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Abstract—In this paper, a novel bandwidth reconfigurable bandpass
filter is proposed. Based on a varactor loaded tri-mode resonator
consisted of one constant odd mode and two independent varactor-
tuned even modes, each passband edge of the proposed filter can be
freely adjusted. By varying the reverse bias voltage applied to the
varactor diode that is connected to the resonator, the bandwidth can
be controlled conveniently. The resonant frequencies and Transmission
Zeros (TZs) are derived and verified by both theoretical analysis and
simulation. Stepped Impedance Resonator (SIR) is introduced to
optimize the harmonic suppression. Finally, the measurement of the
fabricated filter shows a fractional bandwidth tuning range of 11.4—
32.0% with a center frequency of 1.75 GHz, a quite low insertion loss
of 0.4-1.1dB, and wideband harmonic suppression up to 6 GHz. The
measurement and simulated results show good agreement.

1. INTRODUCTION

Due to their potential to significantly reduce the overall size and
complexity of modern multiband communication systems [1-3], RF
tunable filters are becoming an active research topic. To the best
of our knowledge, there are three types of tunable filters: center
frequency tunable filters with predefined bandwidth [4-8], bandwidth
tunable filter [9-11], and both center frequency and bandwidth tunable
filters [12-15].

Among the tunable filter designs above, the bandwidth tunable
character is less discussed in comparison with reconfigurable center
frequency. In [9-11], bandwidth tunable filters were proposed. In [9],
a ring resonator bandpass filter with switchable bandwidth was
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presented. PIN diodes and Stepped-Impedance stubs were adopted
to bandwidth tuning. Varactor tuned quadruple-mode bandpass filter
with separate lower/upper bandwidth was reported in [10]. In [12], a
dual-mode triangular patch bandpass filter was proposed. Two slots
assembled with varactor diodes were used to vary the frequency of each
degenerate fundamental mode independently. With this method, both
center frequency and bandwidth could be controlled independently.
However, the issue of spurious passbands was not addressed in those
works.

In this paper, a novel tri-mode bandwidth tunable bandpass filter
is built, which contains two even-modes, one odd mode in the desired
passband and two Transmission Zeros (TZs) near the upper and lower
stopbands. Each of the TZs can be separately adjusted to relocate the
corresponding passband edge. Even- and odd-mode equivalent circuits
of the filter are proposed to calculate the resonant frequencies and
transmission zeros. After that, Stepped Impedance Resonator (SIR)
is adopted to enhance harmonic suppression performance. Finally,
a bandwidth tunable bandpass filter based on tri-mode sub-loaded
resonator is designed, fabricated, and measured.

2. FILTER DESIGN

Figure 1(a) shows the layout of the proposed bandwidth tunable BPF
based on a tri-mode resonator. The resonator consists of one half
wavelength resonator, two varactor-loaded stubs shunted at the center
plane. Two capacitors C;, were connected between the feed lines
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Figure 1. (a) Layout of the bandwidth tunable bandpass filter without
harmonic suppression. (b) Odd and even mode equivalent circuit.
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and the tri-mode resonator, as shown in Figure 1(a), to achieve the
desired coupling, instead of placing the feed line closer to the resonator,
which would lead to unacceptable technological constrains. Since
the structure is symmetrical to the centra plane, the even-odd-mode
analysis method can be adopted, as depicted in Figure 1(b). C; and
C5 are the variable loading capacitance of the stubs. All the width of
the resonators is chosen as w so that all the characteristic admittances
is Y1, and g, lp, l¢, g, le refer to the length parameter of the resonator
in Figure 1(a). The resonant conditions can be achieved and expressed
as

Yino = _])/1 cot ¢1 (1)
Y +Y Y7t
Y;ne = Yl( L1l + L12) +] 1 an¢>1 (2)
Yl + ](YLII + YL12) tan ¢1
where
Yo, = 0 Yiat (i tangy) /2
11 2 Y1/2+4 Y tandy
Yy = L. Y1 RS2 () tan ¢4) /2
2 /24 R an o,
, wC1 + Yz tan 9 .
i = My, o Y2 = j(wCa + Y1 tan ¢s1).

