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ABSTRACT In this paper, a novel and planar topology, which can be used to design notched-/dual-wideband
bandpass filters (NWB/DWB BPFs) with controllable isolation bandwidth, is presented for interference
rejection. Here, the isolation band is referred to notch band for NWB BPFs, while stopband between two
passbands for DWB BPFs. The proposed topology is started from a novel T-shaped resonator with two poles
and three zeros. Then, a pair of parallel-coupled lines and two open-ended stubs is added.With the help of the
added parts, the extra four poles are introduced, and another two zeros are suppressed or excited according
to whether it is required to realize a notched- or dual-band response. Due to the existence of multiple
transmission poles and zeros, the excellent filtering responses, i.e., high isolation level, sharp selectivity,
and good passband flatness, can be achieved. Besides, it is found that the isolation bandwidth of BPFs based
on the proposed topology can be continuously varied from a narrow notch band to a wide stopband while
the outer two passband edges are maintained unchanged by using suitable para-meters. To validate this,
two prototypes are designed and measured, including a six-mode NWB BPF with 3-dB passband fractional
bandwidth (FBW) of 94.1% and 20-dB notch FBW of 2.39%, and a three-mode DWB BPF with 3-dB
passband FBWs of 36.2% and 22.6% and 20-dB stopband FBW of 14.5%.

INDEX TERMS Controllable isolation bandwidth, interference rejection, multiple transmission poles and
zeros, notched-/dual-wideband bandpass filters, T-shaped resonator.

I. INTRODUCTION
Due to the desirable features, such as, low profile, compact
size, low cost, and easy integration with other components,
the microstrip filters are extensively used in the modern
wire-less communication systems. To satisfy various require-
ments, the microstrip filters with different performances have
been designed, including low-pass filters [1], [2], stopband
filters [3], [4], single-/multi-band BPFs [5], [6], reconfig-
urable BPFs [7], [9], balanced BPFs [10], [11], and high-pass
filters [12].

In a high data-rate telecommunication system, the micro-
strip notched-/dual-wideband bandpass filters (NWB/DWB
BPFs) with good filtering responses and compact size play
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a very important role. Until now, different topologies and
de-sign methods have been proposed for the designs of NWB
BPFs [13], [14] and DWB BPFs [15]–[18]. Although the
desired notched-/dual-wideband filtering responses could be
achieved in the previous works, it is still a great challenge to
design a NWB BPF and DWB BPF simultaneously by using
a common topology, especially for the ones with controllable
isolation bandwidth and fixed outer passband edges, which
can be used to prevent the telecommunication systems from
interference more precisely and effectively.

In this paper, a novel and simple planar topology, which
can be used to design both NWB BPFs and DWB BPFs
simultaneously, is presented for interference rejection. The
proposed topology is based on a novel T-shaped res-
onator, which owns two poles and three zeros. To incor-
porate this T-shaped resonator for the desired filters, two
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open-ended stubs and a pair of symmetrical PCLs are
introduced. The notched-/dual-band response is determined
by the electrical length of the open-ended stubs. By using
the even-/odd-mode analysis method and S-parameters the-
ory, trans-mission poles (TPs) and transmission zeros (TZs)
can be theoretically extracted. Besides, it is found that the
isolation bandwidth of BPFs based on the proposed topology
can be varied from a narrow notch band to a wide stopband
with the help of the suitable parameters, while the outer two
passband edges are kept fixed. To the best knowledge of
authors, the BPFs with controllable isolation bandwidth and
fixed outer passband edges have never been reported before.

FIGURE 1. The circuit schematic of the proposed filters.

II. BASIC THEORY
As shown in Fig. 1, the circuit schematic of proposed filters,
for both NWB/DWB BPF integration, is formed by a single
T-shaped resonator with a pair of symmetrical PCLs and two
open-ended stubs. The T-shaped resonator is constructed by
a connected transmission line and other pair of symmetrical
PCLs, whose electrical length is θ (θ = π/2 at the operating
frequency f0) and characteristic impedance are Z2, ZToe, Z

T
oo.

