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ABSTRACT In this paper, a fully tunable bandpass filter (BPF) with three states of filtering (single passband
state, dual passband state and all-off state) is proposed, the proposed fully tunable BPF is cascaded by a
tunable low pass filter section (LP) and a tunable high pass filter section(HP). By introducing a switchable
dual-mode notch in the passband, the proposed BPF is capable of operating in single, dual passband and
all-off state, demonstrating high flexibility in working mode. Tunable LP and HP filters with 7-order
generalized Chebyshev response are designed to improve the roll-off rate and out-of-band rejection level
of the BPF. The measured results show that the bandwidth of the BPF can be tuned from 0.25GHz to
2.69GHz (10.8:1), and the center frequency can be tuned from 2.9GHz to 4.6GHz with constant absolute
bandwidth of 1GHz. Besides, high rejection level of out-of-band is realized in all working mode. The high
flexibility in working mode makes the proposed fully tunable BPF very attractive in carrier aggregation
scenarios.

INDEX TERMS High pass filter, low pass filter, switchable single and dual band, tunable bandpass filter,

varactor and PIN diode.

I. INTRODUCTION

With the development of modern wireless communication
systems, more frequency bands are utilized and RF front-ends
need to operate at multiple frequency bands [1]. The tradi-
tional RF front-end solution termed filter bank to achieve
multi-band compatibility generally occupy large area on
circuit board and have high costs [2]. The tunable band-
pass filters which can support numerous frequency bands
with a single filter structure may meet the requirements
of miniaturization, integration and low cost, is one of
the promising microwave components for future wireless
communications [3].

Recently, fully tunable BPFs with frequency and band-
width tunable have attracted much attention due to their
high flexibility. Numbers of fully tunable BPFs have been
proposed and these fully tunable BPFs can be divided
into three categories according to the tuning mechanism.

The associate editor coordinating the review of this manuscript and
approving it for publication was Feng Lin.

The first class of fully tunable BPFs based on multimode
resonators (MMRs) is proposed in [4], [5], [6], and [7]. In [4],
a wideband fully tunable bandpass filter with three adjustable
poles is proposed, and the three adjustable poles are generated
by MMRs and can be adjusted independently, as a result,
the tunable frequency and bandwidth can be achieved by
controlling the independent poles. In [5], a fully tunable BPF
based on spilt-ring resonator with three short-stub tapped is
presented, and the proposed filter can realized operational
agility of the center frequency and bandwidth. In [7], the
fully tunable BPF comprises a multi-resonant cell and two
quarter-wavelength coupled line resonators and exhibits a
three-pole/two transmission zero response. The tunability of
frequency and bandwidth can be achieved by solely recon-
figuring the resonant frequency of its constituent resonators.
Besides, the proposed BPF based on multilayer integration
concept owns compact size. The second class of fully tunable
BPFs based on coupled resonators is proposed in [8], [9],
[10], [11], [12], [13], [14], [15], and [16]. In [8], a two-
pole tunable combline filter that allows for operational agility
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of the center frequency, passband bandwidth is proposed,
a pair of varactor diodes is added between the resonators
to adjust the coupling coefficient, so the bandwidth of the
filter can be tuned. In order to enhance the frequency tuning
range, a compact switchable and fully tunable BPF is pre-
sented in [11]. The selectivity of the two-pole filter is poor.
To improve the selectivity of fully tunable filters, a 5-order
fully tunable filter is demonstrated in [14], the bandwidth of
the filter can be varied by controlling the varactors between
resonators. Nevertheless, these fully tunable BPF based on
coupled resonators cannot achieve wide bandwidth tuning
range due to the limitation of coupling coefficient. The third
class of fully tunable BPFs realized by cascading tunable LPF
and HPF is proposed in [17], [18], and [19]. However, the per-
formance of the proposed filters in [17], [18], and [19] such
as bandwidth tuning ranging and rejection level of stopband
should be improved. Thus, it is still a challenge to design a
fully tunable filter with good performance such as bandwidth
tuning range and rejection level of stopband.

