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ABSTRACT In this paper, a wideband bandpass filter (BPF) with simultaneous bandwidth and notch tuning
is proposed, by using a dual cross-shaped resonator (DCSR) with parallel-coupled three-line (PCTL) feeding.
It is found that three intrinsic transmission zeros can be generated by the proposed DCSR, while two of the
zeros are used for the implementation of passband edge zeros and the other one is for a notch. Three varactors
are used to implement the bandwidth and notch tuning independently. These innovative integrated functions
of both tunable bandwidth and notch in a single architecture are proposed for the first time. On the other
hand, the PCTL can provide sufficiently strong coupling in the desired passband. The proposed BPF can
achieve the bandwidth tuning with a fixed notch inside/outside the passband, and the bandwidth can also be
kept unchanged when tuning a notch within the passband. The prototyped BPF centered at 6 GHz reports that
the absolute bandwidth (ABW) can be varied from 2.5 to 5.8 GHz, while the fractional bandwidth (FBW)
is tuned from 41.7% to 96.7% together with notch frequency tuning of 5.0 to 8.2 GHz. The experimental
measurements are in good agreement with the theoretical analysis.

INDEX TERMS Microstrip wideband bandpass filters, dual cross-shaped resonator (DCSR), bandwidth and

notch tuning, tunable filters.

I. INTRODUCTION

In various wireless communication and radar systems with
multi-function and multi-band operations, the bandpass fil-
ters (BPFs) with reconfigurable center frequency and band-
width are essential. To avoid interference from other systems,
BPFs with notch bands are becoming more significant than
the past. The primary efforts of previous studies mainly focus
on center frequency tuning. By varying the electrical lengths
of the resonators, the center frequency can be tuned continu-
ously either with the use of varactors [1]-[3] or reconfigured
in discrete steps by using PIN diodes [4], [5]. For example,
the filter’s center frequency is tuned from 0.7 to 1.33 GHz
with a 60% tuning range using varactors as the tuning ele-
ments [1]; while a six-state reconfigurable bandpass filter
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with center frequency to be 9, 10 and 11 GHz using PIN
diodes [4].

Nevertheless, the BPFs with reconfigurable bandwidth are
still rare, especially for wideband BPFs. Some approaches
were proposed in [6]—[8], varactors or PIN diodes are used
for connecting tuning stubs or open loops. A three-pole
microstrip BPF with a tunable bandwidth of 70 — 100 MHz
is presented in [6], by using only one varactor between the
resonators for bandwidth control. Another BPF uses a single
PIN diode as a switch to connect or disconnect the loaded
open-loop and reported the bandwidth tuned from 29% to
50% at 1.5 GHz [7]. But this design can only achieve two
tuning states. A tunable wideband BPF controlled by switch-
ing short circuit stubs can achieve the bandwidth range from
16.3% to 37.4% at 2 GHz with four tuning states [8], but the
passband edge selectivity is concerned. A tunable bandpass
filter with continuous control of both center frequency and
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bandwidth is presented in [9], which indicates wide tunable
center frequencies (0.56 — 1.15 GHz) and 1-dB bandwidth
(65 — 180 MHz), it is still applied for the narrow band.

In addition to reconfigurable bandwidth, wideband fil-
ters with notch bands are important for their applications
of interference rejection. The techniques for fixed notch
bands design using additional notch resonators and embed-
ded open stubs are presented in [10]-[12]. Nowadays, there
is an increasing demand for reconfigurable notch bands to
cope with different coexisted communication. A switchable
notch filter employing 1-D planar EBG is demonstrated
in [13], the frequency of the notch band can be switched
by 450 MHz.