! Y1 - wC’l tan(¢3/2) ’

The transmission zero frequencies are obtained when Ys; =Y75=0.
The filter TZs can be calculated by

_ V7
B Y711 -sin? ¢ 4+ Yrig - sin? ¢ — jY; sin 2¢

Yio 3)
while
Y11 — o0, Yo — o0

It can be observed from Formulas (1) and (2) that the stepped-
impedance varactor-loaded stub at the center plane merely controls
resonant frequencies of even excitation. In order to achieve the detailed
scheme of the resonant modes and TZs, an instructive method is
adopted [13], as shown in Figure 2. In this method the resonator
is driven through a weak coupling. In Figure 2(a), the common
characteristic can be obtained that the even-mode resonant frequencies
decreases while increasing the length [, or ;. The conclusion can be
made here that the lower resonant frequency is the first even-mode
frequency which is controlled by inner stub. The middle resonant
frequency is the first odd-mode frequency which is controlled by the
ly shown by Formula (1). Then the third resonant frequency is the
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Figure 2. Resonant-mode frequencies and TZs analysis. (a) Tri-mode
resonator for different values of [, or . (b) Dual-mode resonator with
inner stub. (¢) Dual-mode resonator with outer stub.

second even-mode frequency, which is controlled by the outer stub. By
observing the simulated results presented in Figures 2(b) and (c), the
TZ1 is excited by the even-model and the odd-mode part, meanwhile,
the TZ2 is generated by the even-mode2 and the odd-mode part.
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Figure 3. Resonant-mode frequencies and TZs. (a) Cy = 0.5pF,
varying Cy. (b) C1 = 0.5 pF, varying Cs.

Finally, we can get the unique property of the tri-mode resonator
that the even mode resonant frequencies and TZs can be controlled
by adjusting the flexible parameters of the stubs, whereas the odd
mode resonant frequency can hardly be changed.

The resonant frequencies and TZs can be calculated by the
Formulas (1)-(3), as shown in Figure 3. It is obvious that there are
one odd mode, two even modes and two transmission zeros in the
frequency range 1-3.5 GHz. In Figure 3(a), the higher even mode
and TZ2 move toward the lower frequency when Co = 0.5pF and
C varies from 0.5 pF to 1.2 pF. Lower even mode and TZ1 show slim
variation and the odd mode remains constant. When C7 = 0.5pF
and Cy varies from 0.5 pF to 1.2pF, as presented in Figure 3(b), the
lower even mode and TZ1 move toward the lower frequency, while the
odd mode, higher even mode and TZ2 remaining unchanged. Through
the analysis above, the higher even mode and TZ2 can be controlled
by varying C;. Simultaneous, the lower even mode and TZ1 can be
adjusted by varying Cj.

This unique property can be used to design bandwidth tunable
filter. Inspired by it, a bandwidth tunable BPF is designed, simulated
for £, = 2.65 and A = 0.5mm. The simulation model of the varactor
C7 and (5 is implemented with SKYWORKS SMV1405 spice model.
The single varactor capacitance is 0.63 pF and 2.67pF at 30V and
0V reverse bias, respectively. The value of Cj, was optimized to be
1.4 pF for the tunability. The demensions of the filter is w = 0.8 mm,
lg = 16.0mm, {, = 19.1mm, [, = 13.4mm, [; = 18.4mm, [ = 1.9mm.

Figure 4 illustrates simulated results of the bandwidth tunable
BPF. The —3 dB bandwidth ranges from 180 MHz to 680 MHz with a
fixed centra frequency, 1.6 GHz.

However, the out band rejection of this filter is poor due to
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Figure 4. Simulated S-parameters of the bandwidth tunable filter
without harmonic suppression.
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Figure 5. The harmonic suppression analysis of the changed odd
mode part. (a) The odd-mode part introduced with SIR. (b) The
simulated results while fixed W,,, L,, and L,,, varying W,,.

the existence of second harmonic. In order to suppress the second
harmonic, through the analysis of the filter structure, the odd mode
part offers the most important influence on the performance of
the harmonic suppression. SIR (Stepped Impendence Resonator)
is introduced to this filter to suppress the harmonic, as shown in
Figure 5(a). Figure 5(b) shows the simulated frequency response of
the filter against different W,,,/W,, and a constant L,,/L,,. The second
harmonic of the filter can be suppressed efficiently by tuning W, while
keeping W,, = 0.8 mm, L,, = 8.2mm, L,, = 11.2mm. The suppression
effect on harmonic is very obvious while W, increasing from 2 to 3 mm.

As illustrated in Figure 6, W,,/W, shows its great influence
on the second harmonic suppression by varying the the location of
transmission zeros. Finally, as a tradeoff between the tunability
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Figure 6. Layout of the bandwidth tunable BPF with harmonic
suppression.

Table 1. Critical dimensions of the bandwidth tunable BPF with
harmonic suppression (Unit: mm).

Wa| la [wy| lp |we| le |wa|l la | we | le |wp| lp [Wm| b | lf
3.5/16.0(3.0(8.212.8/20.0{2.0) 11.4| 0.8 |24.2|10.2|12.7({14| 9.0 | 1.9 |04

and harmonic suppression, the parameter is chosen as W,, = 3mm.
Similarly, the even mode part also was optimized to achieve better
performance of harmonic suppression. The novel filter structure and
dimension parameters are shown in Figure 6, and Table 1, respectively.
Using the bandwidth tuning design and harmonic suppression method,
a bandwidth tunable filter with harmonic suppression can be achieved.

