [13], but it
is often preferable to avoid the additional tuning elements
introduced by tunable coupling.

A new coupling method for bandstop filters was recently
presented by Hickle and Peroulis [14], which for the first
time allowed control over the bandwidth of tunable bandstop
filters utilizing evanescent-mode cavity resonators. This paper
presented preliminary results of this method, consisting of a
tunable bandstop filter which had only 27% variation in its
3-dB ABW over an octave center-frequency tuning range—
an 80% reduction in bandwidth variation compared to the
typical method of coupling for these filters.

This paper builds upon this work by investigating this new
bandwidth control method in greater detail and presenting
new results which have improved performance over and go
beyond the scope of the results in [14]. Specifically, five S-
to C-band filters are designed, implemented, and measured
in order to demonstrate the efficacy and versatility of this
method.

1) A two-pole constant-FBW filter with an octave tuning

range and only 12% variation in 3-dB FBW.

6, 6, 6,
kg, kp kg

(a) (b)
Fig. 1. (a) Twice-coupled resonator topology for constant bandwidth.

(b) Equivalent circuit of (a).

2) A two-pole constant-ABW filter with an octave tuning
range and only 12.3% variation in its ABW—a 55%
improvement over [14].

3) A two-pole constant-ABW filter with a 50% tuning
range and only 3.8% variation in ABW.

4) A constant-ABW octave-tunable four-pole filter which
can maintain a constant 10-dB ABW, limited only by
tuning and measurement accuracy.

5) An uncompensated tunable bandstop filter designed
using the traditional coupling method, in order to show
the benefit provided by this new coupling method.

By comparing the constant-bandwidth filters to the control
filter which is designed without the constant-bandwidth cou-
pling method, it is shown that over an octave tuning range
the new coupling method can reduce the FBW variation by
up to 86%, and can reduce the ABW variation by up to 95%.

In addition to the new results presented, this paper inves-
tigates the optimal performance as well as limitations of
this method. It also presents background theory and design
considerations, such as the relationship between tuning range
and bandwidth variation, and the effects of coupling sign and
transmission line length on bandwidth variation. It is shown
that in addition to providing greatly reduced bandwidth varia-
tion, this coupling method also reduces the phase variation
of the transmission line between the two resonators of a
two-pole bandstop filter. This helps maintain the symmetry
of the filter’s transfer function over wide tuning ranges.

This paper is organized as follows. Section II develops
the background theory and design space of the coupling
structure introduced in [14], presenting design principles and
design tradeoffs. Section III details the design of constant-
bandwidth filters based on evanescent-mode cavities using
the new coupling method. Section IV presents the measured
results of the designed filters, and Section V concludes the
work.

II. CONSTANT-BANDWIDTH COUPLING CONCEPT

The coupling topology studied in this paper is shown
in Fig. 1(a). This circuit was first introduced in [7] in order
to realize intrinsically switched bandstop filters, and was
proposed in [14] for the purpose of constant-bandwidth filters.

It can be shown that the circuit of Fig. 1(a), consisting of
a resonator coupled twice to a through-line of length 6y with
external coupling elements kg; and kg», is equivalent to the



HICKLE AND PEROULIS: TUNABLE CONSTANT-BANDWIDTH SUBSTRATE-INTEGRATED BANDSTOP FILTERS 159

1.5
1.2
<3
£ 0.91
&
on
.2 0.6
g
<=
2 03 ——r=05
——r=-0.5
0.0 T T T
0 90 180 270 360
Transmission line length 6, (degrees)
Fig. 2. Frequency variation of the shaping factor F, which modifies the

frequency dependence of the individual coupling coefficients.

circuit of Fig. 1(b), which comprises a resonator coupled to a
through-line with only a single coupling element kg, followed
and preceded by transmission lines of lengths 6; and 6, [7].
The coupling elements are modeled as admittance inverters,
as described in [7]. The equations relating the expressions in
the equivalent circuit to those of the original circuit are

kg = \/k%ﬂ + k2, + 2kg1kpacos(6o) 2)
ket —jbo
1 +e
0= -7 —arg -t — 3)
2 % + ejﬁo
O, =6y — 6. “4)

If the two coupling elements kg and kg> have approxi-
mately the same frequency dependence but one is a fraction
of the other, for example

kgy ~ rkg) (5)
where r is a constant, then (2) can be approximated as
kg ~ kg1 F
F = 1+ 72+ 2rcos(6p).