Thus, the input impedance of this T-shaped resonator can be
written as:

ZTin = jZ2

(
A2T − B

2
T

)
−
(
B2T + 4ATZ0

)
tan2 θ[

B2T tan2 θ −
(
4ATZ0 + A2T − B

2
T

)]
tan θ

(1a)

with

AT = ZToe + Z
T
oo (1b)

BT = ZToe − Z
T
oo (1c)

According to (1), two poles f Tp1, f
T
p2 and three zeros f

T
z1 , f

T
z2 ,

f Tz3 can be found, as shown in Fig. 2. For arbitrary ZToe, Z
T
oo,

and Z2, the relationship of f Tz1 < f Tp1 < f Tz2 = f0 < f Tp2 < f Tz3
holds. To in-corporate this T-shaped resonator for the desired
filters with excellent filtering responses, extra poles and zeros
should be introduced. Therefore, a pair of PCLs with θ , ZFoe,
ZFoo and two open-ended stubs with θ1, θ2, Z1 are added.

A. NWB BPFS WITH CONTROLLABLE
NOTCH-BAND BANDWIDTH
When θ1 = θ2 = θ , the proposed topology can be used to
de-sign NWB BPFs with a notch band. Due to the symmetry,

FIGURE 2. The input impedance of the novel T-shaped resonator.

FIGURE 3. (a) Odd- and (b) even-mode equivalent circuits of the
proposed NWB BPFs.

the TPs can be determined by using the even-/odd-mode
analysis method. The odd-/even-mode equivalent circuits are
shown in Fig. 3. For the odd-mode equivalent circuit shown
in Fig. 3(a), the input admittance Yino can be obtained as

Yino = j
1
Z1

tan θ +
2jAF tan θ

A2F − B
2
F − B

2
F tan2 θ

(2a)

where

AF = ZFoe + Z
F
oo (2b)

BF = ZFoe − Z
F
oo (2c)

When the resonance condition Yino = 0 is considered, the
odd-mode resonance frequencies can be determined as

fop1 = f0 −
2f0
π

arctan

(√
A2F − B

2
F + 2AFZ1
B2F

)
(3a)

fop2 = f0 +
2f0
π

arctan

(√
A2F − B

2
F + 2AFZ1
B2F

)
(3b)

For the even-mode equivalent circuit shown in Fig. 3(b),
its input admittance Yine can be written as

Yine= j
1
Z1

tan θ+
2AF tan θ+8jZTin tan

2 θ

4AFZTin tan θ + j
(
B2F tan2 θ + B2F − A

2
F

)
(4)
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When Yino = 0, another four resonant frequencies can be
determined and expressed as

fep1 = f0 −
2f0
π

arctan


√√√√12 +

√
12

2 − 41113

211

 (5a)

fep2 = f0 −
2f0
π

arctan


√√√√12 −

√
12

2 − 41113

211

 (5b)

fep3 = f0 +
2f0
π

arctan


√√√√12 −

√
12

2 − 41113

211

 (5c)

fep4 = f0 +
2f0
π

arctan


√√√√12 +

√
12

2 − 41113

211

 (5d)

where

11 = B2FB
2
T (6a)

12 = 4Z2 (AF + 2Z1)
(
B2T + 4ATZ2

)
+ B2T

(
A2F − B

2
F

)
+B2F

(
2AFZ1 + 4ATZ2 + A2T − B

2
T

)
(6b)

13 =

(
4ATZ2 + A2T − B

2
T

) (
2AFZ1 + A2F − B

2
F

)
+ 4Z2 (AF + 2Z1)

(
A2T − B

2
T

)
(6c)

By introducing a pair of TZs near the passband edges,
a sharp rejection response can be realized. Considering
Fig. 3(a) and (b), the transmission coefficient S21 can be
expressed as

S21 =
Y0 (Yine − Yino)

(Y0 + Yine) (Y0 + Yino)
(7)

Hence, the TZs can be determined when Yine = Yino. After
some algebraic operations, the TZs can be written as

fz1 =
2f0
π

arctan

(√
A2T − B

2
T

4ATZ2 + B2T

)
(8a)

fz2 = f0 (8b)

fz3 = 2f0 −
2f0
π

arctan

(√
A2T − B

2
T

4ATZ2 + B2T

)
(8c)

Based on the above theoretical analysis, it is obviously
that the NWB BPFs based on the proposed topology own six
TPs and three TZs, which are all symmetrical with respect
to f0. The TZs are all from the T-shaped resonator, which
can be directly used for the implementation of a notch band
and sharp passband selectivity. The odd-mode TPs are all
created from the added parts, while the even-mode TPs are
created from the added parts and novel T-shaped resonator
together. All the TPs can be used for good passband flatness.
For arbitrary Z1, ZFoe, Z