Recently, the multi-mode resonator (MMR) is used to
design wideband and ultra-wideband (UWB) BPFs [14]-[16].
A ring resonator BPF with switchable bandwidth using
multiple open stubs was proposed, the tunable passband
ratio is 1.22: 1.13: 1 at 2.45 GHz [17]. A simple MMR
called cross-shaped resonator (CSR) is presented, which can
generate distinct numbers of poles and zeros with different
terminations. We have also reported some studies based on
the CSR [18]-[21]. A four poles filter is shown in [18], with
82.4% FBW and reconfigurable notch from 4.6 to 6.5 GHz
are designed, by using capacitors as the tuning elements.
Besides, two wideband tunable BPFs based on CSR tuned by
varactors with FBW tuning of 50.4% and 83% respectively
at 1.0 GHz, are reported in [19]. In addition, a wideband
BPF with reconfigurable bandwidth using CSR with FBW
tuning of 21.7% at 5.7 GHz, is proposed in [20], PIN diodes
are used as the tuning elements. Another PIN diode tuned
dual-band BPF with a reconfigurable lower passband edge
is achieved [21], with 22.5% to 34.7% FBW tuning for the
first passband. However, although the previous studies can
achieve the reconfigurable bandwidth and notch individu-
ally, there are no existing designs that can accommodate
both bandwidth and notch tuning simultaneously in a single
structure.

In this work, the objective is to achieve the bandwidth and
notch tuning in a single BPF. To this end, a dual cross-shaped
resonator (DCSR) is presented, and the relationship between
the poles/zeros and the other parameters are analyzed. The
proposed BPF is fabricated on a RO4003 substrate with a
thickness of 0.813 mm and a dielectric constant of 3.38.
Simulations are carried out by Ansys HFSS. The varac-
tors, Toshiba JDV2S71E with a capacitance tuning range
of 0.6 — 6.0 pF; and the capacitors, Murata GRM series (CAP
CER 50V COG/NPO0 0603) for 1.2 pF and 4.0 pF with 0.1 pF
tolerance, are used to achieve the different electrical tunable
functions.

This paper is organized as follows. Besides the introduc-
tory section, a tunable wideband BPF using DCSR with
PCTL is thus presented. The structure will be analyzed in
Section II; and then in section III, the method of varactors
to achieve the simultaneous bandwidth and notch tuning is
presented; a prototype with simulated and measured results is
shown in Section IV, and a comparison with previous works
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FIGURE 1. Schematic of the proposed DCSR.

are summarized. Finally, the conclusion is summarized in
Section V.

Il. ANALYSIS OF THE DCSR AND PCTL

A. DUAL CROSS-SHAPED RESONATOR (DCSR)

The schematic of the proposed DCSR is shown in Fig. 1.
The parameters 6, and Z, (n = 1, 2, 3, 4) denote the elec-
trical lengths and characteristic impedances of these stubs,
respectively. We also define Y, as the admittances of stubs.
A terminated cross-shaped branch consists of two shorted
stubs (Z4, 64) and a terminated varactor with variable capac-
itive (Cp), is added to a transmission line (Z3, 63). On the
other hand, a varactor (C3) is connected between the central
resonator (Z1, 81) and stub (Z3, 63); besides, an open stub
(Z,, 607) is also added to the central resonator with another
connecting varactor (C3). In addition, we set the upper cross
center as @), and the lower one as (B).

To ease the discussion, a BPF with 100% FWB, 6 GHz as
center frequency and a fixed notch at 7 GHz are to be designed
with 100 2 for Z;, with a fixed capacitance of 1.0 pF for
C1, C, and C3. Meanwhile, we assume that ky = Z{/Z, =
Z1/Z3 and ky = Z1/Z4. In this case, the proposed DCSR is
symmetrical to the T-T” plane, and its odd- and even-mode
equivalent circuits are shown in Fig. 2, respectively. Based
on these equivalent circuits, the input admittance of these two
modes can be derived as follows:

For odd mode:

Y ! 1
"7 jZ) tan 6y W

The odd mode resonant frequency is determined when
Yino = 0. Therefore, 8; = 90°, which represents that a
transmission pole is at the center frequency fj.

For even mode:

_ Y1 (Y, +jY  tan6y)

Yiee = 2

mne Y| +jY, tan6; (22)
where
Y, =Y, +Yq (2b)
jwC3Y> tan 6
_ _Jotsl;tan 03 20)
wC3z + 2Y, tan 6,
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FIGURE 2. (a) 0dd- and (b) even-mode equivalent circuits of the
proposed DCSR.

And Y, and Y, are the input admittances of the upper
and lower resonator branches respectively. Thus, they can be
expressed by (2c) and as (2d) shown at the bottom of this
page. Similar to the previous case, the transmission poles
can be determined with Y;,, = 0. Therefore, the even mode
resonant frequencies can be expressed by (3a), (3b), and (3c)
as shown at the bottom of this page, where c is the speed of
light in free space, ¢, denotes the effective dielectric constant
and [, (n = 1, 2, 3, 4) stands for the physical lengths of the
stubs.

