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Abstract: A novel approach for designing a quad-band bandstop
ﬁlter is proposed by using dual-plane E-shaped defected structures
and open-loop resonators coupled to the microstrip line. Through this
design, the proposed ﬁlter features four conveniently adjusted stopbands, compact size and simple design procedure. The equivalent
circuit model of the quad-band bandstop ﬁlter is derived before the
design procedure is summarized. To facilitate the ﬁlter design, an
approximate design rule for the resonant frequency of the E-shaped
defected structure and the open-loop resonator is presented. As an
illustrated example, a quad-band bandstop ﬁlter is designed and fabricated. The fabricated ﬁlter has four stopbands with center frequency
at 2.37/3.52/5.20/5.76 GHz and the rejection levels of the stopbands
are all better than 31 dB, verifying our proposed design concept.
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Introduction

With the development of highly integrated and multifunctional wireless communication systems, multi-band bandstop ﬁlters play an important role and
are extremely desired, which can suppress the concurrent unwanted signals at
separate frequencies. Some eﬀective approaches have been proposed to implement dual-band bandstop ﬁlters [1, 2, 3, 4], like the utilization of two-section
stepped-impedance resonators or a dual-mode loop resonator. However, the
discussions about triple-band bandstop ﬁlters are relatively less, partly resulted from the design diﬃculties. In [5], a multi-band bandstop ﬁlter is
presented by using quarter-wavelength straight and bent resonators for interference suppression in UWB applications. Recently, the triple stopbands
response is obtained by using a spurline and a single ring resonator in [6].
Nevertheless, to the best of the authors’ knowledge, the realization of quadband bandstop ﬁlter with conveniently controlled stopbands and compact
size has not been reported and remains a great challenge.
In this paper, we present a novel approach for designing a quad-band
bandstop ﬁlter. By using the prominent stopbands generated by the Eshaped defected microstrip structure (DMS) and E-shaped defected ground
structure (DGS) as well as the open-loop resonators coupled to the microstrip
line, a compact quad-band bandstop ﬁlter may be implemented. First, the
conﬁguration of the proposed quad-band bandstop ﬁlter is described and its
equivalent circuit model is developed. It is shown that the mutual coupling
of the four stopbands is slight, which will make the four stopbands easily
controlled and bring much convenience to the ﬁlter design. Then, a quadband bandstop ﬁlter is designed and implemented to verify the above design
concept. Discussion about the discrepancy between the circuit and full-wave
simulation of the fabricated ﬁlter is also provided.
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Quad-band bandstop filter design

The conﬁguration of the proposed quad-band bandstop ﬁlter is shown in
Fig. 1, where two E-shaped structures are simultaneously etched in the mi-
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crostrip line and ground plane, and the open-loop resonators are located at
both sides of the microstrip line. The corresponding equivalent circuit model
of the proposed ﬁlter is illustrated in Fig. 2. To achieve compactness and the
spurious resonance suppression, the E-shaped DMS is employed to establish
the ﬁrst stopband and represented by the parallel RLC circuit R1 L1 C1 . The
second stopband depends on the E-shaped DGS, whose response is described
by the parallel RLC circuit R2 L2 C2 . Here, the parallel resistances R1 and
R2 are introduced to depict the radiation eﬀects of the E-shaped defected
structures. The open-loop resonators at both sides of the microstrip line are
used to generate the third and fourth stopband and denoted by the parallel circuits L3 C3 and L4 C4 . The transmission lines with diﬀerent lengths li
(i = 1, 2, 3, 4) and characteristic impedance Z0 are utilized as admittance
inverters.
Since each resonator of the presented quad-band bandstop ﬁlter (i.e.,
E-shaped DMS, E-shaped DGS or open-loop resonator) operates at diﬀerent
frequencies, the mutual coupling between them may be very slight, which will
be shown in the following section. This demonstrates that the four stopbands
can be conveniently adjusted. Thus, the design procedure of the proposed
ﬁlter can start by implementing each stopband individually based on the
conventional design methodology of bandstop ﬁlter [7]. Then, a ﬁne-tuning
process may be used to obtain the optimized performance. To facilitate this
design process, an approximate design rule of the each resonator is analyzed

Fig. 1. Conﬁguration of the proposed quad-band bandstop ﬁlter. (a) Top microstrip plane. (b) Bottom
ground plane.
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Fig. 2. Equivalent circuit model of the proposed ﬁlter.
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in the following.
The center frequencies of the third and fourth stopband f3 and f4 are
determined by the half guided wavelength open-loop resonators as:
fi =
εieﬀ =

c



2Ti εieﬀ

i = 3, 4

1
εr + 1 εr − 1

+
2
2
1 + 12 h/wi

(1)
i = 3, 4

(2)

where c is the free-space speed of light, Ti and wi (i = 3, 4) are the length and
width of the open-loop resonators correspondingly, εr and h are the relative
dielectric constant and thickness of the substrate respectively.
The resonant frequencies of the E-shaped DMS and E-shaped DGS f1
and f2 can be approximately estimated as:
fi =



c

2Di εieﬀ

i = 1, 2

(3)

slot

where D1 = T1 + 2T2 + 2T3 + 2T4 and D2 = T5 + 2T6 + 2T7 + 2T8 are the
total length of the meandered slots of the E-shaped DMS and E-shaped DGS
respectively, ε1eﬀ slot and ε2eﬀ slot are the eﬀective dielectric constant of the
slots, which can be obtained by the closed-form expressions in [8]. For the
substrate with a relative dielectric constant of 2.55 and a thickness of 1.5 mm
used in our case, the eﬀective dielectric constant εieﬀ slot is expressed by:


1
εieﬀ

= 1.045 − 0.365 ln (εr ) +
slot



6.3 (wi /h) ε0.945
r
(238.64 + 100 wi /h)


8.81 (εr + 0.95)
− 0.148 −
∗ ln (hfi /c)
100εr

i = 1, 2

(4)

where wi (i = 1, 2) are the widths of the slots of the E-shaped defected
structures.
Table I shows a comparison between the full-wave simulated and theoretically predicted resonant frequency of the E-shaped DMS and E-shaped DGS
Table I. Comparison between the simulated and predicted
resonant frequency of E-shaped DMS and Eshaped DGS.
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as their total length varies, where the simulations have a good agreement
with the predictions. Hence, we can use Eq. (3) and Eq. (4) to deﬁne the
initial total length of the E-shaped defected structure. The ﬁnal dimensions
may be obtained with the aid of numerical simulations.