F
oo, Z2, Z

T
oe and Z

T
oo, the relationship

FIGURE 4. TPs and TZs of the proposed topology for NWB BPFs respect to
different (a) Z2(Z T

oo = 46.9 �); (b) Z T
oo(Z2 = 41.2 �). Other parameters are

recorded as: Z1 = 250 �, Z F
oo = 39.1 �, Z F

oe = 171 �, Z T
oe = 179 �.

of fz1 < fep1 < fop1 < fep2 < fz2 = f0 < fep3 < fop2 <
fep4 < fz3 holds. Therefore, the notch bandwidth is mainly
controlled by the locations of fep2 and fep3, while the passband
bandwidth of NWB BPF is mainly controlled by the ones of
fep1 and fep4.
To better understand the design mechanism, the effects of

T-shaped resonator’s parameters Z2, ZToe and Z
T
oo on TPs/TZs

are studied, as illustrated in Fig. 4. Seen from Fig. 4(a), fz1
and fz2 will move apart while fep2 and fep3 are closer when
the parameter Z2 increases. Meanwhile, the TPs fep1 and fep4
are less affected by the parameter Z2. When the parameter
ZToe is fixed, the TZs fz1, fz2 and TPs fep1, fep4 will move
closer to each other with the increase of ZToo, while fep2 and
fep3 are rarely changed, as shown in Fig. 4(b). Therefore,
the notch bandwidth can be tuned by altering the value of
Z2, while the filter bandwidth can be tuned by altering ZToo
and ZToe. When Z2, ZToo and Z

T
oe are only altered to control the

notch and filter bandwidths, the filtering response degrades.
Adjusting Z1, ZFoe, Z

F
oo can improve the performance. The

minimum dimension realized on the substrate used in this
paper and range on characteristic impedance are set as
0.1 mm and 5 – 250 � respectively. Two frequency-response
examples with good in- and out-of-band responses for wide
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FIGURE 5. Two calculated frequency responses for the proposed NWB
BPFs with a narrowband (Case A) and wideband (Case B) notch.

and narrow notch bands are shown in Fig. 5. Accordingly,
one can easily understand that the notch bandwidth can be
continuously changed from narrow to wide while passband
bandwidth is fixed.

B. DWB BPFS WITH CONTROLLABLE
STOPBAND BANDWIDTH
As shown in Fig. 5, the selectivity of the proposed NWBBPF
near the notch band is very poor when the notch band-width
is wide. To improve this, the effects of θ1 and θ2 on the filters’
performance are studied here.

FIGURE 6. The modified circuit schematic of the DWB BPFs for the
theoretical analysis (Z ′

1 = Z ′′

1 = 2Z1).

To better analyze this structure, the two open-ended stubs
are theoretically replaced by two pairs of symmetrical stubs
with Z ′1, θ1 and Z ′′1, θ2 respectively, as shown in Fig. 6.
Then, 1θ = 1.2(θ − θ1) = θ2 − θ . When 1θ = 0,
the proposed topo-logy can be used to design NWB BPFs
with a wide notch bandwidth, as mentioned in Part A.
Increasing 1θ , another two additional zeros fI1 and fI2
are introduced and move apart, while the TPs fep2, fep3
slightly depart. For the rest poles and zeros, they are kept

FIGURE 7. TPs and TZs of the proposed topology versus different
1θ(Z ′

1 = Z ′′

1 = 334 �, Z2 = 57.4 �, Z F
oe = 175 �, Z F

oo = 30.4 �,
Z T

oe = 167.5 �, Z T
oo = 29.8 �).

unaltered, as shown in Fig. 7. The original NWB BPF with
a notch band is changed to be a DWB BPF with stopband
between two passbands. Thus, the selectivity near the notch
band can be effectively improved by altering the electrical
length θ1 and θ2. The relationship among electrical length θ1,
θ2 and TZs fI1, fI2 are written as

fI1 =
π

2θ2
f0 (9a)

fI2 =
π

2θ1
f0 (9b)

For smaller θ1 (larger θ2), the lower (upper) pass-
band edge of second (first) passband will move upwards
(downwards), while the other three ones are maintained
unchanged. Besides, the flatness in the passbands and
isolation level in the stop-band deteriorate, as illustrated
in Fig. 8. Therefore, the filter’s stopband bandwidth can
be independently controlled by θ1 and θ2. Furthermore,
three indicators, including the flatness in the passbands,
selectivity near the stopband, and isolation in the stopband,
should be considered simultaneously when determining the
electrical length θ1 and θ2.