(6)
@)

We now see that the total equivalent coupling coefficient
is equal to the original coupling coefficient kr; multiplied
by a shaping factor F, which has a sinusoidal frequency
dependence since the electrical length of the transmission line
6o is proportional to frequency. The frequency dependence of
the shaping factor F is shown in Fig. 2. It can be seen that
when the two coupling coefficients have the same sign (r > 0),
F decreases with frequency for 0° < 8y < 180° and increases
with frequency for 180° < 6y < 360°. Conversely, when
the two coupling coefficients have opposite sign (r < 0),
the opposite trend is observed: F' has a positive frequency
dependence for 0° < fp < 180° and a negative frequency
dependence for 180° < 6y < 360°. The regions where F' has
negatively sloped frequency dependence can be used to at least
partially compensate for the positive frequency dependence
inherent to the original coupling structure.

To show how this method can realize constant-coupling
coefficients for constant-FBW filters and coupling coefficients
which decrease with frequency for constant-ABW filters,
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length 6, with r = 0.3. The values of 6 are defined at fmax.

we will use a frequency-dependent model for the coupling
coefficients and investigate how the various design parameters
affect the frequency variation of the composite coupling coef-
ficient k. In the rest of Section II, kg is defined such that it
has a value of 1 at the resonator’s minimum tuned frequency
Jfmin and increases by 50% over an octave tuning range

Jo _1).
fmin

This is a first-order approximation of the frequency depen-
dence observed in typical coupling structures, and we will see
in Section III that it models the frequency dependence of the
utilized coupling structure fairly well.

The coupling coefficient kg is plotted versus normalized
center frequency ( fo/fmin) for several values of r in Fig. 3.
It can be seen that when r is zero, kg is the same as that
of a single coupling element, and increases by 50% over an
octave tuning range. As r increases, kg is increased at lower
frequencies and reduced at higher frequencies, becoming zero
at the frequency at which 6y is 180° when r = 1.

The dependence of coupling variation on the length of the
transmission line 6y is shown in Fig. 4. The stated values of
6o are defined at the maximum tuned center frequency fiax,
which in this case is a normalized frequency of 2. It can

Kt — 1 +0.5( @®)
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positive, and the values of r and 6y can be found in Fig. 7(b).

be seen that for values of 6y less than 170°, the coupling
coefficient has a concave-down shape, whereas it is concave-up
for lengths of 6y greater than 170°. For the specific frequency
dependence of the coupling coefficient used in this example,
choosing 6y = 170° at fmax and r = 0.28 results in a
nearly constant coupling coefficient as needed for constant
FBW, and choosing 8y = 180° and r = 0.6 causes the
coupling coefficient to decrease with frequency as required
for constant ABW.

Though nearly constant, the resulting coupling coefficient
has a slight sinusoidal frequency variation which in general
has a single local maximum and a single local minimum.
The frequency variation of kg can be minimized (to obtain
constant FBW) by choosing the values of r and 6y such
that both the global and local maxima are equal, and the
global and local minima are equal, as seen in Figs. 5 and 8.
Designing for constant ABW is nearly the same as designing
for constant FBW, except that the quantity k% - fo (which is
proportional to ABW) should be minimized instead of kg. This
optimization of r and 6y can either be done manually, using
the trends shown in Figs. 3 and 4, or can be accomplished
with an optimization algorithm.

One key characteristic of the proposed method is that its
topology is generic, and can in principle be applied to any
tunable resonator technology. This is in contrast to the existing
constant-bandwidth methods described in Section I, which are
applicable only to specific technologies.

