
Received May 22, 2018, accepted July 2, 2018, date of publication August 3, 2018, date of current version September 7, 2018.

Digital Object Identifier 10.1109/ACCESS.2018.2862887

A Tunable Dual-Band Bandpass-to-Bandstop
Filter Using p-i-n Diodes and Varactors
FU-CHANG CHEN , (Member, IEEE), RUN-SHUO LI, AND JI-PENG CHEN
School of Electronic and Information Engineering, South China University of Technology, Guangzhou 510640, China

Corresponding author: Fu-Chang Chen (chenfuchang@scut.edu.cn)

This work was supported in part by the National Natural Science Foundation of China under Grant 61571194, in part by the Science and
Technology Planning Project of Guangdong Province under Grant 2014A010103013, in part by the Pearl River Nova Program of
Guangzhou under Grant 201610010095, and in part by the Fundamental Research Funds for the Central Universities.

ABSTRACT In this paper, a tunable dual-band bandpass-to-bandstop filter and its analysis are proposed.
The bandpass-to-bandstop transformation could be obtained by changing the state of the p-i-n diode. Using
two sets of half-wavelength resonators loaded with varactors, the center frequency of each band can be tuned
independently by adjusting the varactors. In order to achieve the controlling of the external quality factors
(Qe) for the bandpass mode, the feeding lines are loaded with two varactors and wide tuning range ofQe can
be obtained. In the bandpass mode, the lower passband tuning range is from 1.7 to 2.2 GHz (25.6% tuning
range) with return loss better than 10.5 dB, and the tuning range of higher passband is from 2.2 to 2.7 GHz
(20.4% tuning range) with return loss better than 12.9 dB. For the bandstop mode, the lower stopband tuning
range is from 1.7 to 2.3 GHz (30% tuning range) and the higher stopband tuning range is from 2.3 to 2.9 GHz
(23.1% tuning range), while the rejection level is higher than 16.4 dB in the stopband.

INDEX TERMS Bandpss-to-bandstop filter, dual-band, PIN diode, varactor.

I. INTRODUCTION
RF/Microwave tunable filters are required in reconfigurable
systems to effectively utilize the frequency spectrum [1].
Tunable filters can also be to replace the filter banks in
special systems. Various tunable filters have been designed
using different tunable devices, such as ferroelectric capac-
itor [2], [3], PIN diode [4], micro-electromechanical sys-
tem (MEMS) device [5]–[8], piezoelectric transducer [9], and
varactor diode [10]–[15].

Some research on tunable dual-band filters has been car-
ried out recently [16]–[25]. In [16]–[18] only one passband
can be tuned while the other passband is fixed. In [19], a tun-
able dual-band bandpass filter has been proposed, however,
two passbands are dependent and can’t be tuned indepen-
dently. In [20], a high-selectivity dual-band bandpass filter
was presented. A novel dual-band filter using dual-mode
resonators with independently tunable passband frequencies
was proposed in [21]. In [25], a tunable dual-band filter with
harmonic suppression was presented.

In the other hand, the bandpass-to-bandstop filters have
been developed to receive the desired signal in the dynamic
interference environment [26]–[31]. The bandpass mode
could be chosen in the low inference environment to receive

the desired signal, and the bandstop mode is used to elim-
inate the high power inference in a high interference envi-
ronment [26]. In [27], a tunable bandpass-to-bandstop filter
has been demonstrated by controlling the coupling coeffi-
cient. Tunable bandpass-to-bandstop filters using RF MEMS
switches were presented in [28]. Using conventional band-
pass and bandstop design theory, a bandpass-to-bandstop
filter was presented in [29]. In [30], a tunable bandpass-
to-bandstop filter with PIN diodes acting as switch was
proposed.

Though tunable dual-band filter and bandpass-to-bandstop
filter are widely designed, the design of tunable dual-band
bandpass-to-bandstop filter is seldom reported. A bandpass-
to-bandstop dual-band filters using RF-MEMS switches with
tunable bandwidths was proposed in [31], however, only the
bandwidth can be tuned. Following [31], the same method
for switching the bandpass and bandstop mode is used in this
paper. But unlike using RF MEMS switch in [31], PIN diode
is selected to achieve the bandpass-to-bandstop transmission.
Using two pairs of half-wavelength resonators loaded with
varactors, the dual-band performance can be easily obtained.
Furthermore, the center frequency of each band in the band-
pass or bandstop mode can be controlled independently.
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II. ANALYSIS OF PRESENTED FILTER
In this section, the detailed analysis of the proposed filter
is presented. First, an analysis of the tunable filter will be
presented in Part A. Then the analysis of the controllable Qe
is illustrated in Part B. Lastly, the structure parameters and
the simulated results will be given in Part C.