FIGURE 8. Three calculated frequency responses for the proposed DWB
BPF with different electrical length of θ1 and θ2.
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III. DESIGN PROCEDURE & EXAMPLES OF
SWB BPF AND DWB BPF
A. DESIGN PROCEDURE
Based on the theoretical analysis mentioned above, a simple
design procedure can be summarized as:

1) Given the requirements of the desired filter, i.e., the
desired operating frequency (f0), isolation bandwidth, return
loss(es) in the passband(s), passband bandwidth(s), selectiv-
ity in the transition bands, center frequency ratio (CFR), and
isolation in the stopband. The last two indictors are only for
the DWB BPFs.

2) When the value of Z2 is large, the proposed topology
is suitable to design NWB BPFs with a narrow notch. The
parameters Z1, ZFoe, Z

F
oo, Z

T
oe and Z

T
oo can be used to optimize

the passband bandwidth, selectivity in the transition bands,
and return loss in the passband.

3) When the value of Z2 is small, the proposed topology
is suitable to design DWB BPFs with a wide stopband. The
parameters Z1, ZFoe, Z

F
oo, Z

T
oe, Z

T
oo, θ1 and θ2 can be used

to optimize the passband bandwidths, return losses in the
pass-bands, selectivity in the transition bands, isolation in the
stopband, CFR, and stopband bandwidth.

4) For further optimization, slightly adjust of the values of
Z1,Z2, ZFoe, Z

F
oo, Z

T
oe, Z

T
oo, θ1 and θ2 (θ1 and θ2 are only for the

DWB BPFs) to achieve the desired performances.
In terms of the optimized parameters, the layouts of

de-sired filters can be determined with the help of com-
mercial software tools. Two design skills are used in the
layouts: 1) To enhance the coupling strength of feedlines,
hboxthe open-ended stubs are parallel with PCLs with ZFoe
and ZFoo. 2) As the effects of open-ended stubs on the filter
response will reduce with the shorter separation between the
stubs and PCLs with ZFoe and ZFoo, the stubs and PCLs are
replaced by a pair of parallel-coupled three-lines when the
value of Z1 is much larger than 250 �. This one is only
suitable to the de-sign of NWB BPFs.

B. FILTER I
According to above design procedure, the circuit para-meters
of a NWB BPF (Filter I) with 3-dB FBW 92.8%, 20-dB
notch FBW 2.3%, and center frequency at 4.5 GHz, are
selected as: θ = 90◦, Z1 = 1300�, Z2 = 45.8�, ZFoe =
138�, ZFoo = 37.3 �, ZToe = 97.2 �, and ZToo = 49.7 �.
The simulated S-parameters of the ideal circuit are shown
in Fig. 4 (Case B). As the substrate used in this work is
Rogers RO4003B with εr = 3.38 and h = 0.813 mm,
the dimensions and layout of proposed NWB BPF can
be determined with the help of full-wave electromagnetic
solver, as shown in Fig. 9. The overall circuit size is
31.0 mm ∗ 18.0 mm (0.86 λg∗ 0.49 λg, where λg is the guided
wavelength of the 50-� microstrip line on the used substrate
at the center frequency f0).
The simulated and measured results are shown in Fig. 10(a).

It is apparently the measured results are in good agreement
with the simulated ones. The measured passband range is

FIGURE 9. The layout of the designed NWB BPF (unit: mm,
s1 = sF = 0.14, l1 = lF = 10.6, w1 = wF = 0.1, l2 = 10.3, w2w2 = 0.6,
sT = 0.27, lT = 10.7, wT = 0.1).

FIGURE 10. a) The simulated and measured S-parameters, and
(b) photograph of NWB BPF with controllable notch bandwidth.

from 2.41 to 6.69 GHz with a FBW of 94.1%. Six TPs are
found at 2.65, 3.23, 4.05, 5.05, 5.75, and 6.47 GHz. The
measured minimum insertion loss (IL) is 0.42 dB in the
passband. For the notch band, it is located at 4.45 GHz.
The 20-dB notch FBW is 2.39%. Besides, the attenua-
tion slops in the lower and upper transition bands are
113 and 49 dB/GHz respectively, with two zeros at 2.01GHz
and 7.35 GHz. The measured group delay is as good as
0.75 ns. In Fig. 9(b), the photograph of the fabricated NWB
BPF is given.

To highlight the advantages of this filter, a comparison
with the reported works is listed in Table 1. It is apparently
that the proposed design is featured as a controllable notch
bandwidth.