A. BW Variation Versus T-Line Length and Tuning Range

The shaping factor F' can have a negative slope with respect
to frequency over a wide range of frequencies, and thus is able
to reduce the amount of bandwidth variation over wide tuning
ranges. However, it can be seen that F' is much more linear
over narrow ranges of gy (in the neighborhood of 6y = 90°
when r is positive and 6y = 270° when r is negative),
and it is thus expected that this method will be even more
effective when utilized over narrow tuning ranges. In general,
the amount of reduction in bandwidth variation is a nonlinear
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Fig. 6. (a) Minimum ABW variation and (b) minimum FBW variation as a
function of center frequency tuning range.

function of the tuning range over which the bandwidth vari-
ation is optimized. To show this, the transmission line length
6o and coupling ratio r were optimized in order to provide
minimum bandwidth variation, for a variety of tuning ranges.

The resulting ABW variation curves are shown in Fig. 5.
As expected, for all tuning ranges the bandwidth variation is
significantly reduced compared to the uncompensated case.
However, as the tuning range decreases, the bandwidth varia-
tion reduces dramatically and can become nearly constant for
small tuning ranges.

The optimized fractional and ABW variations (AFBW and
AABW, respectively) are plotted as a function of tuning range
in Fig. 6(a) and (b). The quantities AFBW, AABW, and
tuning range are calculated as

max (FBW)
AFBW =100 - ———— ©)
min (FBW)
max (ABW)
AABW =100 { ————1 (10)
min (ABW)
Tuning range = 100 - (fmax - 1) . (1)
min

Fig. 6(a) and (b) shows the degree to which the proposed
method can reduce bandwidth variation, and Fig. 7(a) and (b)
shows the corresponding values of r and 6y required to
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minimize bandwidth variation. For example, over an
octave (100%) tuning range, the proposed method can reduce
the FBW variation from 125% to just 3.5% (a 97% reduction),
and can reduce the ABW variation from 350% to just 12%
(2 96.5% reduction). Reducing the tuning range to 50% greatly
reduces the amount of bandwidth variation. In this case the
FBW variation can be reduced from 56% to approximately
0.7% (a 99% reduction), and the ABW wvariation can be
reduced from 130% to approximately 2% (a 98.5% reduction).
Fig. 7 also shows the difference between utilizing coupling ele-
ments of the same sign (r > 0), which requires a transmission
line which is about 180° at fmax, and utilizing coupling ele-
ments of opposite sign (r < 0), which requires a transmission
line which is approximately 360° at fmax. It is evident that
significantly less bandwidth variation can be obtained when
coupling elements of the same sign are used. This is because
compared to a nominally 360° transmission line, the nominally
180° transmission line experiences half as much variation in
phase over a given tuning range, and the shaping factor F
is therefore more linear for the given frequency range and
more effective at compensating the frequency dependence of
the coupling element. Because of this it is always desired,
if possible, to use coupling elements of the same sign so that
a nominally 180° transmission line can be used. This might not
always be possible, however, especially at high frequencies or
when using high-permittivity substrates (see [15], [16]) which
could make it impossible to physically realize a transmission
line which is less than 180° between the coupling elements.
Fig. 8 shows the frequency dependence of the total coupling
coefficient when a 360° transmission line is used (r < 0)
compared to when a 180° transmission line is used (r > 0).

B. Phase Variation

A two-pole absorptive bandstop filter (see [17]) imple-
mented using the coupling topology of Fig. 1(a) has the
structure shown in Fig. 9(a). The length of transmission
line between the two resonators does not have a significant
effect on the bandwidth of the filter, but it does affect the
symmetry of the filter’s transfer function. In order to have
a symmetric transfer function, a transmission line of length
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Fig. 8.  Frequency variation of ABW for » > 0 and r < 0. Because a

longer transmission line is required, the bandwidth compensation method is
less effective when r < 0, resulting in roughly twice as much bandwidth
variation.

(b)

Fig. 9.
structure of Fig. 1(a). (b) Topology from (a) using equivalent circuit for the
coupling structure from Fig. 1(b).