3

Experimental result and discussion

A quad-band bandstop ﬁlter is realized following the aforementioned design
procedure to verify the proposed design method. The substrate with a relative dielectric constant of 2.55 and a thickness of 1.5 mm is used. The
characteristic impedances of the input/output transmission lines are chosen
as 50 Ω. The ﬁnal detailed dimensions of this ﬁlter are obtained as: T1 = 2.4,
T2 = 10.8, T3 = 10.2, T4 = 1.05, w1 = 0.3, ds1 = 10.9, T5 = 3.0, T6 = 7.5,
T7 = 6.6, T8 = 1.2, w2 = 0.3, ds2 = 7.2, S1 = 7.4, S2 = 4.7, w3 = 0.5,
g = 0.3, d1 = 0.25, ds3 = 1.1, S3 = 6.5, S4 = 4.5, w4 = 0.5, d2 = 0.2,
ds4 = 1.3 (all units are in mm). The proposed ﬁlter with above dimensions
is simulated by full-wave EM solver Ansoft HFSS and fabricated on Arlon
Cuclad 250GX(tm). Fig. 3 shows the photograph of the fabricated ﬁlter.
The simulated and measured S-parameters of the fabricated ﬁlter are depicted in Fig. 4, where a good agreement is obtained between the two and four
stopbands can be clearly observed. A small frequency shift between the simulation and measurement is due to the fabrication tolerance. The measured
quad-band of the fabricated ﬁlter is centered at 2.37/3.52/5.20/5.76 GHz with
rejection level of 36.7/32.3/32.2/31.4 dB respectively. The 3-dB fractional
bandwidths of the four stopbands are 7.8/5.7/4.6/4.9% correspondingly. Detailed data of the measurement show that the minimum insertion losses between adjacent stopbands are 0.5/0.6/0.9 dB separately.
It is found that the simulated center frequencies of each stopband caused
by the separate E-shaped DMS, E-shaped DGS or open-loop resonators with
the same dimensions of the fabricated ﬁlter are 2.40/3.57/5.34/5.95 GHz,
rather close to the simulated center frequencies of the quad-band ﬁlter (2.41/
3.57/5.28/5.92 GHz). The minor frequency discrepancy indicates that each
stopband has very small impact on the other stopbands.
To further demonstrate the slight coupling of the four stopbands, the
circuit simulation of the presented ﬁlter is also conducted. It is worth mentioning that the equivalent circuit parameters in Fig. 2 are extracted from
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Fig. 3. Photograph of the fabricated quad-band bandstop
ﬁlter.
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Fig. 4. Simulated and measured S-parameters of the fabricated ﬁlter.
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each separate resonator. The concrete values are as following: L1 = 0.38 nH,
L2 = 0.26 nH, L3 = 0.1 nH, L4 = 0.09 nH, C1 = 11.5 pF, C2 = 7.5 pF,
C3 = 9.2 pF, C4 = 7.6 pF, R1 = 824.2 Ω, Z0 = 50 Ω, R2 = 978.8 Ω,
l1 = 7.35 mm, l2 = 0.45 mm, l3 = 0.7 mm, l4 = 2.35 mm. The circuit simulated results of the quad-band bandstop ﬁlter is plotted in Fig. 4, where a
reasonable agreement is obtained between the circuit simulation and full-wave
simulation. The discrepancy between the circuit and full-wave simulation will
be discussed in detail as following.
Firstly, minor center frequency shift of the stopbands is attributed to the
slight mutual coupling of each resonator. Secondly, because the dissipation
loss from the open-loop resonators, which will prevent the attenuation of
bandstop ﬁlter from going to inﬁnity [7], is not included in the equivalent
circuit model, the diﬀerence in the circuit and full-wave simulated rejection
levels of the third and fourth stopband can be understood. Finally, based on
the full-wave simulation, it is observed that the E-shaped DMS and E-shaped
DGS will bring relatively high insertion loss and reﬂection at some high frequencies, while this is not considered in the equivalent circuit. The simulated
result shows that the reﬂection caused by the E-shaped defected structures
of the fabricated ﬁlter is obvious and larger than 10 dB from 4.55 GHz to
6.01 GHz. This leads to the high reﬂection at the passband between the second and third stopband of the quad-band bandstop ﬁlter, which does not
occur in the circuit simulation. Apart from above discrepancies, the design
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concept of the proposed ﬁlter with conveniently tuned four stopbands can be
still veriﬁed.

4

Conclusion

In this paper, a quad-band bandstop ﬁlter is reported and implemented based
on dual-plane E-shaped defected structures and open-loop resonators. The
equivalent circuit model of the proposed ﬁlter is developed and the design
procedure is outlined. Both the simulation and measurement of the fabricated ﬁlter validates our proposed design concept. The proposed ﬁlter exhibits compactness, high rejection level and four easily controllable stopband,
making it very attractive for the multifunctional wireless systems to suppress
unwanted signals at four concurrent separate frequencies.
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