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ABSTRACT In this paper, a novel compact wide-frequency tunable filter with switchable bandpass and
bandstop frequency response is presented. By employing two PIN diodes between the source and load port,
the bandpass and bandstop filtering response can be switched, respectively. Three varactor diodes have been
used to tuning the operating frequency of the tunable filter at bandpass and bandstop frequency response.
The even- and odd-mode method is applied to analyze the presented tunable filter. When PIN diode is
forward-biased, the filter has the bandstop response, and the filter has bandpass response while it is reversed.
To verify the proposed tunable filter circuits, the tunable bandpass filter and bandstop filter are designed,
fabricated, and measured. It is demonstrated that the center frequency of the fabricated tunable filter is
tuned from 0.95 to 1.35 GHz. The measured insertion loss in the band is greater than 13 and 11 dB for
bandstop mode and bandpass mode, respectively. Moreover, the fabricated tunable filter has a compact size
of 0.24λg × 0.24λg (λg is the wavelength of the center frequency during the tunable frequency range).

INDEX TERMS Tunable filter, bandpass filter, bandstop filter, compact, PIN diode.

I. INTRODUCTION
Bandpass and bandstop filters are widely used in microwave
and millimeter-wave circuits and systems due to the abil-
ity of selecting or suppressing signals at specific frequen-
cies [1]–[12]. Over the past years, great attentions have been
paid to tunable/reconfigurable filters based on various cir-
cuit structures, owning to their applications to reduce the
complexity and strengthen expansibility in modern electronic
systems [13]–[22]. The microstrip lines are often superior
in many applications due to the compact structure and easy
fabrication [13]. An inchoate tunable filter was proposed
by Hunter and Rhodes in [14], where varactor diodes are
loaded on the ends of comb-line bandpass filter, and wide
frequency tuning ranges are achieved finally. Kim and Yun
then improved this design by replacing the comb-lines with
step-impedance lines to maintain a constant filter response
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shape and bandwidth in frequency tuning range [15].
A tunable bandpass filter was first presented with two
independently adjustable transmission zeros by applying
four varactor diodes loaded on different resonators in [16].
Chiou and Rebeiz proposed a tunable three-pole bandpass
filter with bandwidth and transmission zero control in [17].
Two varactor diodes are employed among resonators so that
the bandwidth is tunable.

The tunable bandpass filters are summarily categorized
into three types in [18], which are fixed center frequency
with tunable bandwidth, tunable center frequency with fixed
bandwidth and tunable center frequency with tunable band-
width, respectively. However, in some practical applica-
tions, it is desired to obtain a switching reconfigurable
characteristic that the filter can work both on bandpass
mode and bandstop mode [19]–[22]. In digital modulation,
a reconfigurable filter with switchable bandpass and band-
stop mode can be used easily to implement various mod-
ulation modes, such as Amplitude Shift Keying (ASK),
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FIGURE 1. Schematic diagrams of proposed tunable filter.

Frequency Shift Keying (FSK) and Quadrature Phase
Shift Keying (QPSK). Switchable operating mode is a very
imperative feature of frequency tuning filters in different
applications.

In this paper, a compact wide-frequency tunable filter
with switchable bandpass and bandstop frequency response,
as shown in Fig. 1, are proposed. By employing two PIN
diodes and three varactor diodes, the bandpass and band-
stop filtering response with tunable center frequencies from
0.95 to 1.35 GHz are achieved, respectively. At the same
time, the even- and odd-mode analysis method and varactor’s
tuned characteristic formulas are introduced to provide the
design procedure for the presented tunable filter simulta-
neously. Reasonable agreements between the simulated and
measured results are achieved, which validates the validity
of the design.

II. THEORY AND DESIGN EQUATIONS FOR FILTER
The proposed tunable filter is formed by five parts, such
as E-type resonator, input and output microstrip feed lines,
varactor diodes, PIN diodes, and bias circuits. Three varactor
diodes are loaded on the ends of the resonator, and they
constitute the tunable resonator unit with E-type microstrip
resonator. The operating frequency of the tunable filter can
be changed by tuning the voltages of the bias circuits for
the three varactor diodes at bandpass or bandstop frequency
response. The two PIN diodes are located on the ends
of the input and output microstrip feed lines, respectively.
Moreover, the other ends of the two PIN diodes are connected
with a microstrip line, which can provide a RF signal trans-
mission path when the tunable filter circuit is switched to
bandstop filtering frequency response (in this case, the two
PIN diodes are at the forward bias).

