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Fig. 16. Contour plot indicating the achievable tuning range of Filter B for
various combinations of gE X T and g12.

the left-hand side of (11) is greater than zero. This can be done
by utilizing the frequency-dependent values of QU , θ, and the
kE and k12 which result from a given combination of gE XT

and g12. Though it is not practical to extract the frequency-
dependent values of kE and k12 for every value of gE XT and
g12, one can extract the frequency-dependent coupling values
for a few values of gE XT and g12, then interpolate between
these points to obtain the rest of the values. Because kE and
k12 are well-behaved functions of gE XT and g12, it was found
that extracting kE and k12 for three to four values of gE XT

and g12 provided sufficient accuracy. Using this method, the
contour plot in Fig. 16 indicating the achievable tuning range
as a function of gE XT and g12 was created. From this plot,
it can be seen that larger tuning ranges require smaller values
of gE XT , which correspond to larger values of kE . Also, the
optimal value of g12 decreases as the tuning range increases,
because the optimal k12 is approximately 1/QU at the lower
end of the tuning range, and thus k12 increases as tuning range
increases.

Using this design process, Filters A and B were designed
with the same external coupling coefficient in order to have
the same bandwidth (gE XT = 0.15 mm in Fig. 15, for
a 3-dB bandwidth of approximately 5% at 1.5 GHz) and
Filters C and D were designed with a smaller external coupling
coefficient for a narrower bandwidth (gE XT = 0.25 mm in
Fig. 15, for a fractional bandwidth of approximately 2.5%
and 3.5%, respectively, at 1.5 GHz). The final dimensions of
all filters are shown in Fig. 13.

The procedure for designing tunable absorptive bandstop
filters with the minimum 3-dB bandwidth for a given tuning
range can be summarized as follows:

1) Select resonators and tuning elements to cover desired
frequency range, choosing a resonator topology for
which the sign of kE1kE2k12 is negative so that a 90°
through-line can be used.

2) Extract k12-versus-frequency and QU -versus-frequency
curves, and choose k12to be equal to 1/QU near the
lower end of the desired tuning range.

Fig. 17. Photograph of fabricated filters. Clockwise from top: Filter D,
Filter A, and Filter B. Filter C is not shown because it is nearly visually
indistinguishable from Filter B, as shown in Fig. 13.

Fig. 18. Simulated and measured response of Filter B when tuned
to 1.6 GHz.

3) Plot kE,min calculated from (13) using frequency-
dependent values of QU and k12, choosing the through-
line to be 90° (or 270°, as dictated by the coupling signs)
near the center of the desired tuning range.

4) Extract kE -versus-frequency curves, and choose the low-
est value of kE which is larger than the kE,min curve over
the desired frequency range.

5) If necessary, fine-tune k12 and θ in order to maximize
the filter’s tuning range by using simulated kE and
calculated kE,min curves, as in Fig. 15.

IV. EXPERIMENTAL VALIDATION

The filters were fabricated on 0.787-mm thick Rogers
RT/Duroid 5880 substrate (εr = 2.2± 0.02, tan δ = 0.0009),
and measured using a Keysight N5230C PNA. The varactors
were biased between 4 and 22 V with a Keysight N6705B
voltage source, using series 10 k � resistors to provide RF iso-
lation between the resonator and the power supply, and shunt
56 pF capacitors to provide AC grounds for the varactors.
A photograph of Filters A, B, and D is shown in Fig. 17.
Fig. 18 shows the measured frequency response of Filter B
tuned to 1.6 GHz, illustrating its high-attenuation stopband
and well-matched, low-loss passband. It has less than 0.2 dB
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Fig. 19. Measured attenuation in stopband of filter.

passband insertion loss up to 3 GHz. As expected, the filter
is able to achieve very high attenuation in its stopband
(over 90 dB), although the bandwidth at high levels of
attenuation is limited. Fig. 19 shows the measured attenuation
plotted versus offset from the filter’s center frequency. The
filter has a 4.9% 3-dB bandwidth, 1.8% 10-dB bandwidth,
0.15% 30-dB bandwidth and 0.0015% 70-dB bandwidth. The
measured attenuation is limited by the noise floor of the
network analyzer, which is also plotted in Fig. 19.

In order to verify the design principles of Section II and
the design procedure of Section III, the measured responses
of each of the filters when tuned over their entire tuning
ranges are shown in Fig. 20. As expected from the theory
in Section II.D, Filter B has a wider tuning range than Filter
A due to its use of a nominally 90° instead of 270° through-
line (1.45:1 versus 1.27:1). Additionally, Filter B also has a
wider tuning range than Filter C due to its larger bandwidth
(1.45:1 versus 1.24:1). The high-attenuation tuning range of
each filter is smaller than designed because the quality factors
of the varactors used were much lower than specified in the
datasheets. The extracted quality factor of the varactors varied
from 34 to 87 between 1 and 2 GHz, compared to the QU of
77 to 220 specified in the datasheet. When the extracted value
of varactor QU and the slight fabrication dimensional errors
are taken into account, the measured results match simulation
very well in Fig. 18.