3. FABRICATION AND MEASUREMENTS

To demonstrate the performance of the proposed bandwidth tunable
filter, a microstrip prototype filter was designed and fabricated on an
er = 2.65, h = 0.5 mm F4B-2 substrate. Figure 7 shows the detailed
photograph of the filter with the basing scheme. The load capacitor
C, was implemented with lump chip capacitors (1.5 x 0.7 mm?), where
SMV1405 abrupt junction tuning varactors of SKYWORKS in SC-79
package have been used as the tuning elements. The single capacitance
is 0.63 pF and 2.67pF at 30V and 0V bias, respectively. The dc bias
is done by using a 100k resistor and an ATC chip capacitor between
the DC voltage and the open ends of the resonator. The capacitor-
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Figure 7. Fabricated bandwidth tunable BPF with harmonic
suppression.
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Figure 8. Measured S-parameters for upper and lower bandage
tuning. (a) Fixed V2 = 30V, varying V;. (b) Fixed V; = 30V, varying
Va.

varactor series connection reduces the overall capacitance to 0.49 pF—
1.2 pF with the chip capacitor value Cy. = 2.2 pF. The C;, is selected
as 0.6 pF as a tradeoff between tunability and loss, realized by an ATC
600S RF capacitor. The S-parameters of the filter were measured with
an Agilent E5071C vector network analyzer.

The measured tunability of TZs and resonant frequencies are
shown in Figure 8. Its corresponding resonant frequencies and TZs
move toward high frequency when the reverse voltage applied on the
varactor increases. Figure 8(a) shows that the TZ1 has a tuning range
of about 440 MHz (1.96-2.40 GHz), while Cy’s bias voltage is fixed at
30V. The TZ2 can be tuned from 1.40 GHz to 1.62 GHz as Cy’s bias
voltage is fixed at 30V, as shown in Figure 8(b). It is obvious that
the low-side and high-side edges of the passband include TZs can be
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Table 2. Comparison this work with others.
T-MTT [12] | MWCL [10] T-MTT [9] This work
Elements Varactor Varactor Pin Varactor
(numbers) (6) (6) diode (2) (4)
Biasi
1asme 0-20 430 NA 0-30
Voltage (V)
In-band IL (dB) 1-3 0.8 (min) 1.35 (max) 0.4-1.1
(Loss tangent) (0.0027) (0.001) (0.0019) (0.001)
3-dB FBW 5.3-10 22-34 69.5-84.6 11.4-32.0
[tuning range (%)] [4.7] [12] [15.1] [20.6]
Separately
X
tuned Tzs v v v
Tzp;
Phigh 6.1 20.7 6.6 22.4
tuning range (%)
Tzlow
6.9 14.6 20 13.6
tuning range (%)
Sideband
10 13 9 10
rejection
Passband flat
assband flatess " y y o
among Tz tuning
H -
armonic " " " y
suppression

adjusted independently, which increase the freedom on the bandwidth
adjustment. Thus, both sides of the passband can be tuned by varying
the capacitance of C7 and Cb.

The bandwidth tunable BPF measurement is presented in
Figure 9, the —3dB bandwidth ranges from 200 MHz to 560 MHz at
a fixed center frequency, 1.75 GHz, with a insertion loss smaller than
1.1dB. The simulated and measured results with harmonic suppression
are shown in Figure 10. Obviously, they are in good agreement.

Table 2 compares the proposed filter with some recent state-of-
the-art designs. It is summarized that the presented filter has the
widest 3-dB FBW tuning range, quite low passband IL, minimum
tuning elements, good harmonic suppression.
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Figure 9. Measured S-parameters of the bandwidth tunable BPF.

10 50
----- simulated (V1=30 V, V,=0 V)
LN measured (V1=30V, V, =0 V)
-101 ¥, |——simulated (V1=2.1 V, V=30 V) 130
T‘n“ ——measured (V1=2.1V, V,=30 V)
@ -30 5N 10 @
k) =
A 50| 100
-70¢+ 1-30
-90 . 50
0.8 1.8 2.8 3.8 4.8 5.8
f [GHZ]

Figure 10. Measured S-parameters for the bandwidth tunable BPF
with harmonic suppression.

4. CONCLUSION

In this paper, a bandwidth reconfigurable BPF with separate
lower /upper sideband rejection and wideband harmonic suppression
is demonstrated. With a constant odd mode and two independent
varactor-tuned even modes and TZs, each passband edge can be
adjusted freely. Compared with recent works, the proposed bandwidth
tunable BPF has a —3dB fractional bandwidth tuning range of 11.4—
32.0%, a insertion loss of 0.4-1.1dB and a wide out band suppression
larger than 20dB up to 6 GHz.
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