The transmission coefficient S>1 can be expressed as:

_ Yina - Yine
(Yo + Yino) (Yo + Yine)

Sa1 4

The transmission zeros are thus determined when S;; =
0 and hence Y, = Yin. The transmission zeros in terms

of C1, C2, and C5 can be expressed as:

froen = — S oo 1212 (52)
notch = 2]1_14@ Cco kika a
fu = ;cot_l(L) (5b)
T TN w CrZ2 — A

fom — ol (5¢)
= CcO C

27 dnhe w C3Z}

where

k1kyZ; tan <—2nl4€\/87.le)

A = (5d)

k1 — ZJszlzlzcl tan (M Zl)

According to the analysis above, it can be seen that this
DCSR can generate four transmission poles (f,1, fp2, fo, fp3)
and three zeros (f31, fuorch» f-2), Which can be controlled by
the capacitor Cy, C2, and C3z. To form the passband and an
in-band notch frequency, the following condition should be
satisfied:

(6a)
(6b)

S <fpr <fo<fp3 <f2
ot < fo2 < fpzand fa < fuoten < f22

The variables Z,, Z3, Z4, 6>, 03, and 64 can be determined
according to the characteristics of the BPF. Fig. 3(a) plots the
transmission poles and zeros frequencies against 65 /01 under
different values of k; when ko = 1 and 63/61 = 04/0; = 1.
It can be noticed that the variations of both 6,/0; and k;
affect the upper passband edge. f;» and f,3 move closer to
the center frequency fy for larger 6,/6; or larger ki, while
the other poles and zeros are almost unchanged. According
to the FBW, the cutoff frequency of the upper passband edge
is designed around 9 GHz, 6, is thus chosen to be 60°. The
variations of poles and zeros versus 63/6; under different
values of k; when k, = 1, 6 = 60° and 04/6; = 1,
is illustrated in Fig. 3(b). It shows that f;,;;, moves from
higher to lower frequency when 63/6; increases. 83 = 40°
is thus selected according to the notch frequency we want to
design at. In addition, combine Fig. 3(a) and 3(b), the upper
passband edge is good at about k& = 1. Fig. 3(c) studies

JwCrY3 (wC + Yatan63 — 4Y4 cotby)

Y, = 2d
" 2wY3 (C1 4+ C2) + 2wCr tan 03 (2Y4 cotby — wCp) + 4Y3 (Y3 tan 03 — Y4 cotby) @d)
2
fo1 = ¢ tan~! ozt —eaGhb
P2 (h + B+l e Cika — Coky
(3a)
f ¢ ! Q,LZ]'FCOCICZICIIQ
= an
P 2w i+ b + L) Jer Ciky — Coky
(3b)
fp3 = —C  tan! 2 (o)
T+ b e 2~ wCsZiki
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FIGURE 3. Variation of the poles and zeros versus (a) varied 65 /6; when
ky =1and 0, /6, = 06,/0; = 1; (b) varied 6, /6, when k, =1, 65 = 60°
and 6, /6; = 1; (c) varied k, when 65 = 60°, 6, = 40° and k; = 2; and
(d) varied 6,/6; when 65 = 60°,0, =40°, k; =2and k, = 1.
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the variation of poles and zeros versus k» when 6, = 60°,
03 = 40° k1 = 1, and 64/6; = 1. The lower passband
edge frequencies f;1 and f,1 depart from the center frequency
for larger kp. Therefore, k; is chosen to be 1.5 when the
lower passband edge cut off frequency is designed as about
3 GHz. The relationship between poles and zeros and 64/6;
when is studied in Fig. 3(d). For a lower 04/601, fuotch moves
from lower to a higher frequency, and it will be out of the
upper passband edge (f1orcn > fz2) when 64/6; is lower than
0.3 since the notch frequency is designed at 7 GHz, 64/6; is
therefore decided to be 0.5.