A. ANALYSIS OF THE PROPOSED FILTER
Following [32], the configuration of presented tunable dual-
band bandpass-to-bandstop filter is shown in Fig. 1. It is
composed of two pair of diffident half-wavelength resonators
loaded with varactors (D4,D5,D6 andD7). The feeding lines
are also loaded with two varactors (D2 and D3), which can
control the Qe (external quality factor). The PIN diode (D1)
is placed between the feeding line and the ground acting as a
switching device. When V1 is selected as 0 V , the filter is in
the bandstop mode for the PIN diode is in the isolation mode.
When V1 > 3 V , the bandpass mode is achieved for the PIN
diode is in the thrumode. In Fig. 1,D2-D7 are varactors which
are controlled by the DC bias voltages named V2-V7.

FIGURE 1. Configuration of the proposed tunable dual-band
bandpass-to-bandstop filter.

Generally, a smaller Qe can be obtained with smaller gap
between resonators and feeding lines [9]. Therefore, 0.2 mm
gap for dual bands is selected to achieve a stronger coupling.
Thus, S1 = S5 = 0.2 mm is selected in this paper.

In Fig. 2, it can be observed that two different cou-
pling paths are applied in the proposed tunable dual-band
bandpass-to-bandstop filter. The Path 1 is selected to transmit
the lower frequency (1.95 GHz), while the Path 2 is used
to transmit the higher frequency (2.45 GHz). At the same
time, the distance (S3) between the two pair of half wave-
length resonators is selected as 1.2 mm to reduce the influ-
ence between two coupling paths. So the center frequency of

FIGURE 2. Coupling paths of the proposed filter in the bandpass mode.

the passband or stopband can be changed independently by
tuning the corresponding DC bias voltage.

In order to analyze the coupling between the half-
wavelength resonators, herewe take the higher passband as an
example, as shown in Fig. 3. The input even/odd admittance is

Yine = jωCv + Y1
YLe + jY1 tan θ1
Y1 + jYLe tan θ1

(1)

Yino = jωCv + Y1
YLo + jY1 tan θ1
Y1 + jYLo tan θ1

(2)

where Cv is the capacitance for D4 and D5. And YLe and YLo
can be given as

YLe = jY2e tan θ2e (3)

YLo = jY2o tan θ2o (4)

The resonate frequency can be calculated from

Im(Yine) = Im(Yino) = 0 (5)

FIGURE 3. Structure of the higher passband resonator.
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From (1)-(5), the even/odd mode resonant frequency can
be calculated as

2π f0eCv = Y1
Y2e tan(

2π f0eL6
vp

)+ Y1 tan[
2π f0e(L5+L7)

vp
]

Y2e tan[
2π f0e(L5+L7)

vp
] tan( 2π f0eL6vp

)− Y1
(6)

2π f0oCv = Y1
Y2o tan(

2π f0oL6
vp

)+ Y1 tan[
2π f0o(L5+L7)

vp
]

Y2o tan[
2π f0o(L5+L7)

vp
] tan( 2π f0oL6vp

)− Y1
(7)

Where vp is the phase velocity, f0e is the even mode reso-
nant frequency and f0o is the odd mode resonant frequency.
From (6) and (7), it is shown when Y1, Y2e/2o, L5 + L7, L6
and vp are fixed, the even/odd mode resonant frequency can
be tuned byCv. Additionally, when Y1 is changed the resonant
frequency will be changed accordingly. In order to simplify
the design process, Y1 is fixed and selected as 0.0125 S in
this paper. Y2e and Y2o are affected by the coupling coeffi-
cient between resonators. So the coupling coefficient will be
studied next.