C. FILTER II
For the wide stopband bandwidth design, the circuit para-
meters of the proposed DWB BPF (Filter II) are selected
as: θ = 90◦, θ1 = 88◦, θ2 = 92◦, Z1 = 300�,

VOLUME 7, 2019 49173



X.-K. Bi et al.: Compact Microstrip NWB/DWB BPFs With Controllable Isolation Bandwidth for Interference Rejection

TABLE 1. Comparison with previous works.

FIGURE 11. The layout of the designed DWB BPF (unit: mm, sF = 0.1,
lF = 10.8, wF = 0.1, s1 = 0.56, l1 = 8.5, w1 = 0.1, l1L

= 2.1, l1L
= 3.6,

l2 = 10.44, w2 = 2.6, sT = 0.16, lT = 10.7, wT = 0.1).

Z2 = 26 �, ZFoe = 136�, ZFoo = 37.5�, ZToe = 145�,
ZToo = 57.5�, and f0 = 4.5 GHz. The simulated results of the
ideal circuit are shown in Fig. 8 (solid line). The proposed
filter is manufactured on the substrate of Rogers RO4003B
with εr = 3.38 and h = 0.813mm. The final layout and
dimensions of Filter II, as shown in Fig. 11, can be determined
with the help of full-wave electro-magnetic solver. The filter
is symmetrical except that l1L is not equals to l1R. The overall
circuit size is 33.0 mm ∗ 16.0 mm (0.69 λg ∗ 0.34λg, where
λg is the guided wavelength of the 50-� microstrip line on
the substrate at the center frequency of the first passband).

FIGURE 12. The simulated results of layout with different l1_L and l1_R .

For the simulated results of layout with different l1_L and
l1_R, they are shown in Fig. 12. Obviously, the upper pass-
band edge of first passband is independently controlled by the
physical length l1_R, while the lower passband edge of second

FIGURE 13. (a) The simulated and measured S-parameters, and
(b) photograph of DWB BPF with controllable stopband bandwidth.

TABLE 2. Comparison with previous works.

passband is independently controlled by the physical length
l1_L . Thus, the bandwidth of stopband be-tween two pass-
bands can be fully controlled in continuous manners while
the outer two passband edges are kept fixed.

The simulated and measured results are compared
in Fig. 13(a). Seen from it, the measured and simulated
results are in good agreement with each other. The measured
two pass-band 3-dB fractional bandwidths are 36.2% and
22.6% with respect to the center frequencies of 3.38 and
5.62 GHz, respectively. At the center frequencies, the mea-
sured ILs are 0.49 dB for the first passband and 0.65 dB
for the second one. The return loss (RL) is better than
13.0 dB from 2.78 to 3.89 GHz in the first passband and
better than 14.0 dB from 5.07 to 6.19 GHz in the second
passband. Be-sides, a wide stopband over 20-dB isolation is
achieved from 4.15 to 4.80 GHz, indicating high isolation
level between two passbands. With reference to the operating
frequency f0 = 4.5 GHz, the 20-dB stopband FBW is 14.5%.
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In the first passband, there are three measured TPs found
at 2.87, 3.38, and 3.81 GHz; in the second passband, other
three measured TPs are located at 5.14, 5.6, and 6.12 GHz.
For the measured TZs, they are located at 2.36, 4.26, 4.48,
4.69, and 6.82 GHz respectively. The attenuation slopes in
the four transition bands are 130, 161, 145, and 59.7 dB/GHz
respectively. The group delay varies from 0.5 to 1.6 ns for first
passband and 0.7 to 2.4 ns for second passband. In Fig. 11(b),
the photographof DWB BPF is displayed.

To highlight the advantages of the proposed DWB BPF,
a comparison with some previous works is also listed
in Table 2. Obviously, the proposed design is featured as the
con-trollable bandwidth of stopband between two passbands.

IV. CONCLUSION
In this paper, a novel and planar topology is presented for
the designs of NWB/DWB BPFs with controllable isola-
tion bandwidth. The proposed topology is constructed by a
novel T-shaped resonator with two open-ended stubs and a
pair of PCLs. The notched-/dual-band response is realized
by con-trolling the electrical length of open-ended stubs. For
the six- mode NWB BPF, there is a narrow notch band
found in the measured results; for the three-mode DWB BPF,
there is a wide stopband found in the measured results. The
measured results demonstrate the validity of the proposed
topology andmethod. The filters based on the proposed topol-
ogy exhibit some merits, i.e., controllable isolation band-
width, compact size, excellent filtering responses, and easy
implementation. It is anticipated that this topology could be
extensively used in the multi-standard wireless systems.
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