(a) Topology of a two-pole bandstop filter using the constant-coupling

63 must be inserted in order to provide 90° phase between
the resonators [18]. Replacing the twice-coupled resonators in
Fig. 9(a) with their equivalent circuits [Fig. 1(b)] yields the
circuit of Fig. 9(b), showing that the phase contributed by the
constant-coupling structure must be taken into account when
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(the physical transmission line added between the resonators) +20; (the phase
contributed by the coupling structure).

selecting the length of transmission line 63. If (5) is substituted
into (3), the equation for #; can be reformulated as

0 1 r+e %
== —arg| —————
! 2 d & r 4 el

while (4) remains the same. We see that the equivalent lengths
of transmission line which define the coupling reference plane
depend not only on the length of transmission line in the
coupling section, but also on the ratio of the two coupling
values. If we examine the frequency variation of 8; and 6, for
different values of r (plotted in Fig. 10), we can see that 6,
increases monotonically with frequency. 81 is not monotonic,
however, and actually has a negative slope versus frequency
for some frequencies.

This negative phase-versus-frequency slope can be benefi-
cial, as it reduces the frequency variation of the phaselength
between the two resonators. The total phase between the
resonators is equal to the sum of the physical transmission
line length 63 and twice the virtual phaselength ;. It has
less phase variation over a given tuning range than a single
length of TEM transmission line would because of the negative
frequency dependence of #3. This is shown in Fig. 11. It can
be seen that for a coupling ratio of r = 0, which is the case

12)

of only a single coupling aperture, the total phase between
the resonators changes by 100% over an octave tuning range
(63.6°—127.3°) as expected because ; = 0 and all of the phase
between the resonators is provided by the TEM transmission
line 63. As r is increased, the variation in phase decreases,
and can be as little as 38% (68.5°-94.7° for r = 0.6). This
reduction in phase variation helps the filter to maintain a
symmetric transfer function when tuned over a wide frequency
range.

Because the phase between the resonators does not strongly
affect the filter’s bandwidth, (12) is generally not taken into
account when optimizing the coupling coefficients for con-
stant bandwidth. However, it does provide useful information
when choosing the length of transmission line between the
resonators for a symmetric transfer function.

III. CONSTANT-BANDWIDTH FILTER DESIGN

Tunable evanescent-mode cavity resonators were chosen as
the technology for the filters in this paper due to their well-
known high unloaded quality factors and wide tuning ranges.

This kind of resonator consists of a substrate-integrated
waveguide cavity loaded with a capacitive post which is
connected to the bottom of the cavity. A small gap is left
between the post and the top of the cavity, which approximates
a parallel-plate capacitor and gives a method for tuning the
frequency of the resonator if the ceiling of the cavity can be
displaced by an actuator, such as a piezoelectric disc [19] or an
electrostatically actuated MEMS diaphragm [20]. The features
and design of these resonators will not be further discussed
here because of the abundance of information available in open
literature [21]-[23].

Five filters were designed in order to validate the concepts
described in Section II. Filter A is a 1.2% constant-FBW
filter with a 3-6-GHz tuning range. Filter B is a 53-MHz
constant-ABW filter with a 3-6-GHz tuning range. Filter C
is a 53-MHz constant-ABW filter with a 3.5-5.5-GHz tuning
range in order to demonstrate the tradeoff between band-
width variation and tuning range. Filter D is a four-pole
constant-ABW filter consisting of a back-to-back cascade of
two Filter B’s. Filter E is an uncompensated filter which does
not use the presented constant-bandwidth coupling method,
but instead uses a single coupling element. This filter allows
for a fair evaluation of the performance gained by using the
constant-bandwidth coupling structure.

To increase the filters’ stopband rejection, an absorp-
tive bandstop filter design is wused [17]. By choosing
ke > (2/0u)Y?, and ki ~ 1/Qu, where Qp is the
unloaded quality factor of the constituent resonators, the filter
can achieve theoretically infinite stopband attenuation even
with finite- Q resonators. It should be noted that k1> is much
smaller than kg, and as a result has little impact on the filter’s
bandwidth and does not fundamentally change the analysis
of Section II.

When cascading two-pole filter sections in order to create a
four-pole filter, as in the case of Filter D, a 90° transmission
line should be inserted between stages in order to provide
the impedance matching required for a symmetric trans-
fer function. This phaselength should take into account the
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Fig. 12. Exploded view of the designed two-pole constant-bandwidth filters.

phaselength 8> contributed by the constant-bandwidth coupling
structure, as shown in Fig. 9. However, the designed filters
are partially absorptive at their center frequencies, and there
is little impedance mismatch between sections. As a result,
the inter-stage transmission line length is not critical, and the
two-pole stages can simply be placed as close together as
possible.