In this paper, a fully tunable BPF with wide bandwidth
tuning range and switchable single/dual band is proposed,
the proposed filter is cascaded by a tunable LPF, a tun-
able HPF and a switchable notch filter. The flexible fre-
quency and bandwidth of the filter are realized by changing
the cutting-off frequency of the tunable LPF and HPF
To improve the performance of the BPF, a tunable 7-order
quasi-ellipse LPF and HPF are designed. Besides, the filter
can achieve a single or dual passband state by controlling the
ON/OFF state of the switchable notch filter. For validation,
the proposed filter is fabricated and measured. The proposed
filter exhibits high flexibility and is very attractive in carrier
aggregation scenarios.

Il. DESIGN OF FULLY TUNABLE BANDPASS FILTER

The proposed fully tunable BPF with wide bandwidth tuning
range and switchable single/dual band consists of three parts,
i.e. tunable LPF, HPF and switchable notch filter. In this
section, firstly, the analysis of schematic structure of the
proposed BPF is presented using the scattering matrix, then
detailed design process of the three parts is given. Lastly, the
design of the proposed BPF is provided.

A. SCHEMATIC ANALYSIS
The proposed fully tunable BPF is cascaded by tunable LPF,
HPF and switchable notch filter, as shown in Fig. 1.
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BPF LPF HPF Notch Filter

FIGURE 1. Schematic of the proposed filter.
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The S parameter of the proposed schematic is shown
in Fig. 2. Sy, Sy and Sy represent the scattering matrix of the
tunable LPF, HPF and switchable notch filter, respectively.
V1+ s V2+ . V3+ and V:‘ denote the voltage incident wave of
the cascading network., while the voltage reflected wave are
denoted by V", V,, Vs and V, .

Tunable LPF Tunable HPF Switchable Notch
_’V1+ L L V27 H H V; N N Vd:
S. S S: S: S sNl——
T e | 2 O el | I O e | I
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FIGURE 2. Scattering parameter of the proposed schematic.

Using the scattering matrixes of the bifurcation net-
works, the relationships between the voltage incident and
reflected waves defined at their ports can be obtained as
Equations (1)-(3).

L]
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Vil LS o sh LV
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Vel LS Sh LV

From (1)-(3), the voltage reflected wave can be obtained as
Equation (4)-(6).

Vi = ShVE 4 ShVe @
vy =SEvy +s8v Q)
V=S8V +Shv (©6)

It is assumed that the tunable LPF, HPF and notch filter
realize ideal impedance match with each other, that means,

v =vi =0 ™

Hence, the voltage transmission coefficient of the entire
topology are,

821 total = V_?r|VI=0 = Shsh s (8)
From Equation (8), it can be concluded that the voltage trans-
mission coefficient of the fully tunable BPF is the product of
the voltage transmission coefficient of the tunable LPF, HPF
and switchable notch filter, therefore, a BPF with switchable
single/dual band can be realized by cascading a LPF, HPF and
switchable notch filter directly.

B. DESIGN OF SWITCHABLE NOTCH FILTER

In this section, detailed theoretical analysis and design pro-
cess of the switchable notch filter are given. The proposed
topology structure of notch filter is shown in Fig. 3(a). The
filter is composed of two identical series resonators, which
are connected by a transmission line with an electrical length
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of 90° and a characteristic impedance of Zr. To expand the
bandwidth of the notch band, capacitive coupling denoted by
Cy between the two series resonators are introduced.

Portl 90° ,Zr Ohm Port2
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(a) y
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L L ey
T C TC |_'|-'
(b) (c)

FIGURE 3. (a) Topology of notch filter (b) Even-mode equivalent circuit
(c) 0dd-mode equivalent circuit.

The even- and odd-mode equivalent circuits of the notch
filter are shown in Fig. 3(b) and 3(c), respectively. The input
admittance of even-mode and odd-mode can be calculated by
Equation (9) and (10). According to the resonance condition
Im(Y;,) = 0, even-mode and odd-mode resonance frequency
of notch filter can be obtained. As shown in Equation (9)
and (10), the even-mode resonance frequency is determined
by L and Cj, while the odd-mode resonance frequency is
also affected by coupling capacitor Cyy, thus, by adjusting
the coupling Cyy, the bandwidth of notch band can be tuned.

