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Abstract—This paper presents an octave-tunable two-pole
bandstop filter with tuning range of 0.56–1.18 GHz (2.1:1 tuning
ratio). The bandstop filter is designed with two highly loaded
combline resonators with surface mounted solid state varactors.
Theoretical analysis and modeling along with full wave simulation
is presented in agreement with measured data. The measured
peak attenuation in the stopband is approximately 27 dB at
1.18 GHz and is approximately 7 dB at 0.56 GHz. However,
a minimum attenuation of at least 10 dB is maintained above
0.65 GHz (1.82:1 tuning ratio).
Index Terms—combline filter, combline resonator, evanescentmode design, filter design, filters, full-wave simulation, measurement and modeling, modeling, tunable filters, tunable resonators,
waveguide filters

I. I NTRODUCTION
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RF/microwave bandstop filters (BSFs) are essential components for rejecting unwanted signals. A tunable bandstop filter
(BSF) allows for more flexibility in conventional microwave
systems and is required in the recent growing interest of reconfigurable and dynamic RF/microwave systems. For example,
tunable BSFs can reject unwanted or leaked signals coming
into a reconfigurable receiver. When integrated in systems
with non-linear devices, BSFs can suppress unintentionally
generated signals, such as higher order harmonics in power
amplifiers [1].
The peak attenuation level of a BSF depends heavily on
the unloaded quality factor (Qu ) of the filter. For this reason,
high Qu 3-D combline evanescent-mode (EVA) resonators
were used to design BSFs in [2], [3]. In [2], a two-pole
EVA BSF filter was presented using piezoelectric actuators
with a tuning ratio of 1.12:1. To extend the tuning range,
six piezoelectric actuator resonators were cascaded together
in [3]. This topology achieved a tuning ratio of 7.8:1 when all
six resonators were tuned to independent frequencies.
Simpler BSF topologies on planer structures with lumped
elements as tuners have also been demonstrated [4]–[7]. In
[4], the BSF tuned from 470 MHz to 730 MHz (1.55:1 tuning
ratio) and maintained a stopband attenuation better than 16 dB.
A stopband attenuation better than 50 dB was accomplished
in [5] with a tuning range of 665-1000 MHz (1.5:1 tuning
ratio). Additionally, other planar structures have demonstrated
extended tuning range. For instance, a bi-directionally tuned
end-loaded quarter-wave BSF was proposed for better tuning
ratio than a conventional quarter wave BSF [6]. To achieve
octave tuning, [7] realized a BSF with lumped elements
operating from 20 MHz to 55 MHz.
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Fig. 1. (a) Proposed two-pole BSF and (b) lumped-distributed model for a
two-pole BSF. Energy is coupled into the two series resonators through ideal
transformers separated by an impedance inverter with an electrical length of
90 ◦ at fo .

This work presents a BSF with surface mount lumped
elements on a 3 − D structure (see Fig. 1(a)). Compared to
other 3-D filters [2], [3], planar surface mounted topologies
allows for a reduced complexity in fabrication and assembly [9], [10]. Yet it maintains higher Qu than planar microstrip
topologies [9], [10]. The proposed structure shows tuning
range above an octave from 0.56 GHz to 1.18 GHz using a
two resonator topology (as opposed to the six used in [3]) and
using varactors with tuning ratio of 4.2:1 (2.67–0.63 pF). The
peak stopband attenuation ranges from 7 dB to 27 dB over the
octave tuning range, but a minimum of 10 dB attenuation is
maintained from 0.65 GHz to 1.18 GHz (1.82:1 tuning ratio).
II. D ESIGN
A. Theoretical analysis
Fig. 1(b) shows a lumped-distributed model for a two-pole
BSF [8]. Energy is coupled into two series resonators, with
capacitance C, inductance L, and resistance R, through ideal
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Fig. 2. Substrate-integrated tunable combline resonator previously demonstrated in [10] with a close up view of the design parameters.