A. External Coupling

The filters proposed in our paper use a coupling structure in
which the microstrip feeding line is transferred to a coplanar
waveguide (CPW) transmission line embedded in the ground
plane, which is shared with the cavity. This structure is shown
in Figs. 12 and 15(a) and (b). The magnetic field of this section
of CPW couples with the magnetic field of the cavity, realizing
the desired external coupling. The strength of the coupling
depends on both the length and width of the section of CPW
line embedded in the cavity’s ground plane. To increase the
coupling coefficient, radially oriented stubs can also be added
to this section of CPW line in order to increase the area of the
CPW section inside the cavity. The coupling coefficient kg1 is
determined by the CPW length and width d3 and w», as well
as the radial stub angle ¢. The value of kg> is determined
by the CPW length and width /; and w;. The values of
kg1 and kg> can be extracted from electromagnetic simulation
using the method in [24], or by calculating the external quality
factor Qg with the method in [25] and using the relationship
ke12 = +/2/QE1,2. Fig. 13 shows the frequency dependence
of the coupling coefficient kg; produced by this coupling
structure for various lengths of d3, and Fig. 14 shows the
simulated values of kgy for various lengths of /;. It can be
seen that the coupling coefficients are approximately linear
with respect to frequency and increase by about 50% over an
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Fig. 13.  Frequency variation of the coupling coefficient kg for various

lengths of d3. In these simulations, wy =2 mm and ¢ = 0.
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Fig. 14.  Frequency variation of kgo for various lengths of /;. w1 = 1 mm
in these simulations.

octave tuning range, which justifies the model used for the
coupling coefficients used in Section II.

B. Polarity of External Coupling Structures

As can be seen from Fig. 2, the relative sign of the
external coupling elements must be known in order to design
a constant-bandwidth coupling structure.

If a cavity using the coupling structure just described is
excited with a signal from the left side of the structure with
the excitation de-embedded such that the reference plane is
in the middle of the coupling section, the magnetic field in
the cavity aligns with the magnetic field of the transmission
line and is oriented in a counterclockwise direction, as shown
in Fig. 15(a). However, if the coupling section is placed on
the opposite side of the cavity and the same excitation is
applied, again de-embedding the reference plane to the center
of the coupling element, the magnetic field in the cavity has
the opposite orientation, as seen in Fig. 15(b). From this we
see that two coupling structures with exactly the same size
and shape can yield opposite sign of coupling depending on
the direction of signal propagation across the coupling section
with respect to the orientation of the cavity.

Since it is desirable for the two coupling elements to have
the same polarity (see Section II-A), the coupling sections
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Fig. 15. Current density on the microstrip line (green arrows) and magnetic
field inside the cavity (black arrows) when the incident signal propagates.
(a) From the outside of the cavity to the inside. (b) From the inside of the
cavity to the outside. The thick arrows indicate the inside and the outside
of the cavity, and the dashed lines indicate the simulation reference planes.
Because the magnetic field has the opposite direction in the two cases, the sign
of the coupling for the two cases is opposite.

must be oriented such that the direction of signal propagation
across each element is the same: either from inside of the
cavity to outside the cavity, or outside the cavity to the inside.
To accomplish this, the transmission line between the coupling
elements is looped around the smaller coupling section, so that
for both coupling elements a signal launched from the input
will propagate from the inside of the cavity to the outside.
With the knowledge of the frequency-dependent coupling
values kg1 and kg2, (2) was used to optimize the ratio
between the coupling values and the length of transmission
line between them in order to minimize the frequency variation
in coupling coefficient for Filter A, and ABW for Filters B-D.

C. Inter-Resonator Coupling

Inter-resonator coupling between evanescent-mode cavity
resonators is typically realized by a coupling iris consisting
of a below-cutoff section of substrate-integrated waveguide.
When this is used to realize an absorptive bandstop filter,
a transmission line which is nominally 270° at the midpoint
of the filter’s tuning range is required between the resonators
in order to achieve destructive signal interference and provide
very high levels of stopband attenuation [26], [27]. It would be
preferable to instead use a length of transmission line which is
nominally 90°, as this would yield a wider tuning range over
which the filter could achieve high stopband rejection, because
the required phase relationship between the inter-resonator
coupling and the transmission line would be upheld over a
wider tuning range. This requires the inter-resonator coupling
to take on the opposite sign.