The coupling coefficient k can be express as follow [25]:

k =
Im[Y12(ω0)]
ω0
2
∂Im[Y11(ω0)]

∂ω

(8)

where

Y11 =
Yine + Yino

2
(9)

Y12 =
Yine − Yino

2
(10)

Form (8), k is determined by the coupling section L6 and
gap (S4) between the resonators. The presented dual-band
tunable bandpass-to-bandstop filter is designed on the sub-
strate with εr = 2.55, δ = 0.0029 and h = 0.8 mm. The
relationship between coupling coefficient and L6, g1 at the
center frequency of higher tuning range (2.45GHz) are shown
in Fig. 4 (a) and (b). From Fig. 4, it can be observed that when
the gap between the resonators increases, the coupling coef-
ficient decreases, but the coupling coefficient will increase
when L6 increases. Moreover, S4 has a major impact on k .
Therefore, the required k could be obtained with proper S4.
In this paper, S4 = 0.66 mm and L6 = 7.83 mm are chosen
to achieve designed k . Using similar analysis, S2 = 1.28 mm
and L3 = 14.5 mm are chosen for the lower passband filter.

B. ANALYSIS OF CONTROLLABLE Qe

The controllable Qe can help to acquire good passband per-
formance. In order to control theQe, the feeding lines are also
with two varactors.

The Qe for the proposed tunable dual-band bandpass-to-
bandstop filter could be extracted from [21]

Qeh = π fhτS11h (11)

Qel = π flτS11l (12)

where fh and fl are the center frequency of the higher passband
and lower passband. fh = 2.45 GHz and fl = 1.95 GHz
are selected to analyze Qe. τS11h and τS11l are group delays

FIGURE 4. Coupling coefficients under different parameters. (a) S4
(L6 = 7.83 mm). (b) L6 (S4 = 0.66 mm).

of S11 at fh and fl, which can be can be extracted by using
EM simulation [1]. Fig. 5 shows the structure for studying
the controllable Qe. CD2 is the capacitance of the varactor
D2 loaded at the feeding line in Fig. 1. CD4 and CD6 are
the capacitances of the varactors (D4 and D6) loaded at the
resonators in Fig. 1. CD4 and CD6 can be tuned to obtain the
frequency of fh and fl, then CD2 is tuned to obtain different
Qe. The parameters are set as follows: L1 = 29.3 mm, L8 =
5 mm, L9 = 5.6 mm. From Fig. 6, when CD2 increass, the Qe

FIGURE 5. The structure to analyze the controllable Qe. (a) Higher
passband resonator. (b) Lower passband resonator.
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FIGURE 6. Studies of controllable Qe. (a) Higher passband resonator at
fh = 2.45 GHz. (b) Lower passband resonator at fl = 1.95 GHz.

for higher passband decrease, while the Qe increases for the
lower passband. Therefore, the desired Qe could be obtained
by changing the DC bias voltage, V2 and V3 in Fig. 1, which
are loaded at the varactor D2 and D3.

C. SIMULATED RESULTS
From the analysis in Part A and Part B, the physical param-
eters for the dual-band tunable bandpass-to-bandstop filter
can be obtained: L1 = 29.3 mm, L2 = 14.5 mm, L3 =
14.5 imm, L4 = 5.26 mm, L5 = 8.8 mm, L6 = 7.83 mm,
L7 = 6.57 mm, L8 = 5 mm, L9 = 5.6 mm, S1 = 0.2 mm,

FIGURE 7. Equivalent circuit models for PIN diode BAP64-02.
(a) Thru-mode. (b) Isolation.

FIGURE 8. Simulated results of the proposed filter in bandpass mode.
(a) |S11| with fixed lower passband. (b) |S21| with fixed lower passband.
(c) |S11| with fixed higher passband. (d) |S21| with fixed higher passband.

S2 = 1.28 mm, S3 = 1.2 mm, S4 = 0.66 mm, S5 = 0.2 mm,
W1 = 2.2 mm, W2 = 1mm, W3 = 1mm, W4 = 1 mm.
SMV 1405 varactors (CV = 2.67-0.63 pF, Cp = 0.29 pF,
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FIGURE 9. Simulated results of the proposed filter in bandstop mode.
(a) |S11| with fixed lower passband. (b) |S21| with fixed lower passband.
(c) |S11| with fixed higher passband. (d) |S21| with fixed higher passband.

Ls = 0.7 nH, Rs = 0.80 �) are used for D2-D7. RF choke is
achieved with a 270 nH inductor to avoid the RF signal leak-
age into the DC network. Moreover, an inductor L = 15 nH is

selected to connect the feeding line with the ground. The PIN
diode BAP64-02 is selected to be the switching device. The
equivalent circuit model of BAP64-02 is shown in Fig. 7. The
parameters of the equivalent circuit for PIN diode are listed
as: Rf = 1 �, LS = 0.6 nH, Rp = 10 k�, Cj = 0.28 pF.
A resistance R = 1 k� is selected to be loaded between the
DC bias and the feeding line for limiting the current. The chip
capacitances C1-C3 are used as DC blocking capacitances to
avoid the inference. All simulations are performed in ADS.
The bandpass mode and bandstopmode simulation results are
shown in Fig. 8 and Fig. 9, respectively. It can be observed
that each band can be tuned independently.