1 J
—+ = ©)]
(ij n l/ja)C1) Zr
1

Yine =

Yino = (10

1

+ —
(oL + Vioic, +2¢y) 920
The L, C1, Cy and Zr values in Fig. 3(a) can be synthesized
based on the method introduced in [17], using the Equa-
tions (11)-(15), where go—g3 are the element values of the
low-pass filter prototype, wq is the central frequency of the
filter, Zy is the port impedance, and FBW is the fractional
bandwidth, k is the coupling coefficient between the two
resonators.

Zy
Zr = (1D
/8083
Zy
L= (12)

wo./g182 - FBW
1

C= (13)

2
wOL
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Cy = FBW - kC (14)
Ci=C—-Cy (15)

The coupling coefficient k is proportional to the coupling Cy;.
As shown in Fig. 4, when the coupling coefficient k is
increased, the bandwidth of the notch filter is widen, however,
the rejection level of notch band deteriorates, simultaneously.
Therefore, k can be determined based on the required the
bandwidth of the notch band.

0
2204
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%) =
-40- ——k=0.03
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35 36 37 38 39 40 41 42 43 44 45
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FIGURE 4. S,; of notch filter with different coupling coefficient k.

The inductors and capacitors can be realized by high- and
low-impedance stubs, respectively. The dimensions of stubs
can be calculated by Equation (16) and (17), where w. and A,
denote the cut-off frequency of the filter and corresponding
wavelength in substrate, / and Zj denote the physical length
and characteristic impedance of the stubs, and L and C are
the values of inductor and capacitor in topology.

Ag .
[ =— arcsm(a)cL/Zo) (16)
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FIGURE 5. Layout of the proposed notch filter.

The layout of the proposed switchable notch filter is shown
in Fig. 5. The capacitor and inductor are realized by stubs
with width w; and w», respectively. To achieve coupling Cy,
the two low-impedance stubs bend toward the middle of
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the filter. To realize switchable characteristic, two PIN diodes
are used to connect series resonators and transmission line,
the ON/OFF state of PIN diode can be controlled by the
voltage V1 applied to the DC pads, and the bias network is
connected with the notch filter using 470 nH choke inductors,
and the choke inductors exhibit high impedance characteris-
tics, so the bias network has less effect on the filter. PIN diode
SMP1345 from Skyworks is chosen to control the notch band.

The notch filter is designed on Rogers 5880 with relative
dielectric constant &, = 2.2 and thickness # = 0.508 mm.
The filter is optimized by HFSS, and the final dimensions
are as follows, [p = 14.4 mm, /; = 0.9 mm, /[, = 2.2 mm,
I3 =59 mm, w; =2 mm, wy = 0.2 mm.

The simulated result of the proposed switchable notch filter
is shown in Fig. 6. When the PIN diode is in OFF state, the
notch filter is equivalent to quarter wavelength transmission
line, and exhibits all-pass characteristic. When the PIN diode
is in ON state, the notch filter is a dual-mode bandstop filer,
the center frequency of the notch band is 3.8 GHz, and the
2 dB notch bandwidth is 420 MHz(3.57-3.99 GHz).
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FIGURE 6. Simulated result of the switchable notch filter (a) Sy; (b) Sy;.

C. DESIGN OF TUNABLE LPF
In order to improve the out-of-band rejection level, a 7-order
tunable LPF with quasi-ellipse response is proposed.

36580

Compared with the Butterworth or Chebyshev response filter,
the proposed filter can generate a transmission zero in the
stopband, which can enhance the selectivity and out-of-band
rejection level of the filter. The topology structure of the
proposed tunable LPF is shown in Fig. 7, the capacitors
in series resonators are replaced with varactor diodes, thus
cut-off frequency of the LPF can be tunable by controlling
the bias voltage of the varactors C,; and Cy;.

c Y'Y Yy Y'Y Y'Y o
Port]  Li L; L;s L, Port2
L, 31, 3.1,
C\_’ Cv] Cn 2
O o]

FIGURE 7. Topology of the tunable LPF.