A. EQUIVALENT CIRCUITS AT DIFFERENT PIN BIAS STATE
According to Fig. 1, two PIN diodes between source and load
ports are employed to realize switchable operating modes
between the bandpass and bandstop frequency response.
When the two PIN diodes are at the zero bias, they present

FIGURE 2. Coupling schematic topology (a) bandpass frequency
response. (b) Bandstop frequency response.

large impedance owing to their very small junction capaci-
tance (see Fig. 2(a)), and hence the tunable bandpass filtering
frequency response is achieved in this case. This case corre-
sponds to the tunable bandpass filter. To switch the tunable
bandstop filter, a forward bias is applied to the two PIN
diodes. At the forward bias, the PIN diode behaves like a very
small resistance (see Fig. 2(b)) so that the input and output
microstrip lines can be connected directly by the two PIN
diodes and the microstrip line between the two PIN diodes,
and thus RF signals can be transmitted directly from the
input port to output port through the two PIN diodes and
the microstrip line between the two PIN diodes. Moreover,
the tunable bandstop frequency response will generate by
using the parallel tunable E-type resonator loaded by three
varactor diodes. As a consequence, the tunable bandstop
filter is achieved. Then the bandpass and bandstop frequency
response of the tunable filter can be switched by switching
the state of the two PIN diodes. Fig. 2 illustrates the coupling
structure of bandpass state and bandstop state for proposed
filter, respectively, where dash line means the tunable part
of the circuit and the solid line means it’s fixed.

B. CAPACITANCE CHOICE FOR VARACTOR
The E-type resonator is equivalent to a center stub-loaded
resonator loaded by three varactor diodes (each varactor
diode can be simplified to a series capacitor attached on
the ends of each port), as shown in Fig. 3(a). Due to its
symmetry of the circuit structure, the even- and odd-mode
method can be applied to analyze its characteristics. As it can
be seen, under the even- or odd-mode excitations, the middle
symmetric plane shown in Fig. 3(a) by short dash-line
behaves as a perfect magnetic wall (M.W.) or electric
wall (E.W.), respectively, and the bisection becomes a one-
port network with open- and short- circuited end in M.W.
and E.W. locations, respectively, as shown in Fig. 3(c) and
Fig. 3(b). In even-mode equivalent circuit, the characteristic
admittance (Y2) of the center loaded stub and the end loaded
equivalent capacitor (Cb) become one-half of the original
ones. For convenience, it assumes that they have double value
in original circuit, as shown in Fig. 3(a).

As shown in Fig. 3(b), the port admittance of P1 in the
odd-mode equivalent circuit is

Yodd = jωCa + jY1 cot θ1 (1)
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FIGURE 3. Equivalent circuit of E-type resonator loaded by three varactor
diodes (a) Basic equivalent circuit. (b) Odd-mode equivalent circuit.
(c) Even-mode equivalent circuit.

where θ1 is the electrical length for the corresponding
frequency ω and the length L1 of the microstrip line.
Its odd-mode resonant conditions can be expressed as

Yodd = 0 (2)

Hence, for the desired resonant odd-mode frequency, the
value of the capacitor Ca can be derived as

Ca =
Y1 cot θ1o
ωo

(3)

where θ1o is the electrical length for resonant frequency ωo.
It can be seen that the odd-mode resonant frequency can
be changed by Tuning Ca from (3).
Similarly, for the even-mode case, the even-mode equiv-

alent circuit and the even-mode resonant conditions can
also be obtained. In order to simplify derivation process,
it assumes that the input admittance of the center loaded stub
in even-mode circuit is Y2in. Therefore, the port admittance
of P1 can be derived as

Yeven = jωCa + Y1
jY1 tan θ1 + Y2in
jY2in tan θ1 + Y1

(4)

where

Y2in = jY2
Y2 tan θ2 + ωCb
−ωCb tan θ2 + Y2

(5)

θ2 is the electrical length for the corresponding frequency ω
and the length L2 of the microstrip line. Then, the even-mode
resonant condition can also be express as

Yeven = 0 (6)

Then,

jωeCa + Y1
jY1 tan θ1e + Y

(e)
2in

jY (e)2in tan θ1e + Y1
= 0 (7)

where

Y (e)
2in = jY2

Y2 tan θ2e + ωeCb
−ωeCb tan θ2e + Y2

(8)

Substitute (8) to (7), the explicit formula for Cb with other
parameters can be expressed as

Cb =
Y 2
2 tan θ2e + jY

(e)
2inY2

jωeY
(e)
2in tan θ2e − ωeY2

(9)

where

Y (e)
2in = jY1

Y1 tan θ1e + ωeCa
ωeCa tan θ1e − Y1

(10)