Based on above, the following dimensions and relevant
parameters are used: Z; = 100 2, k; = 1, kp = 1.5, 2, =
Z3 =100 @, Z4s = 67 2, 0; = 90°, 6, = 60°, 63 = 40°,
04 = 45°, C; =10 pF, C; = 1.0 pF, and C3 = 1.0 pF.
The simulated frequency response of this DCSR is shown
in Fig. 4.

B. PARALLEL COUPLED THREE-LINES (PCTL)

To incorporate the DCSR for a wideband BPF with tunable
functions, the central open stub of DCSR is replaced by the
PCTL [16], [22], [24] which can provide a tight coupling.
The layout of the proposed tunable BPF is shown in Fig. 5.
The relationship between the line width wy, gap size s of
the PCTL and the loaded quality factor are studied in [18].
Specifically, w; = s = 0.1 mm is determined to satisfy the
characteristics of the BPF we want to design. The simulated
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FIGURE 4. Simulated frequency response of the DCSR.
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FIGURE 6. Simulated frequency response of the DCSR fed by the PCTL.

frequency responses of DCSR fed by the PCTL is shown
in Fig. 6. Compared with Fig. 4 and Fig. 6, it can be seen
that two extra poles (fgp1, fgp2) in the designed passband and
two extra transmission zeros will be generated outside the
passband, resulting in wide upper and lower stopbands.

Ill. TUNABLE BPF DESIGN

The tunability of the proposed BPF can be determined by
the varactors. Three different DC voltage will be applied on
the BPF, and the variable capacitance Cy, C>, and C3 can be
controlled by suitable voltages V1, V> and V3. Fig. 7(a) shows
the variation of pols and zeros when Cj3 is variable and C|
and C; are fixed on 1.0 pF. It can be seen that for a larger C3,
only f7» and f),3 lower to the center frequency, while the others
are unchanged. Fig. 7(b) plots the relationship between poles,
zeros and the capacitance C, when Ci and C3 are fixed on
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FIGURE 7. Variation of the poles and zeros versus (a) varied C; when

C; = C; = 1.0 pF; (b) varied C, when C; =1 pF, C3 = 0.5 pF and
(c) varied C; when C, = 4.0 pF, C; = 0.5 pF.

1.0 and 0.5 pF. When C; decreases from 4.0 to O pF, f;>, and
fp1 move closer to the center frequency, while the other poles
and zeros are constant. Besides, the relationship between
poles, zeros and capacitance C is shown in Fig. 7(c), Ca,
C3 are fixed as 4.0 pF and 0.5 pF respectively. It can be seen
that when Cj is within 0.3 to 5.0 pF, f,orcn and f,2 moves to
a higher frequency with a lower value of Cj, while the other
poles and zeros frequencies are kept unchanged. However,
when C1 < 0.3 pF, foicn Will be out of the passband.
Accordingly, it is apparent that foc;, and f,2 can be con-
trolled by C1, while (f;1, fp1) and (fz2, fp2) can be varied by C;
and Cj3 respectively, which are in agreement with (3a), (3b),
(3¢) and (5a), (5b), (5¢). Therefore, the intrinsic zero forch
can be used to implement a tunable notch frequency, and it
can also be designed in/out of the passband according to the
capacitance Cy. (1, fp1) and (f2, fp2) can be used to design
as the lower and upper cutoff frequencies of the passband
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FIGURE 8. Design procedure of the proposed tunable BPF.

L T

FIGURE 9. Prototype of the proposed tunable BPF.

edges respectively. That is to say, the bandwidth tuning can
be approximated to the poles and zeros tuning by varactors
C> and Cs.

The filter design procedure is summarized as a flowchart,
as shown in Fig. 8:

1) When the desired center frequency, FBW and notch
frequency are given, the parameters (I1, b, I3, la, w1,
wa, w3, and wy) of DCSR can be determined according
to the design formulas and figures; DCSR is coupled
with PCTL. A basic wideband BPF with fixed FWB
andnotch is thus presented with fixed Cq, C;, and C3;

2) When suitable voltages Vi,V and V3 are set,
the simultaneous bandwidth and notch tuning can be
achieved by the variable capacitance C1, C,, and C3.