The inductance Ly ~ L7 can be realized by high-
impedance stubs. The element values in the topology can be
synthesized easily by using the method introduced in [18].
The physical dimensions of the high-impedance stubs can be
obtained by Equation (16).
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FIGURE 8. Layout of the tunable LPF.

The layout of the proposed LPF is shown in Fig. 8. The
filter is also designed on Rogers 5880. The commercial
varactor diode SMV 1430 from Skyworks is chosen as the
tuning element with a tuning range from 0.31 pF (30 V) to
1.24 pF (0 V). The effective capacitance of the varactors can
be adjusted by DC voltage VI and V2. The DC bias lines are
connected to filter by 470 nH choke inductors to reduce the
influence on LPF. DC-blocking capacitors with value of 3 pF
are used to separate bias circuit and filter.

To improve the rejection level of stopband furtherly,
T-shaped resonators are introduced to generate a transmission
zero. Fig. 9 shows the transmission coefficient S2; of the LPF.
As shown in Fig. 9, a transmission zero at about 9GHz is
produced, and the rejection level of stopband is enhanced
significantly, while the passband changed slightly.
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FIGURE 9. Transmission coefficient S21 of the tunable LPF.

The EM simulation software HFSS is utilized to optimize
the proposed filter. And the final dimensions are listed as
follow: /; = 2.1 mm, I = 1.78 mm, /5 = 1.22 mm,
l4 = 0.6 mm, w; = 0.2 mm, wp = 0.43 mm, #/; = 1.72 mm,
tly = 1.14 mm, tw; = 0.2 mm, twy = 3 mm. The simulated
results of the tunable LPF are shown in Fig. 10. As shown,
the cut-off frequency of the proposed LPF can be tuned from
3.4 GHz to 5.2 GHz. During the whole tuning range, the
in-band return loss is greater 12.5 dB, and the rejection level
of stopband is greater than 30 dB.

D. DESIGN OF TUNABLE HPF

A 7-order tunable HPF with quasi-ellipse response is pro-
posed in this section. The topology of the proposed tunable
HPF is shown in Fig. 11. A transmission zero in the stopband
can be generated due to the two series resonators, thus the
rejection level of the stopband is enhanced.

The capacitors C3 and Cjs in series resonators are replaced
by varactor diodes, thus the cut-off frequency of the HPF can
be varied by tuning the bias voltage of varactors.

The capacitor C4 in the topology is also replaced by var-
actor diode to compensate the impedance mismatch during
the tuning process. As shown in Fig. 12, the curve in black
color is the original state of the tunable HPF. The cut-off
frequency of HPF can be tuned to a lower frequency as shown
in red color by changing the bias voltage of varactor Cz,
Cs and keeping C4 unchanged. However, the in-band return
loss of HPF deteriorates during the tuning process. When
changing C3, C4 and Cs simultaneously, the S of the tunable
HPF is improved as shown in blue color.

The cut off frequency of filter changes slightly by tuning
the capacitors C; and Cg in the topology, thus the capacitors
C; and Cg are realized by interdigital structure instead of
varactor diodes, besides, the interdigital structure can also
significantly simplify the design of varactor bias circuit.

The layout of the proposed tunable HPF is shown
in Fig. 13. The capacitors C3 and Cs in topology are realized
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FIGURE 10. Simulated results of tunable LPF (a) Sy; (b) Sy;.
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FIGURE 11. Topology of the tunable HPF.

by varactor C,;, while the capacitor Cy4 is realized by a
common-cathode varactor pair C,;, and the efficient capac-
itance of C,1 and Cy; can be controlled by changing the bias
voltage V1 and V2. The biasing network is connect to the
filter through 470nH inductors. And varactors SMV 1408 and
SMV 1405 are chosen to realize C,; and C,», respectively.
The inductors L1, L3, L5 and L7 in topology are realized by
high-impedance stubs, and the physical dimensions can be
obtained by Equation (16).

The tunable HPF is also designed on Rogers 5880. After
optimization by HFSS, the final dimensions of the HPF are
as follows, /i = 44 mm, I3 = 3.6 mm, w; = 0.5 mm,
wy = 1.05 mm, zl = 3.6 mm, zw = 0.2 mm, zs = 0.1 mm.
The overall filter dimension is 21.1 mm x 6.5 mm.
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FIGURE 12. S;; of the tunable HPF.
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FIGURE 13. Layout of the tunable HPF.