N

® w 0
o % ° 2 ° s e

e

Fig. 16. Layout of filters A, B, and C. Dimensions are shown as follows
(in millimeters) and in Table I. @ = 1.9, b = 13.8, dy = 0.2, d5 = 0.5,
de=1,d7=15,d3 =15, g3 =0.15, w3 = 0.86.

The method used in this filter is derived from the methods
for reversing the sign of inter-resonator coupling presented
in [28] and [29]. An array of vias is used to connect the top
and bottom conductors of the coupling iris section together,
and a slot is cut into the copper of the upper conducting layer.
This slot blocks the current flowing on the top conductor,
and reroutes it onto the bottom conductor through the vias.
This effectively reverses the direction of the current in the
coupling section, which in turn yields a coupling value which
is opposite compared to that of the original coupling iris.
The inter-resonator coupling dimensions, such as the spacing
between the vias and the width of the coupling iris, were
determined through full-wave electromagnetic simulations in
order to yield the coupling required for the absorptive bandstop
filter (k;o =~ 1/Qu). The simulated quality factor of the
resonators was approximately 400 at the center of the tuning
range, and thus k1, was designed to be approximately 0.0025.
The final dimensions of the filters are listed in Fig. 16 and
Table I. Filter D consists of two copies of Filter B cascaded
back to back as shown in Fig. 17, and thus its dimensions are
not shown in Table I. The layout of Filter E is shown in Fig. 18.
Additional information about Filter E can be found in [30].

IV. FABRICATION AND MEASUREMENTS

The filters were fabricated using a commercially available
PCB milling, laminating, and plating system. The signal and
cavity substrates were made out of 0.25- and 1.58-mm-thick



HICKLE AND PEROULIS: TUNABLE CONSTANT-BANDWIDTH SUBSTRATE-INTEGRATED BANDSTOP FILTERS 165

TABLE I
SUMMARY OF DIMENSIONS OF THE DESIGNED FILTERS IN MILLIMETERS

Filter d, d, ds g1 g2 I L, [0) w; w, W, Wg W
A 071 | 2.0 | 102 | 021 | 024 | 235|140 | ©° 1.0 1.9 1.4 2.0 ---
B 1.8 | 1.11 | 69 [ 019|023 | 33 | 137 63° | 133 | 22 | 183|261 | 15
C 1.8 | 129 7.0 [ 019 | 023 | 3.13 | 143 | 63° | 133 | 22 | 183 261 | 15
E 1.0 --- | 10.1 - 1026 | -- --- 0° --- 1.9 --- 1.9 ---

® s 0ct00®°%°,

.).
s ®

Fig. 17. Layout of Filter D, comprising two cascaded Filter B’s.

Fig. 18.
differences in dimensions (as noted in Table I), it is identical to Filter A with
the smaller coupling element removed.

Layout of uncompensated filter (filter E). Except for a few minor

Rogers 5880, respectively, and were laminated together
using Rogers 2929 bondply material. Piezoelectric discs
(Piezo Systems T216-A4NO-273X) were used as the tuning
elements. The discs were metalized with thin silver membranes
and attached on top of the cavities using electrically conductive
epoxy, and were actuated by applying a —200- to +200-V
bias voltage to the tops of the discs using dc probes. Because
the top electrodes of the piezoelectric discs are electrically
isolated from the resonator cavities, no special biasing circuitry

Fig. 19. Photograph of the fabricated filters. The top and bottom of each
filter are shown. Clockwise, from top left: Filter D, Filter A, Filter E, Filter B.
Filter C is not shown because it is nearly visually indistinguishable from
Filter B.

is required. A photograph of the top and bottom sides of the
filters is shown in Fig. 19, with the piezoelectric tuning discs
removed from some of the resonators in order to show the
insides of the cavities.