IV. SIMULATED AND MEASURED RESULTS

Subsequently, based on the above analysis and plots, a wide-
band BPF at 6 GHz with simultaneous bandwidth and notch
tuning is designed. The photograph of the prototype is shown
in Fig. 9 and the size is 27.4 mm x 12.7 mm. The dimensions
are given as: /1 = 8.0 mm, [, =4.0mm, 3 = 1.8 mm, Iy =
1.5 mm, wiy =02 mm,s =02mm, g =02 mm, w, =
0.4 mm, w3 = 0.4 mm, wg = 0.5 mm, C,; = 1.2 pF,
Cp» = 4.0 pF, and the radius of the via holes are 0.2 to
0.3 mm. By applying different voltages, the bandwidth and
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FIGURE 10. Simulated and measured (a) |S,;|; (b) |S17| and (c) group
delay of the proposed BPF with Function-1 when V; =0, V, and V5 are

varied. (Case A-l: V, = —25V, V5 = —1V; Case B-l: V, = —14 V,
V3 =-10V;Case C-l: V, = -5V, V3 = -25V).

notch can be tuned independently. Three tuning functions of
the proposed wideband BPF are summarized as follows.

A. FUNCTION I - TUNABLE BANDWIDTH

WITHOUT NOTCH IN-BAND

As discussed in Section III, when the capacitance of C
decreases to 0, f;,0rc, moves out of the upper passband and at a
very high frequency. Therefore, when Vi =0V, only V; and
V3 are applied with different voltages, the proposed BPF with
a tunable bandwidth and without notch in-band is achieved.
The simulated and measured results with three tuned cases
are plotted in Fig. 10. It can be seen that the lower passband
edge can be tuned from 3.1 to 5.0 GHz when V> is applied
with the voltages of —5, —14 and —25 V, while the upper
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FIGURE 11. (a) Tuning range of notch versus C,;; (b)measured results of
the proposed BPF with Function-1l when V, = -5V, V3 = —25 V are fixed
and V; is varied. (Case A-ll: C; = —1 V; Case B-II:

V; = —10V; Case C-l:V; = —20 V; Case D-1I: V; = -25 V).

side is tuned from 7.2 to 8.9 GHz when V3 is applied with -1,
—10 and —25 V. The two passband edges can be controlled
simultaneously according to Section III. Therefore, the 3-dB
passband bandwidth can be tuned from 2.5 to 5.8 GHz with
FBW is varied from 41.7% to 96.7%, and there is no notch
in the passband. Besides, the measured insertion loss is less
than 2.2 dB, the measured return loss is better than 12 dB and
the group delay is less than 2.5 ns.

B. FUNCTION II - TUNABLE NOTCH WHEN

BANDWIDTH IS KEPT UNCHANGED

The proposed wideband BPF can also realize the function of
the tunable notch with constant absolute bandwidth. Accord-
ing to Fig. 7(c), the notch frequency can be varied over the
whole passband theoretically. However, the bias circuit and
the block capacitor Cp; in the practical circuit will lead the
measured frequencies and tunable range of notch are slightly
different from the simulations. The tuning range of the notch
versus Cp is plotted in Fig. 11(a), where a maximum tuning
range can be achieved for Cp; = 1.2 pF. When V, = -5V,
V3 = —25 V are fixed, and V; is applied with -1, —10,
—20 and —25 V. The measured results with four tuned cases
are recorded in Fig. 11(b). As illustrated, the 3-dB passband
is from 3.0 to 8.9 GHz with 98.3% FBW at a center frequency
of 6.0 GHz. A tunable notch varies from 5.0 to 8.2 GHz with
a 3.2 GHz tuning range with more than 10 dB attenuation.

27043



IEEE Access

C. Teng et al.: Design of Wideband BPF with Simultaneous Bandwidth and Notch Tuning Based on DCSR

TABLE 1. Summary of simulated and measured results.

