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ABSTRACT This paper presents the synthesis and design of the multi-mode dual-band bandstop filter
(MM-DBBSF). A highly selective multi-mode dual-band bandstop response is obtained using a quar-
ter wavelength coupled line structure. It has been shown that by increasing the coupled line’s order,
the selectivity and the transmission zeros are increased in the desired stopband. Moreover, a step impedance
resonator (SIR) is used between two coupled lines to achieve more transmission poles for better out of band
selectivity. The paper show a detailed theoretical synthesis of the coupled line and SIR structure. In order
to validate the theoretical model, ideal and microstrip topologies are designed and simulated. Furthermore,
a high-frequency substrate is used to fabricate four prototypes. The simulated and measured results show
good concurrence.

INDEX TERMS Bandstop filter, microstrip filter, coupled line, step impedance resonator.

I. INTRODUCTION
Noise is a big concern while designing modern closely
sited wireless communication systems that are operable at
microwave frequencies. Bandstop filters (BSFs) play an
essential role in mitigating the unwanted noise signals within
the desired band. Different design topologies have been
adopted in the previous years to overcome the problem of
unwanted signals.

In [1], the BSF has been designed using the SIR technique.
The author managed to produce a narrow and wideband
bandstop response by incorporating the SIR and spur line.
However, the frequency response shows poor out of band
rejection. Moreover, the selectivity on the lower frequency
side is also poor.

The coupled line connected in parallel with the transmis-
sion line technique has been observed in [2] to achieve BSF.
Sharp wideband rejection having four transmission zeros in
the stopband is obtained; however, this topology provides
low rejection levels at the upper passband and increased
fabricated prototype size.

A wideband BSF filter was realized using the coupled line
section [3]. The location of the transmission zeros and rejec-
tion level is controlled by varying the coupled line’s length.
However, the measured result shows few discrepancies
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with the simulated results due to microstrip bends and
discontinuities.

In recent years, the demand for multiband wireless
communication systems has been increased significantly.
Therefore, many techniques are presented to achieve
the multiband bandstop frequency response [4]–[23].
The stepped impedance resonator technique was inte-
grated to realize dual-band bandstop filters (DBBSFs)
response [4]–[11]. The filter design in [4] uses a single SIR
that mainly focuses on the size reduction of the filter; the
measured results display that the out of band insertion is
very poor. However, it is challenging to design a more com-
pact size DBBSF; an extension to [4], a tri-section stepped
impedance resonator (TSSIR) was realized to accommodate
the size issues [5]. The measured result shows very high
insertion loss in the upper passband from 6 GHz to 8 GHz,
and also, the out of band selectivity is not improved to the
mark. A modified version of SIR known as Hairpin structures
is popular in designing low pass filters [6], [7], whereas,
in [8], hairpin structure is embedded with two open stubs
was implemented to acquire DBBSF response. The result
shows the two TZs at each stopband, and the overall measured
response is very poor. However, in [9], the same hairpin
structure has been used with a good stopband response. The
filter order has been increased by implementing an identical
hairpin over the same transmission line, which gives a good
rejection level better than 20dB for both stopbands, but the
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insertion loss in the upper passband is a bit high. Moreover,
the modified SIR structures that include circular, folded,
symmetric-type, meandered lines have been incorporated to
achieve the DBBSF filter. These structural modifications are
used to achieve miniaturization, and better out of band selec-
tivity [10]. Wideband DBBSF response has been observed
using the second-order stub enclosed SIR (SE-SIR) struc-
ture [11]. The selectivity of the filter is enhanced because
of two TZs in each stopband. By incorporating the enclosed
stub to the conventional SIR, the structure can generate wide
stopbands in the very close region. However, the out of band
selectivity is very poor, and the insertion loss at the upper
passband is very high.