The simulated result of the proposed tunable HPF is shown
in Fig. 14. The cut-off frequency of filter can be tuned
from 2.5 to 4.2 GHz. Besides, during the tuning process, the
in-band return loss is greater than 11 dB, while the out-of-
band suppression level is greater than 30 dB.

0 T r r v

vy 100

-10 4 —a— VI=10V, V2=20V |80
—a— VI=0V, V2=2.5V

=20

$,,(dB)
S,,(dB)

Freq (GHz)

FIGURE 14. Simulated result of the tunable HPF.

E. DESIGN OF FULLY TUNABLE BPF

The fully tunable BPF can be obtained by cascading
the switchable notch filter, tunable LPF and tunable HPF
designed before. The layout and fabricated photograph of the
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tunable BPF are shown in Fig. 15, the proposed filter are
fabricated on Rogers 5880 with relative dielectric constant
&r = 2.2 and thickness & = 0.508 mm. HFSS is employed to
optimize the tunable BPF, and the overall size of the BPF is
52 mm(0.694g) x 14 mm(0.18)) (A represents the guided
wavelength at 2.9 GHz).

Switchable
Notch Filter

Tunable HPF

(b)

FIGURE 15. Tunable BPF (a) Layout (b) Fabricated photograph.

IIl. SIMULATED AND MEASURED RESULTS
The proposed fully tunable BPF is cascaded by tunable LPF,
HPF and switchable notch filter.Thus, the proposed BPF
demonstrates high flexibility and can operate in three states,
i.e. single passband state, dual passband state and all-off state.
When the PIN diodes are in OFF state, the BPF works in sin-
gle passband state, and the center frequency and bandwidth
of the BPF can be tuned by changing the bias voltages of the
tunable LPF and HPF. As shown in Fig. 16, the bandwidth
of the BPF can be tuned from 250 MHz to 2690 MHz at the
center frequency of 3.8 GHz. During the whole tuning range,
the in-band insertion loss varies from 1.45 dB to 3.8 dB,
and the return loss of the filer is greater than 10dB, besides,
the rejection level of stopband is greater than 30 dB. Due
to the transmission zeros near the passband, the roll-off rate
of the tunable LPF is above 71 dB/GHz during the tuning
process. (roll-off rate is calculated by (&qx -0min ) (finax~fimin)»
Where dnax min 18 the 30dB/3dB attenuation point, fuax /min 1S
the 30dB/3dB stopband frequency).

When the bandwidth of the BPF keeps constant at 1 GHz,
the center frequency of the BPF can be tuned from 2.9 GHz
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S12(dB)
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FIGURE 16. Simulated and measured frequency response.

to 4.6 GHz. Besides, the voltage reflection coefficient Sy is
less than —10 dB and the measured insertion loss varies from
1.49 dB to 2.5 dB during the tuning process. The attenuation
level of stopband is greater than 30 dB, and the roll-off rate
is above 83 dB/GHz. The simulated and measured result are
shown in Fig. 17.

Sx(dB)

Freq (GHz)

FIGURE 17. Simulated and measured frequency response.

When the PIN diode is in ON state, the notch band
is enable, therefore, the BPF works in dual passband
state, as shown in Fig. 18. The dual passbands work
in 2.41-3.22 GHz and 4.18-5.11 GHz. And the measured
in-band insertion loss of the two passband is less than 1.74 dB
and 3.31 dB, respectively. Besides, the in-band return loss is
greater than 12 dB, and the roll-off rate of the two passband
is 94 dB/GHz and 85 dB/GHz, respectively. In dual passband
state, due to the fixed center frequency of notched band, the
bandwidth of the two passbands cannot be flexibly adjusted.

When the cut-off frequency of LPF is tuned to the mini-
mum and the cut-off frequency of HPF is tuned to maximum,
the BPF works in all-off state, as shown in Fig. 19. The
transmission coefficient S1, of the filter is less than —30dB
throughout the entire frequency band.
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FIGURE 18. Frequency response in dual passband state.
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FIGURE 19. Frequency response in all-off state.