A. Constant-FBW Filter

Fig. 20 shows the measured response of Filter A when tuned
to 4.8 GHz. The filter has over 70 dB of stopband rejection
due to the absorptive filter design, and the passband is low-
loss and well-matched, with better than 15 dB of passband
return loss and less than 0.5 dB of insertion loss up to 7 GHz.
The performance of Filter A when tuned across its octave
tuning range is shown in Fig. 21. It tunes from 3.2 to 6.4 GHz,
maintaining over 60 dB of stopband rejection for all tuning
states.

In order to investigate the relative improvement gained by
the constant-bandwidth coupling method, the 3- and 10-dB
bandwidths of both the uncompensated filter (Filter E) and
the constant-FBW filter (Filter A) were measured across
their tuning ranges, and are shown in Fig. 22. Filter E’s
3- and 10-dB bandwidths vary from 1.25% to 2.3%
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Fig. 20. Measured response of Filter A when tuned to 4.8 GHz.
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Fig. 22. Measured 3- and 10-dB FBWs of Filter A, compared to that of the
uncompensated filter E.

(84% wvariation) and 0.43%-1.16% (170% variation), respec-
tively. The constant-FBW filter has greatly reduced bandwidth
variation, with a 1.16%—1.3% 3-dB bandwidth (12% variation)
and a 0.5%-0.6% 10-dB bandwidth (20% variation). Com-
pared to Filter E, Filter A has an 86% reduction in 3-dB FBW
variation and an 88% reduction in 10-dB FBW variation.
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Fig. 23.  Measured S-parameters of filters B and C (constant-ABW filters
with 100% and 50% tuning ranges, respectively).
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Fig. 24. Measured 3- and 10-dB bandwidths of filters B and C

(constant-ABW filters with 100% and 50% tuning ranges) and the uncom-
pensated filter E.

B. Constant-ABW Filters

The two filters optimized for constant ABW, one over a
100% tuning range (Filter B) and the other over a 50%
tuning range (Filter C), were measured. Their S-parameters
are plotted in Fig. 23. The measured ABW of both filters,
along with that of Filter E, are shown in Fig. 24. The
3- and 10-dB bandwidths of the uncompensated filter E
are 39-142 MHz (a 264% variation) and 14.4-71 MHz
(393% variation), respectively. The filter optimized for con-
stant ABW over a 100% tuning range (Filter B) experiences
much less bandwidth variation, and has a 50.3-56.5-MHz
3-dB bandwidth (12.3% variation), and a 20-25.8-MHz 10-dB
bandwidth (29% variation). Compared to the uncompensated
filter, Filter B realizes a 95% reduction in 3-dB bandwidth
variation, and a 93% reduction in 10-dB bandwidth variation.

The filter optimized for a 50% tuning range experi-
ences even less bandwidth variation, and has a 52-54-MHz
3-dB bandwidth (3.8% variation), and a 21.8-24-MHz 10-dB
bandwidth (10% variation).

Note that because the unloaded quality factors of the res-
onators change across the filter’s tuning range, it is impossible
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Fig. 25. Measured S-parameters of four-pole constant-ABW filter with

notches synchronously tuned for maximum stopband attenuation.
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Fig. 26. Measured bandwidth versus center frequency for the four-pole filter
in two states: A) both notches are synchronously tuned in order to provide
maximum attenuation and B) notches are asynchronously tuned in order to
maintain a constant 10-dB bandwidth.

to simultaneously minimize the 3- and 10-dB bandwidths.
In these designs, the filters were optimized for constant
3-dB bandwidth, but the filters could be similarly optimized
for minimum 10-dB bandwidth variation.

C. Four-Pole Filter

The four-pole constant-ABW filter was measured with the
notches of each stage synchronously tuned in order to provide
maximum attenuation, as shown in Fig. 25. The 3-, 10-,
and 20-dB bandwidths were measured and are plotted
in Fig. 26. It maintains a fairly constant 75.2-91.7-MHz
3-dB bandwidth across its octave tuning range.