The performance of the four-pole filter (Filter D) is com-
pared to that of the wide-bandwidth two-pole filter (Filter B) in
Fig. 21. The two filters have identical 10-dB bandwidths, but
as expected the four-pole filter has greatly increased selectivity,
with a 20× greater 50-dB bandwidth (9.84 MHz versus
492 kHz) and a 22% smaller 3-dB bandwidth (184 MHz
versus 237 MHz). As seen in Fig. 20, however, the maxi-
mum attenuation of Filter D is maintained over a narrower
tuning range than Filter B (1.9 to 2.3 GHz, as compared to
1.59 to 2.3 GHz) because a smaller value of kE is needed
to obtain the same 10-dB bandwidth. Additionally, Filter D
had a higher level of passband insertion loss than did Filter B
(0.55 dB compared to 0.2 dB at 3 GHz) due to the longer
lengths of transmission lines used.

Fig. 20. Measured transmission responses of all filters tuned across their
frequency ranges.

Fig. 21. Comparison of two- and four-pole filters. The four-pole filter exhibits
greatly increased selectivity, but does not maintain high attenuation over as
large of a frequency range as the two-pole filter.

The two-pole filter would be well-suited for applications
in which a narrow bandwidth of high attenuation is needed,
but over a wide tuning range. In contrast, the four-pole
filter would be better-suited for applications in which high
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Fig. 22. Plot of varactor bias voltages versus center frequency, and resonator
frequency offset versus center frequency. At and below the lower limit of
the filter’s high-attenuation tuning range, the resonator offset is zero and the
resonators are synchronously tuned. Above this lower limit, the resonators are
asynchronously tuned to achieve large stopband attenuation.

levels of stopband rejection are needed over a relatively wide
bandwidth, but a wide frequency tuning range is not needed.
In between these two extremes, the optimal choice of filter
order depends on the stopband bandwidth and tuning range
dictated by the specific application, and whether or not the
additional complexity, size, and loss of a four-pole filter can
be tolerated.

The two bias voltages required to tune Filter B are shown in
Fig. 22. The two bias voltages are nearly identical across the
whole tuning range. Also shown in Fig. 22 is the frequency
offset between the two resonators across its tuning range. It can
be seen that at and below the lower limit of the filter’s high-
attenuation tuning range (∼1.585 GHz), the frequency offset
is zero and the resonators are synchronously tuned. Above
this lower limit, the resonators are asynchronously tuned in
order to realize high levels of stopband attenuation. This is
in agreement with the analysis of Section II, in which it was
asserted that the frequency offset between the resonators was
zero (B = 0) at the limits of the filter’s tuning range, and
that the resonators would be asynchronously tuned (B �= 0)
between the upper and lower limits of the filter’s tuning
range. The maximum frequency offset between the resonators
is 30 MHz, or 1.4% at 2.1 GHz.

Lastly, the sensitivity to variations in tuning voltage is
examined. Although the filters are able to achieve extremely
high levels of stopband attenuation when correctly tuned,
errors in tuning voltage will degrade this response. Fig. 23
plots the maximum stopband attenuation versus tuning voltage
error for 1.7, 1.95, and 2.3 GHz center frequencies. The
sensitivity of stopband rejection to error in tuning voltage
decreases as the filter’s center frequency is increased. This
is to be expected, since a varactor’s capacitance becomes
less sensitive to change in bias voltage as its bias voltage
is increased, due to the nonlinear C-V curve of the varactor.
With the relationship between bias voltage error and maximum

Fig. 23. Effect of error in bias voltage on filter attenuation. Measurements
are when filter is tuned to 1.7 GHz, with a nominal varactor bias of 9 V.

attenuation known, it is possible to determine how precise
the controlling digital-to-analog converter must be in order to
achieve a certain guaranteed level of attenuation. For example,
it can be noted that at its most sensitive state (1.7 GHz), the
maximum attenuation is greater than 40 dB when the tuning
voltage error is less than 20 mV. If this voltage error is split
between the two varactors, then the required precision for
the tuning voltage is 10 mV. Considering that the maximum
tuning voltage is 22 V, 10 mV equates to approximately 11 bits
of precision. Using similar calculations, it can be determined
that 12, 14, and 16 bits of precision are required to achieve
guaranteed stopband attenuation levels of 47 dB, 60 dB,
and 80 dB, respectively. Though measurements are not shown
for bias errors greater than 20 mV, the data could be extrapo-
lated or additional measurements could be taken to determine
the suitability of lower-precision voltage sources.

V. CONCLUSION

In this paper, a detailed analysis of absorptive bandstop
filters has been performed, in which theory and simula-
tions are used to derive and demonstrate their operating
principles, design considerations, performance tradeoffs, and
limitations.

A simple but general step-by-step design procedure has
been proposed for the first time, taking into account non-ideal
effects such as frequency-dependent couplings and quality
factors. The theory and design principles derived are generic
and not specific to a given technology, and thus can be
used to design a wide variety of absorptive bandstop filters.
Several varactor-tuned microstrip filters have been designed to
demonstrate the design principles and tradeoffs derived in the
paper. A comparison is made between filters with different
coupling structures and bandwidths to illustrate their effects
on tuning range, and the performance of a two-pole filter is
compared to that of a four-pole filter to show its increased
selectivity. The filters designed and demonstrated are able to
achieve very high levels of stopband isolation (> 90 dB), over
as wide as a 1.45:1 tuning range.
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