The coupled line technique has been investigated in
[12]–[15] to accomplish the DBBSF filter response. Selectiv-
ity and better rejection have been obtained by integrating the
coupled line section’s technique, and cross-coupled capacitor
in a dual-mode loop resonator [12]. The DBBSF response
gives more than 20dB rejection at the stopbands, but the
upper passband insertion loss is high. In [13], second-order
and third-order wideband DBBSF has been presented. Both
second-order and third-order filters have two paths; for the
second-order filter, path 1 has a stub loaded transmission
line, and path 2 has open-ended coupled lines. In compar-
ison, the third-order filter is incorporated with a T shape
structure in path 2. It has been observed that the band-
width and the selectivity has been refined for the third-order
DBBSF filter as compared to the second-order DBBSF fil-
ter. Characteristic impedance and the coupling coefficient
of the two transmission paths can also tune the isolation
of stop bands independently. A new coupled line structure
technique has been analyzed to attain the DBBSF filter [14].
Two symmetrical coupled lines have been used to obtain
dual-band bandstop features. Moreover, the size of the fab-
ricated work is reduced through the coupling of transmis-
sion lines. The result shows high skirt selectivity and sharp
rejection. In [15], Zhang et al. presented a coupling technique
of stepped impedance resonator. Extended bandwidth of the
stopbands and high selectivity has been acquired through cou-
pling; out of band selectivity is good for the lower passband,
but the upper passband’s selectivity from 5 GHz to 6 GHz is
compromised.

Moreover, the topologies of the triple band bandstop fil-
ter (TBBSF) is also presented in [16]–[20]. Trisection mean-
dered line open-end SIR has been used to realize triple-band
response [16]. The design has been analyzed for symmetri-
cal and asymmetrical SIR over the transmission line; more-
over, bending has been incorporated to achieve further size
reduction. The measured result shows good concurrence
with the simulated results, displaying high rejection at three
stopbands, but the insertion loss throughout the frequency
sweep is not good. Min et al. presented a TBBSF using a
folded square stepped impedance resonator technique [17].
Defected microstrip structure (DMS) is coupled with SIR
cells to achieve three-stop bands with enhanced rejection
level. Owing to the SIR cells can reduce the total size of

the structure. The measured result displays the compromised
out of band selectivity and very high insertion loss. Coupled
line stub loaded shorted SIR (CLSLSIR) has been presented
in [18] to realize the TBBSF response; however, the mea-
sured result has a lot of distortion in the lower and upper
passbands, and also the rejection level of the first stopband
is not promising. First and second-order TBBSF filter has
been designed using the stub loaded SIR technique [19]. The
second-order filter has been fabricated and measured that
shows promising rejection levels of the stopbands, whereas
selectivity of the passbands is very poor. To realize the
TBBSF response, a cross-shaped microstrip resonator is pro-
posed and designed; however, the insertion loss is very high
in all the passband regions [20]. The integration of SIR with
different formation has been proposed in [21]–[23] to achieve
quad-band bandstop filter (QBBSF) response.

In this paper, an MM-DBBSF topology is proposed based
on coupled line and SIR structure. The designed topology
produces a multiband bandstop response with high rejection
at the stop bands, and good out of band selectivity. The
detailed synthesis of the coupled line structure has been
presented. It has been analyzed that the parameter variations
in a coupled line structure gives better selectivity and produce
a multimode response. Moreover, the harmonic suppression
and enhanced out of band selectivity can be controlled by
integrating the SIR structure. Four different microstrip proto-
types are fabricated on a high-frequency substrate and mea-
sured using Agilent N5242A PNA-X to validate the proposed
topology.

II. DESIGN METHODOLOGY
Fig. 1 shows the MM-DBBSF topology. The topology con-
sists of the Nth order quarter wavelength couple line structure
separated by a wavelength long Nth order SIR structure.
The single unit cell produces a dual-band response. The SIR
structure behaves like a low pass filter, which suppresses the
harmonics and enhances out of band selectivity.

FIGURE 1. Multimode dual-band bandstop filter (MM-DBBSF) topology.

A. PROPOSED COUPLED LINE STRUCTURE
Fig. 2 displays the coupled line structure’s equivalent cir-
cuit model. The equivalent circuit comprises an open and
short-circuited stub. The impedance of open-circuited stub
is Zoc, whereas the impedance of short-circuited stub is Zsc.
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The evaluated impedance values are given in (1) and (2).

Zoc =
2ZeZo

(Ze + Zo)
(1)

Zsc =
(Ze − Zo)2

2 (Ze + Zo)
(2)

The synthesis of the coupled line structure is presented to
validate the proposed equivalent circuit. The transfer matrix
of the coupled line structure is extracted using the distributed
equivalent circuit model. By using the transmission coeffi-
cient formula given in [24] the filtering function is calculated
as:

FN =
1
2

(
(Zoc + Zsc) cos2θ − Zoc

cosθ sinθ

)
(3)

The filtering function is 2nd order and can be easilymapped
to the Chebyshev type-I filtering response. However, there
is a frequency-dependent term in the denominator that will
alter the frequency response. The second-order Chebyshev
type-I is of form FN = Acos2θ − B. Furthermore, it has been
investigated that increasing the values of the coefficients A
and B of the general form with the ratio 2:1 will approximate
the actual frequency response of the coupled line structure.
As evident from the filtering function, the single coupled
line structure shown in Fig. 2 gives the dual-band bandstop
notches; however, based on the analysis, it has been observed
that by increasing the order of the coupled line structure
having the same impedance and electrical length values will
produce a more selective response.