III. FABRICATION AND MEASUREMENT
A dual-band bandpass-to-bandstop filter is fabricated for
verification. Fig. 10 shows the photograph of the presented
filter. It can be observed that the total size is 35.2 mm ×
36.6 mm, which is 0.333 λg by 0.346 λg, where λg is the
guided wavelength on the substrate at the center frequency
of the lower passband (1.95 GHz).

An Agilent 5230A network analyzer is selected to perform
the measurement. When the PIN diode is in thru mode and
V1 is 0 V, the bandpass mode is achieved, which is shown
in Fig. 11. The frequency tuning range of higher passband is
from 2.2 GHz to 2.7 GHz (20.4% tuning range) with a fixed
lower passband. The return loss is higher than 12.9 dB and the
insertion loss is 4.6 dB - 5.6 dB. The tuning range of lower
passband is from 1.7 GHz to 2.2 GHz (25.6% tuning range)
with a fixed higher passband. The return loss is higher than
10.5 dB and the insertion loss is from 4.6 dB to 5.0 dB. There-
fore, the center frequency could be changed from 1.7 GHz to
2.7 GHz continuously in the bandpass mode. The insertion
loss is affected by the varactor Q [27] and the loss of the PIN
diode and chip capacitances. In the future, the using of the RF
MEMS switches can help to achieve improvement in insertion
loss [33].

When the DC bias voltage for V1 is>3V , the PIN diode is
in isolation state, so the bandstop mode is achieved, the mea-
sured results are shown in Fig. 12. The center frequency of
higher stopband can be tuned from 2.3 GHz to 2.9 GHz

FIGURE 10. Photograph of the fabricated filter.
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FIGURE 11. Measured results of the proposed filter in bandpass mode.
(a) |S11| with fixed lower passband. (b) |S21| with fixed lower passband.
(c) |S11| with fixed higher passband. (d) |S21| with fixed higher passband.
Bias voltage variation:(a) and (b): V2 = V3 = 30 V, V4 = V5 = 0 ∼ 6
V, V6 = V7 = 0 V; (c) and (d): V2 = V3 = 30 V, V4 = V5 = 3V,
V6 = V7 = 0 ∼ 30 V.

(23.1% tuning range) with a fixed lower stopband, while
the rejection level is higher than 20 dB. The lower stopband
frequency can be tuned from 1.7 GHz to 2.3 GHz (30% tuning

FIGURE 12. Measured results of the proposed filter in bandstop mode.
(a) |S11| with fixed lower passband. (b) |S21| with fixed lower passband.
(c) |S11| with fixed higher passband. (d) |S21| with fixed higher passband.
Bias voltage variation:(a) and (b): V2 = V3 = 0 V, V4 = 0 ∼ 18 V,
V5 = 0.4 ∼ 30 V, V6 = 1.9 V, V7 = 1.6 V; (c) and (d): V2 = V3 = 0 V,
V4 = 7.6 V, V5 = 12 V, V6 = 0.1 ∼ 30 V, V7 = 0 ∼ 26 V.

range) with a fixed higher stopband, and the rejection level
better than 16.4 dB. Therefore, the stopband can be realized
from 1.7 to 2.9 GHz continuously.
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TABLE 1. Comparison table.

Comparisons with some published tunable filters are
shown in Table 1. As two sets of resonators are used, this
paper can provide a wider tuning range (1 GHz for the band-
pass mode and 1.2 GHz for the bandstop mode).

IV. CONCLUSION
A dual-band bandpass-to-bandstop filter with tunable center
frequencies is presented in this paper. The PIN diode is used
as the switch device here, to change the bandpass-to-bandstop
filter transmission. In order to control Qe, two varactors are
loaded at the feeding lines. In the bandpass mode, the fre-
quency can be changed from 1.7 GHz to 2.7 GHz continu-
ously, and in the bandstop mode, the stopband frequency can
be tuned from 1.7 GHz to 2.9 GHz continuously. Measured
insertion loss in the bandpass mode is limited by the quality
factor of the varactor [27] and the loss of the PIN diode. In the
future, the using of the RF MEMS component can achieve
significant improvement in insertion loss and linearity [33].
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