transformers with n:1 ratio. An ideal impedance inverter, with
characteristic impedance of Zo and an electrical length of 90 ◦
at fo frequency, separates the two coupled resonators.
In this work, the series resonators from Fig. 1 are realized by
previously demonstrated octave tunable combline resonators
loaded with lumped tuning elements [9], [10]. For convenience, this resonator structure is repeated in Fig. 2. A coaxial
cavity is shorted at one end while two ring gaps are created
on the other end, where lumped tuning elements (solid-state
varactors) can be mounted over the gaps to tune the resonant
frequency. With the guidelines suggested in [10], a resonator
is designed with the dimensions given in Table I and label in
Fig. 2. From the measured results in [10], a resonator with
similar parameters achieved a Qu of ≈ 180 − 200 at 1.1 GHz
with equivalent inductance of approximately L = 3.31 nH
and equivalent capacitance of C = Cv + Co , where Cv is the
varactor capacitance and Co ≈ 0.8 pF is ring gap capacitance.
From
R=

2πf L
Qu

(1)

the extracted resistance (R) for the resonator with Qu ≈
180 − 200 at f = 1.1 GHz is R ≈ 0.11 − 0.13 Ω. The
lumped-distributed model in Fig. 1 is implemented in a circuit
simulator (Advance Design System (ADS) [12]) with the
extracted L, C, and R with ideal transformers (n = 0.132)
and an ideal 50 Ω transmission line with an electrical length
of 90 ◦ at fo = 1 GHz. Fig. 3 shows the simulation results
for the tunable two-pole band stop filter with approximately
40 MHz 3-dB BW from 0.58 GHz to 1.15 GHz as Cv is tuned
from 2.67 pF to 0.6 pF.

Fig. 3. Lumped-distributed model from Fig. 1 simulated in ADS with L, C,
and R extracted from [10]. The BSF has a tuning range of ≈ 0.58–1.15 GHz
and maintains a 3-dB BW of ≈ 40 MHz.

B. Full-wave simulation
Fig. 4 shows the three main sections of the designed BSF
(sections are separated for illustration). In the top section,
varactors are mounted on the surface ring gaps (Fig. 4(a)). The
middle section shows the two cavity resonators with coupling
apertures on the ground plane to couple the energy into the
resonators (Fig. 4(b)). The bottom section is a microstrip
transmission line with the same coupling apertures in its
ground plane as the resonators (Fig. 4(c)). Thus, energy is
fed into the microstrip transmission line and coupled into the
resonators via the apertures. The dimensions of the resonators
are given in Table I and label in Fig. 2. The microstrip
transmission line is designed to be 50 Ω with the following
dimensions: 20 mil substrate height, 1.108 mm microstrip
width, and a dielectric constant of 3.27. The coupling apertures
are separated by 4.6 cm to realize an electrical length of 90 ◦
at fo = 1 GHz.
The coupling apertures represent the transformers in
Fig. 1(b). Simulation from Ansys HFSS [11] in Fig. 5(a) shows
that increasing φ (aperture size or n) in Fig. 4(c) increases the
3-dB fractional bandwidth (FBW) of the BSF: FBW increases
from 2.4% (27 MHz) to 6.2% (67 MHz) when φ changes from
70 ◦ to 100 ◦ around 1.1 GHz. Note that the transformers used
in ADS simulation from Fig 1(b) are ideal but the apertures
are not ideal: the amount of coupling (n) will depend on
the frequency. Thus the absolute BW will change over the
frequency range instead of maintaining a constant 40 MHz
BW as in Fig. 3 with ideal transformers. But if the BW
changes, then stopband attenuation (S21 ) will also change.
For example, HFSS simulation in Fig. 5(b) shows that as
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Fig. 5. HFSS simulation of (a) 3-dB FBW versus φ and the corresponding (b)
S21 around 1.1 GHz. Note the slight decrease in frequency as the parasitic
inductance and capacitance increase with larger aperture size (larger φ or
FBW) [13].