FIGURE 2. Equivalent circuit of coupled line structure.

To provide the evidence Fig. 3 shows the response of up
to fourth-order coupled line structure having the constant
values of Ze = 219 �, Zo = 68 � and θ = 87.6. The first
order coupled line structure response clearly shows that the
maximum rejection level is 30.59 dB, whereas the insertion
loss is 9.89 dB at 1.35 GHz and 2.65 GHz frequencies. How-
ever, the second, third, and fourth-order coupled line structure
gives the maximum rejection of 36.63 dB, 40.16 dB, and
42.66 dB, respectively, whereas the insertion loss is 15.29 dB,
18.64 dB, and 21.07 dB for the second, third, and fourth-order
at 1.35 GHz and 2.65 GHz frequencies, respectively. It can be
seen that selectively is increasing as the order of the coupled
line structure is increasing.

Moreover, the center frequency of the transmission zeros
can be adjusted through the variation of the coupling coeffi-
cient (Ze, Zo, θ ). This variation can be observed in Fig. 4.

FIGURE 3. Comparison of responses up to fourth order coupled line
structure.

FIGURE 4. Resonate frequency tuning by varying coupling coefficients.

FIGURE 5. Coupled line structure having different even-odd impedances
with constant electrical length.
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FIGURE 6. SIR structure.

FIGURE 7. Comparison of S11 for different values of impedances.

It can be seen that by increasing the value of Ze, the first
transmission zero will move towards the lower frequency,
whereas the second transmission zero moves towards the
higher frequency and vice versa. Moreover, by increasing
the value of Zo, the first transmission zero moves towards
the higher frequency, whereas the second transmission zero
moves towards the lower frequency and vice versa.

Furthermore, it has also been observed that increasing the
order of the coupled line structure with different values of
impedances will produce a multi-mode response.

Fig. 5 displays the graphs of coupled line structure for
N = 1 to 4. It can be observed that by increasing the order
of coupled line structure with different impedance values,
the in-band transmission zeros are increased, hence provide
a multi-mode response. With this mode increment, the band-
width and the selectivity of the bandstop filter are improved.
The impedance values are also listed in the Fig. 5.

B. SIR STRUCTURE
The full wavelength SIR structure shown in Fig. 6 is incorpo-
rated to suppress the harmonics and improved the out of band
selectivity. The SIR structure consists of two quarter wave-
length transmission lines with the characteristic impedance
of σZm separated by a half wavelength transmission line of
impedance Zm.

Frequency response S11 for different values of σ is plotted
in Fig. 7. It is required to obtain suppression below 0.5 GHz
and above 3.5 GHz while maintaining a better in-band return
loss level. Ideally, when σ = 1.5, the best-desired response
is achieved. However, due to the effects of microstrip losses,
the σ value is slightly optimized to 1.7.

FIGURE 8. Comparison of first and second order SIR.

FIGURE 9. Topology of the proposed structure.

The transfer matrix of SIR structure is calculated using (6).
The calculated filtering function in (7) is of Chebyshev type-I
with a frequency-dependent term in numerator. The effect of
this term is compensated in the filtering coefficients by using
the synthesis procedure opted in [25].

[T ]1 =

 cosθ jσZmsinθ
jsinθ
σZm

cosθ

 (4)

[T ]2 =

 cos2θ jZmsin2θ
jsin2θ
Zm

cos2θ

 (5)

[T ]SIR = [T ]1 × [T ]2 × [T ]1 (6)

FN = sinθ
(
A cos3 θ−Bcosθ

)
(7)

where;

A =
(σ + 1)(σ 3Z3

m + σ
2Z2

m − σ − 1)
σ 2Zm

B =
(σ + 1)(σ 3Z2

m − 1)
σ 2Zm

Fig. 8 shows the effect of first and second-order SIR
on the frequency response. The first order SIR introduce
seven transmission poles, whereas second-order SIR produce
eleven transmission poles. It can be seen that the second-order
SIR provides better selectivity. However, the overall loss will
be increased.