The four-pole filter offers an additional degree of freedom
in reconfigurability compared to the two-pole filters, since
it consists of two cascaded absorptive notch sections which
can be either synchronously or asynchronously tuned. This
allows the filter to produce a variety of transfer functions,
as shown in Fig. 27. Synchronously tuning the notches
provides maximum attenuation, and asynchronously tuning
the notches provides a Chebyshev-like frequency response.
Asynchronously tuning the notches also allows the bandwidth
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Fig. 27. Measured response of four-pole filter when tuned to different levels
of stopband ripple and increased bandwidth.
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Fig. 28. Comparison of the passband loss of the filters.

of the filter be tuned slightly, and it is possible to use this
bandwidth tunability to compensate for any residual bandwidth
variation. Using this method, the filter was again tuned from
3 to 6 GHz, while asynchronously tuning the notches in
order to maintain a constant 46-MHz 10-dB bandwidth. The
10-dB bandwidth is maintained nearly perfectly constant, and
is only limited by the accuracy with which the two notches
are tuned. The 3- and 10-dB bandwidths are shown in Fig. 26.
There was approximately 1.5 MHz of bandwidth variation in
these measurements, but this could be reduced further by more
accurately tuning the notches. In order to maintain constant
10-dB bandwidth, the stopband ripple varied from a minimum
of —55 dB at 4 GHz to a maximum of —15 dB at 5.5 GHz.

D. Insertion Loss of Filters

Because the constant bandwidth coupling method requires
additional lengths of transmission lines, it also has slightly
higher passband insertion loss compared to the uncompensated
design. A close-up view of the passbands of all the filters is
shown in Fig. 28. The uncompensated filter has 0.3 dB of
insertion loss at 6 GHz, which as expected is lower than all of
the other filters. Filters A and C have approximately 0.1 dB
more insertion loss than Filter E at 6 GHz, and Filter D has
roughly 0.2 dB more insertion loss than Filters A and C.
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TABLE II

COMPARISON OF OUR WORK TO EXISTING STATE-OF-THE-ART
CONSTANT-ABSOLUTE-BANDWIDTH TUNABLE

BANDSTOP FILTERS
Tunin Maximum ABW
Ref. Technology Rangg Frequency | Variation

[8] Lumped 175% 55 MHz ~20%*
[9] Lumped 142% 135 MHz ~40%*
[10] Microstrip 93% 930 MHz 24%*
[11] Microstrip 27% 2.2 GHz 12.8%7
Filter B | 3-D cavity 100% 6.3 GHz 12.3%*
Filter C | 3-D cavity 50% 5.4 GHz 3.8%*
Filter D | 3-D cavity 96% 6.0 GHz 3.2%7+

* 3-dB bandwidth 1 20-dB bandwidth {1 10-dB bandwidth

E. Comparison to State of the Art

In order to evaluate the relative effectiveness of this method
of achieving constant bandwidth, Table IT compares the results
of the filters in this paper to other constant-bandwidth tunable
bandstop filters. It can be seen that the method presented in
this paper achieves significantly less bandwidth variation for a
given tuning range than the two examples which use microstrip
resonators [10], [11]. Its bandwidth variation performance is
also better than [9], and is comparable to [8]. Since [8] and [9]
are implemented with lumped elements, however, it is clear
that the method presented in this paper has state-of-the-art
performance for frequencies higher than those permitted by
lumped-element filters.

V. CONCLUSION

In this paper, a new coupling method which was recently
introduced in [14] was investigated in greater detail. It is
shown that the coupling method can partially compensate
for the frequency dependence inherent to practical coupling
structures, yielding a coupling coefficient which either is
nearly constant as required for constant FBW, or decreases
with respect to frequency in order to have constant ABW.
Several design tradeoffs are investigated, and it is shown that
less bandwidth variation can be obtained for narrower tuning
ranges than for larger tuning ranges. To validate the theory
and design principles, several filters were designed, fabricated,
and measured: a constant-FBW filter with a 1.16%-1.3% 3-dB
bandwidth; a constant-ABW filter with an octave tuning range
and a 53.4 +3.1-MHz 3-dB bandwidth; a constant-ABW with
a 50% tuning range and a 53 & 1-MHz 3-dB bandwidth; and a
constant-ABW four-pole filter which can maintain a constant
46-MHz 10-dB bandwidth. These results are compared to other
published constant-bandwidth bandstop filters, and it is shown
that the method presented in this paper is the most effective
method for reducing bandwidth variation at frequencies where
lumped-element resonators cannot be used.
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