As key components in the RF front-end, the non-linearity
of filters has important effect on the non-spurious dynamic
range of the RF system. For tunable filters based on varactor
diodes, the non-linearity is mainly affected by the varactor
diodes, so it is necessary to measure the non-linearity perfor-
mance of the tunable filters. The input third-order intercept
point (IIP3) of the filter is measured using two-tone signal
spaced by 2 MHz for the nonlinear characterization.

The measurement setup of I1IP3 is shown in Fig. 20. Two-
tone signal is generated by power divider with equal power
ratio and phase. The input signal amplitude of tunable filters
can be controlled by the variable gain amplifier (VGA). And
the output IM3 and fundamental signal can be measured by
signal analyzer.

The amplitude of fundamental signal and IM3 signal versus
the input power is shown in Fig. 21. Because the input signal
is weak, the amplitude of fundamental signal and IM3 signal
increases linearly with the input power. When the amplitude
of the fundamental signal is equal to that of the IM3 signal,
the input signal is IIP3.

IIP3 of the tunable BPF is measured according to the
measurement setup before. In single passband state, when
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TABLE 1. Typical performance comparisons with prior works.

Switchable

Freq(GH Bandwidth IL Return Rejection : All-off .
REF. Single/dual NoCV NoLC Size(Agx\g)
7) (GHz) (dB)  Loss(dB)  Level(dB)
Band

[4] 2.5-3 0.63-1.5 1.1 >10 10 NO NO 4 2 NG

[8] 1.7-2.7 0.05-0.11 4.9 >10 26 NO NO 2 5 0.12x0.41
[14] 0.4-0.53 0.008-0.014 2 >10 60 NO NO 2 NG 0.04x0.24
[18] 0.8-1.95 0.18-1.39 5.2 >11.5 20 NO NO 5 6 0.1x0.3
[19] 10.2-15.7 5.5-11.5 3.9 >10 25 NO YES 7 2 0.74x2.2

Proposed 2.9-4.6 0.25-2.69 3.8 >10 30 YES YES 5 3 0.18%0.69

Note: NoCV: number of control voltages; NoLC: number of lumped capacitors; NG: not given.

Power
fo-IMHz  Divider VGA BPF

> > TR Signal
C > % ] Analy zer

St IMHz

FIGURE 20. The IIP3 measurement setup.
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FIGURE 21. The fundamental and IM3 signal.

the bandwidth of the BPF is tunable, the IIP3 varies from
14.7 dBm to 23.6 dBm. And when the center frequency of
the BPF is tunable, the measured IIP3 varies from 13.9 dBm
to 22.3 dBm. In dual passband state, the measured IIP3 of
the two passband is less than 18.4 dBm and 17.1 dBm,
respectively.

Table 1 shows the comparison between this work and
other fully tunable BPFs. As shown in Table 1, the proposed
fully tunable BPF shows wider bandwidth tuning range than
other works. Besides, the proposed filter also realize bet-
ter stopband rejection level performance. More importantly,
the proposed fully tunable BPF is capable of operating in
single passband state, dual passband state and all off state,
demonstrating high flexibility. However, the proposed fully
tunable BPF requires five control voltages that may introduce
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cumbersome inconveniences in applications. How to reduce
the number of control voltages may be a potential research
issue for fully tunable filters based on cascade schemes.

IV. CONCLUSION

A fully tunable bandpass filter with wide bandwidth tun-
ing range and switchable single/dual band is proposed
in this paper. The fully tunable BPF is realized by cas-
cading a tunable LPF, a tunable HPF and a switchable
notch filter directly. By controlling the cut-off frequency
of the tunable LPF and HPF, the center frequency and
bandwidth can be tuned, and bandwidth tuning range with
0.25-2.69 GHz (10.8:1) is realized. Besides, the proposed
BPF can realize reconfigurable passband, i.e. single passband
state, dual passband state and all-off state, and the high
flexibility makes the proposed BPF very attractive in carrier
aggregation scenarios.
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