C. PROPOSED STRUCTURE
Fig. 9 shows the proposed structure with two identical couple
lines separated by a SIR.

The coupled line structure is responsible for generating
two transmission zeros at 1.4 GHz and 2.6 GHz. Whereas,
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FIGURE 10. Response of proposed structure.

SIR integrated with couple line is responsible for generating
nine transmission poles out of which seven are at the finite
frequency, which will further enhance the selectivity and
better out of band rejection as depicted in Fig. 10.

The filtering function of the proposed structure is calcu-
lated and given in (11).

[T ]CL =
[
A B
C D

]
(8)

[T ]SIR =
[
A′ B′

C ′ D′

]
(9)

[T ]Total = [T ]CL × [T ]SIR × [T ]CL (10)

FN =

(
α Cos6 θ − βCos4 θ + γCos2 θ − ζ

σ 4Z2
m( Cos

4 θ − Cos2 θ)

)
(11)

where;

α = (σ+ 1)2(Zmσ + Zoc + Zsc + 1)(Zmσ + Zoc + Zsc − 1)

β = 2(σ + 1)(Z2
mσ

3
+
Zmσ 2

2
(Zm + 2Zoc + 4Zsc)

+ σ (Z2
sc + (2Zm + Zoc)Zsc + ZmZoc −

1
2
+

1
2
Z2
oc

+ 2ZscZoc +
3
2
Z2
sc − 1)

γ = Z2
mσ

4
+ Zmσ 3 (Zm + 2Zsc)+ σ 2(ZmZoc + 5ZmZsc

+Z2
sc)+ σ

(
−1+ 4Z2

sc + (2Zm + 2Zoc)Zsc
)

+ 2ZscZoc + 3Z2
sc − 1

ζ = Zsc(Zmσ 2
+ Zscσ + Zsc)

The shown filtering function verifies the existence of two
transmission zeros that can be seen from Fig. 5. Moreover,
by using the unitary condition, the reflection coefficient is
calculated in terms of filtering function. The resultant reflec-
tion coefficient will produce nine transmission poles, which
is evident from Fig. 10.

III. FABRICATED PROTOTYPES
In order to validate the proposed topology, a total of four pro-
totypes are fabricated on microstrip substrate Roger Duroid
5880. The ideal electrical parameters are converted to phys-
ical parameters using the line calculator. The effects of sub-

FIGURE 11. Top view of the prototype-1 ( l1 = 24.599 mm, l2 =
28.116 mm, l3 = 39.746 mm, w0 = 3.620, w1 = 0.8 mm, w2 = 1.411 mm,
w3 = 4.084 mm, s = 0.2 mm, d = 0.4 mm, 0.65λg × 0.388λg).

FIGURE 12. Simulated and measured results of fabricated prototype-1.

FIGURE 13. Top view of the prototype-2 ( l1 = 28.355 mm,l2 =
26.974 mm, l3 = 42.511 mm, w0 = 2.610 mm, w1 = 0.356 mm, w2 =
1.585 mm, w3 = 3.545 mm, s = 0.383 mm, d = 0.4 mm, 0.617λg × 0.37λg).

strate loss are corrected using tuning and optimization in full
EM simulations.

The prototype-1 with the single coupled line integrated
with SIR is fabricated to back up the theoretical analysis
that single coupled line structure is solely responsible for
generating two stopband notches as shown in Fig. 11. The
input-output lines are extended for SMA soldering.
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FIGURE 14. Simulated and measured results of the fabricated
prototype-2.

FIGURE 15. Top view of the prototype-3 ( l1 = 24.599 mm, l2 =
28.116 mm, l3 = 39.746 mm, l4 = 29.445 mm w0 = 3.620 mm, w1 =
0.8 mm, w2 = 1.411 mm, w3 = 4.084 mm, w4 = 0.201 mm s0 = 0.2 mm,
s1 = 0.204 mm, d = 0.4 mm, 0.65λg × 0.388λg).

Two stop bands at f1 = 1.40 GHz and f2 = 2.57 GHz
are measured with the rejection level of 22.8 and 21.2 dB,
respectively as shown in Fig. 12. Moreover, five transmission
poles are measured at 0, 0.77, 1.94, 1.97, and 3.64 GHz. The
mismatching of simulated and measured results is caused due
to fabrication discrepancies, and parasitic behaviour of the
SMA connector.