Center Bandwidth (GHz)
Designed Functions Frequency Casc A CascB Case C Notch Frequency (GHz)
(GHz) (Minimum BW) | (Medium BW) | (Maximum BW)
Function.I Simulated 6.0 4.9-7.6 (2.7) 4.0-8.2 (4.2) 3.0-9.0 (6.0) Out of Passband
unction- ut of Passban
Measured 6.0-6.1 4.8-7.3(2.5) 4.1-8.1 (4.0) 3.1-8.9 (5.8)
Function-1I Measured 6.0 Fixed from 3.1-8.9 (5.8) Tuned From 5.0-8.2 (3.2)
Function-TII Simulated 6.0-6.1 4.5-7.4(2.9) 4.0-8.4 (4.4) 3.0-9.2 (6.2) Fixed at 5.9
nction-
Hneto Measured | 5.9-6.1 4.6-7.2 (2.6) 4082 4.2) 3.19.1 (6.0) Fixed at 5.9
TABLE 2. Comparison between this design and previous works.
Designs Frgcjl?;rcy lerrﬂz:SgOf Numbers Numbers of | ABW Tuning Range FBW Tuning Notch Tuning
0,
(GHz) Elements of Poles Zeros (GHz) Range (%) Range (GHz)
[7] 1.9 4 2 0 0.31-0.67 (0.36) 16.3-35 (19.7) x
[8] 2.0 20 5 0 0.51-0.97 (0.46) 26-49.8 (23.8) x
[9] 1.0 6 2 0 0.065-0.18 (0.115) 6.5-18 (11.5) x
[21] 5.7 4 3 2 1.98-3.2 (1.22) 34.8-56.5 (21.7) x
[13] 6.8 16 - - x x 5.1-5.55 (0.45)
[18] 6.8 3 3 x x 4.6-6.5(1.9)
This Work 6.0 3 6 3 2.5-5.8 (3.3) 41.7-96.7 (55) 5.0-8.2(3.2)

Moreover, the insertion loss is lower than 2.6 dB. Group delay
is less than 2.8 ns and the return loss is better than 10 dB.

C. FUNCTION Il - TUNABLE BANDWIDTH

WITH A FIXED NOTCH IN-BAND

Similar to Function-I, if V; is applied with a fixed voltage
of —10 V, while V; is applied with —5, —14 and —25 pF
and V3 is applied with —1, —10 and —25 V, the proposed
wideband BPF with a tunable bandwidth and a fixed notch
Juoten 1n the passband is thus achieved. As shown in Fig. 12,
the measured result exhibits that similar observation can be
found for the 3-dB passband bandwidth, which can be tuned
from 2.6 to 6.0 GHz with 3.4 GHz tuning range, a fixed
notch is at 5.9 GHz with more than 13 dB attenuation. The
measured minimum insertion loss is 2.3 dB. Due to the para-
sitic loss and soldering errors in practical circuit, the insertion
loss of the measured results is worse near the higher pass-
band edge. In addition, the return loss is better than 10 dB
and the group delay is less than 2.8 ns. The measured and
simulated results of Function I, II and III are summarized
in Table 1.

A comparison of this design with some previous works is
summarized in Table 2. It can be seen that only the proposed
wideband BPF with maximum numbers of poles can control
both the bandwidth and notch, and it has the widest absolute
bandwidth (ABW) tuning range, which is 3.2 GHz. It can also
realize a tunable notch from 5.0 to 8.2 GHz with a 3.2 GHz
tuning range. The bandwidth and notch can be tuned simulta-
neously. In addition, this new design requires the least number
of tuning elements for similar ABW tuning ranges like [6]
and [18]. Due to its simple structure and good performance,
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FIGURE 12. Simulated and measured (a) |S,;| and (b) |S;;| of the
proposed BPF with Function-11l when V; = —10V, C, and C5 are varied.
(Case A-l: V, = 25V, V5 = —1 V; Case B-I:

Vy=-14V, V3 =-10V;Case Cl: V, = -5V, V5 = 25 V).

the proposed tunable BPF is attractive for both tunable ele-
ments and wideband communication applications.
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V. CONCLUSION

A wideband BPF integrated the functions of simultaneous
bandwidth and notch tuning based on a novel DCSR and
PCTL, is presented. The bandwidth tuning is approximated
by the passband edges zeros and poles control because the
cutoff frequencies are bounded by the passband edge zeros
and poles. The PCTL provides two additional poles to widen
the passband and two zeros in the stopband to improve the
sharpness of the passband edges. The bandwidth and the
notch frequency can be tuned independently and simultane-
ously by three lumped varactors. The prototype reports that
when center frequency is at 6 GHz, the ABW has 3.3 GHz
tuning range with 55% FBW tuning. Furthermore, the notch
tuning range is 3.2 GHz. The DCSR structure is attractive in
the design of tunable wideband BPFs.
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