FBW is reduced from 6.2% to 2.4%, stopband attenuation
worsens from S21 ≈ −28 dB to S21 ≈ −17 dB. Shifts in
center frequency are observed due to parasitic capacitance and
inductance introduced by the varying aperture size [13].
III. E XPERIMENTAL VALIDATION
Figs. 6(a) and (b) show the top and bottom view of the fabricated 50 Ω microstrip transmission line on a Rogers TMM3
substrate with same dimension as previously used in HFSS
simulation to realize an impedance inverter at 1 GHz. Fig. 6(c)
shows the top view of the fabricated substrate-integratedwaveguide (SIW) resonators with Skyworks SMV1405 varactors. Each varactor has a capacitance of Cv = 0.63–
2.67 pF when biased from 0–30 V with an estimated series
resistance of 0.8 Ω. The resonators are also fabricated on a
Rogers TMM3 board with plated vias (≈ 1 mm diameter
and < 2.5 mm spacing) forming the walls of the cavity.
Dimensions are given in Table I and labeled in Fig. 2.
Figs. 6(b) and (d) show coupling apertures designed to give a
4.5% FBW or 45 MHz absolute BW around 1.1 GHz with φ
of 90 ◦ (Fig. 5(a)). Figs. 6(e) and (f) show the top and bottom
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Fig. 4. Designed two-pole BSF (separated into three sections for illustration)
with (a) the top section showing the surface mount varactors (b) middle section
showing the two resonators with the coupling apertures and (c) bottom section
showing a microstrip transmission line with identical coupling structures as
the resonators.
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Fig. 6. Fabricated microstrip boards (a) top view and (b) bottom view with
aperture spacing of 4.6 cm. (c) Top view of fabricated SIW resonators with
Skyworks SMV1405 varactors on the two ring gaps and (d) bottom view of
the fabricated SIW resonators with the coupling apertures. Both the microstrip
board and resonators have identical alignment holes so they can be screwed
together with the apertures back to back. (e) Top and (f) bottom view of
assembled BSF.

views of the assembled BSF: the apertures on the microstrip
board and the resonators are aligned together back-to-back
and the two pieces are screwed together. The fabricated BSF
is ≈ 6 cm×4 cm×0.5 cm by volume.
Figs. 7(a) and (b) show the measured S21 and S11 of
the BSF. The measured tuning range is from 0.56 GHz to
1.18 GHz with FBW ranging from 4.2% at 1.18 GHz to
1.59% at 0.56 GHz. As explained in section II, the coupling
aperture does not model an ideal transformer: as the frequency
decreases, the wavelength increases relative to the aperture
size and the coupling decreases, reducing FBW. As a result,
instead of having a 40 MHz constant BW and more than
25 dB attenuation over the tuning range as in the theoretical
simulation in Fig. 3, the measured stopband has a 42 MHz
absolute BW and 27 dB stopband attenuation at 1.18 GHz
but a reduced absolute BW of 9 MHz and reduced stopband
attenuation of 7 dB at 0.56 GHz. The measured tuning range
compares well with theoretical results in Fig. 3, but the
stopband attenuation cannot be directly compared since the
BWs are not the same.
To extract Qu , the transformer ratio (n) and resistance R
in the lumped-distributed model in Fig. 1 are adjusted accordingly to match the measured BW and stopband attenuation.
Thus with L = 3.31 nH and R = 0.14 Ω, Fig. 8 shows
that ADS simulation with Cv ≈ 0.54 pF and n ≈ 0.132 pF,
Cv ≈ 1.29 pF and n ≈ 0.081 pF, and Cv ≈ 2.9 pF
and n ≈ 0.053 pF results in stopband center frequencies of
1.18 GHz, 0.84 GHz and 0.56 GHz. Superimposed measured
data at the same frequencies now shown the same BW and
stopband attenuation as theory. Then from Eqn. 1, Qu ≈ 177
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Fig. 7. (a),(b) Measured S-parameters for the BSF with an impedance inverter designed at 1 GHz and (c) 0.7 GHz. (d) Degradation in the passband is
observed above 1.3 GHz due to the coupling apertures [3].

at 1.18 GHz, Qu ≈ 120 at 0.84 GHz, and Qu ≈ 82 at
0.56 GHz, which are close to the expected range for the
resonators in [10].
Another reason for worsened stopband attenuation at the
lower frequencies is because the impedance inverter is optimal
around 1 GHz. Fig. 7(c) shows a slight improvement in
attenuation level at lower frequencies with the impedance
inverter designed at 0.7 GHz. For example, the measured peak
attenuation is ≈ 8 dB at 0.56 GHz instead of ≈ 7 dB, however
the peak attenuation worsens by ≈ 3 dB at higher frequencies.
Fig. 7(d) extends the frequency range from Fig. 7(a) to 2 GHz.
Degradation in the passband is observed above 1.3 GHz due
to the coupling apertures [3].
IV. C ONCLUSION
This works presents an octave tunable BSF with lumped
tuning elements. Theoretical modeling and HFSS simulation
used to design the BSF show good agreement with measured
response. The designed BSF has a tuning range of 0.56–
1.18 GHz with attenuation levels ranging from 7 dB to 27 dB.
A 10-dB minimum attenuation is achieved beyond 0.65 GHz.
A Qu ≈ 177 is extracted at 1.18 GHz.
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