Prototype-2 consists of two coupled lines having the same
physical parameters, and a single SIR integrated in between
is fabricated, as shown in Fig. 13.

The two transmission zeros are measured to be at f1 =
1.37 GHz and f2 = 2.59 GHz, as shown in Fig. 14. The max-
imum rejection of 37.72 and 41.85 at the two stopbands are
measured. Furthermore, nine transmission poles have been
measured around the stop bands located at 0, 0.83, 1.74, 1.93,
2.13, 2.92, 3.33, and 3.80 GHz. Here, it is worth mentioning
that the rejection level has been increased, and the selectivity
around the stop bands has also been improved; moreover,
the measured out of stop bands return loss is greater than
13 dB from 0 to 4 GHz as compared to the prototype-1 which
was measured to be 10dB previously. The little disparity in

FIGURE 16. Simulated and measured results of the fabricated
prototype-3.

simulated and measured results is due to the limitation of
fabrication and errors in measurements. These discrepancies
can be adjusted through the post-fabrication tuning.

To back up the analysis conducted in the above section of
design methodology, the EM simulation and the fabrication
has been done for the prototype-3, having different physical
parameters of both the coupled lines integrated with the SIR
in between as illustrated in Fig. 15.

It is evident that having different physical parameters of
coupled line structure yields extra transmission zeros within
the same stop band locality. Therefore, it is responsible for
enhancing further stop band selectivity or adding modality
in the response. Four transmission zeros are measured at
1.37, 1.43, 2.56, and 2.64 GHz having the rejection level
of 31.86, 32.42, 31.87, and 36.47 dB, respectively, as shown
in Fig. 16. The measured result displays a slight deviation
from the simulated results because of unexpected tolerance
in fabrication.

In addition to the fabrication of the prototype-3 having dif-
ferent physical parameters of coupled line structure, another
fabrication of the prototype-4 having three coupled lines with
different physical parameters and two SIR in between them
has been done as shown in Fig. 17.

Here, it can be seen that the measured transmission
zeros have been increased within the same stopband region,
as shown in Fig. 18. Overall six transmission zeros are mea-
sured at 1.33, 1.41, 1.50, 2.55, 2.62, and 2.69 GHz having
the rejection levels of 29.88, 33.90, 45.25, 41.49, 36.38 and
49.47 dB respectively. Similarly, a significant increase in
transmission poles has also been measured as compared
to the previous prototype 3. This is due to the addition
of another SIR structure between the three coupled lines.
Thirteen transmission poles are measured from 0 to 4 GHz
which are located at 0, 0.43, 0.86, 1.07, 1.75, 1.97, 2.27,
2.41, 2.90, 3.15, 3.34, 3.57, and 3.83 GHz. Overall, 16 dB
out of stopband return loss is achieved. The measured result
shows good concurrence with the simulated results with a
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FIGURE 17. Top view of the prototype-4 ( l1 = 29.996 mm, l2 = 27.956 mm, l3 = 42 mm, l4 = 28.986 mm,
l5 = 30.246 mm, w0 = 4.8 mm, w1 = 0.8 mm, w2 = 1.704 mm, w3 = 3.684 mm, w4 = 0.256 mm w5 =
0.2014 mm, s0 = 0.2028 mm, s1 = 0.2 mm, s2 = 0.2002 mm, d = 0.4 mm, 1.26λg × 0.367λg).

TABLE 1. Comparison of the fabricated prototypes.

TABLE 2. Comparison of measured results for some previously reported bandstop filters.

FIGURE 18. Simulated and measured results of the fabricated
prototype-4.

slight frequency deviation. This deviation is due to the com-
promised fabrication precision and can be rectified through
proper post-fabrication tuning.

Table 1 illustrates the measured results of all the fabricated
prototypes.

Table 2 shows the comparison of the presented work with
the previously reported work. The proposed work shows
notable improvement in transmission poles and zeros. More-
over, a better return loss rejection level is attained.

IV. CONCLUSION
This paper presents the MM-DBBSF based on the coupled
line and SIR structure. To verify the theoretical model, four
prototypes have been fabricated on a high-frequency sub-
strate and measured using Agilent N5242A PNA-X for the
validation of the proposed topology. The measured results
show good agreement with the theoretical and simulated
work. Owing to its highly selective response and flexible
design approach, the proposed MM-DBBSF is a good can-
didate for modern multi-band wireless systems to remove the
unwanted signals.
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