ωe is the even-mode resonate frequency, and θ1e and θ2e is the
corresponding electrical length for microstrip L1 and L2. It is
obvious that the even-mode resonant frequency is relatedwith
both Ca and Cb. If only one passband or stopband is needed
for the tunable filter, ωo and ωe should be close to each other,
and then, Ca and Cb should be trade-off.
To reveal this rule more obviously, let’s define α = ωe/ωo

denoting the multiplied relation between odd-mode and
even-mode frequency. Thus α can be expressed as

α =
ωe

ωo
= j tan θ1o

jY1 tan θ1e + Y
(e)
2in

jY (e)2in tan θ1e + Y1
(11)

Here, Ca is not included in this formula (11). Then, α is
only depended on Cb. In other words, the frequency ωo can
be changed by Ca and the other frequency ωe can be tuned
byCb. Then, the designing procedure of the presented tunable
filter can be summarized as follows:

1) Fix the range of one side frequency ωo by selecting
a varactor diode (can be simplified to the capacitor Ca) with
a proper tunable frequency range.

2) Tune the capacitorCa and let the passband and stopband
in the tunable frequency range.

FIGURE 4. Photograph of the fabricated tunable filter.
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FIGURE 5. Measured results of the fabricated tunable filter with
bandpass frequency response: (a) In-band. (b) Wideband.

3) Select another proper varactor diode (can be simplified
to the capacitor Cb), and design the circuit coupling between
the input/output feedlines and resonator by adjusting the
width of the coupling slot S1.

III. EXPERIMENTAL RESULTS
According to the above analysis and design method, the pre-
sented tunable filter is designed and fabricated on Taconic
RF-35(tm) substrate with a thickness of 0.508 mm, rela-
tive dielective constant of 3.5 and loss tangent of 0.0018.
In addition, the isolation between DC and RF signals is
gotten by applying RF choke and bypass capacitor for
DC bias circuit of the two PIN diodes and three varac-
tor diodes. Varactor diodes C1 (SMV-1232-079LF) and
C2 (SMV-1231-079LF) are from SKYWORKSS(tm) Inc,
and the tunable ranges of them are 0.466-2.35 pF
and 0.72-4.15 pF, respectively. The two PIN diodes
(SMP-1230-079LF) are also from SKYWORKSS(tm) Inc.
The photograph of the fabricated tunable filter with switch-
able bandpass and bandstop frequency response is shown

FIGURE 6. Measured results of the fabricated tunable filter with
bandpass frequency response: (a) In-band. (b) Wideband.

in Fig.4, and its total size is 42 mm × 35 mm. The final
dimensions are listed in Table 1.

TABLE 1. Circuit dimensions of the tunable filter.

Fig.5 shows the measured results of the fabricated tunable
filter with bandstop frequency response when the two PIN
diodes are at the forward bias. Measured attenuation within
the stopband is greater than 13 dB with the rejection FBW
of 3% to 7%, while the measured insertion loss is less than
0.5 dB within the low passband and less than 1 dB in the
upper passband up to 2.2 GHz. In addition, the measured
return loss is about 20 dB within the low passband and the
upper passband. For the bandstop mode, the tunable center
frequency range of the stopband is from 0.95 to 1.35 GHz by
tuning the biased voltage of the three varactor diodes.
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The measured results of the fabricated tunable filter with
bandpass frequency response are shown in Fig. 6. In this
case, the two PIN diodes are at the zero bias. The mea-
sured return loss is greater than 11 dB within the passband,
while the measured insertion loss is between 4.7 and 5.6 dB
with the 3-dB FBW of greater than 15%. The measured
out-of-band attenuation is greater than 25dB within the low
stopband and upper stopband. The tunable center frequency
range of the passband for the fabricated tunable filter is also
from 0.95 to 1.35 GHz.

IV. CONCLUSION
A compact PIN-based tunable filer has been presented and
developed. The bandpass and bandstop frequency response
of the presented tunable filter can be switched when the
center frequency has been tuned. The equivalent circuit of
the presented tunable filter is analyzed by employing even-
and odd-mode analysis theory. The presented tunable band-
pass and bandstop filter is designed and fabricated to verify
the proposed analysis and design method. The fabricated
tunable filter demonstrates a wide frequency tuning range
with a miniaturized circuit size of 0.14λg × 0.12λg. It can
be seen that the designed tunable filter has the advantages
of switchable bandpass and bandstop frequency response,
wide frequency tuning range, simple circuit, and compact
size, which make it very competitive in the practical system
applications.
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