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Abstract—In this paper, a new dual-band bandpass (BPF) filter with
multi-spurious suppression is proposed, which is composed of step-
impedance resonators (SIR) and grounded-step-impedance resonators
(GSIR). It is shown that the resonant frequencies of GSIR can be
obtained similar to SIR. Then, by determining the dimensions of SIR
to have a specified resonant frequencies ratio, the dimensions of GSIR
can be calculated. It is also shown that the coupling lengths between
SIR and GSIR can create several transmissions zeros and can be
used to suppress the unwanted higher order resonant frequencies. A
third-order filter is designed and fabricated to operate at two WLAN
frequencies of 2.45 GHz and 5.8 GHz. The measured results show a
rejection level of 24 dB up to more than 17 GHz (7f;). Simulation and
measurement results are in good agreement with each other.

1. INTRODUCTION

Recently, dual-band or multi-band bandpass filters (BPF) have gained
much attention in the context of modern wireless communication
applications such as wireless local area networks (WLANSs). So far,
different approaches have been introduced for the design dual-band
BPFs [1-10]. In [1, 2], by connecting two different BPFs in parallel, the
dual-band BPF was designed. Complicated frequency transformation
technique has been used in [3] to design a dual-band BPF. Another
well-known method used to the design of dual-band BPFs is using SIR
[4,7]. In [8,9], slotted ground structures were utilized to design a dual-
band BPF. Adding inner stubs to resonator was another method used
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to design dual-band BPF [10,11]. In [12], the meandered technology
and the fractal geometry were used to design a compact dual-band
BPF.

However, all these dual-band BPFs discussed above suffer from
unwanted higher resonant frequencies which limit the bandwidth of
the upper stopband. So far, various techniques have been proposed to
design a dual-band BPF with a wide upper stopband [13-15]. In [13],
suppression of spurious frequencies was realized by using SIRs with
different dimensions. The SIRs were designed to have two identical
resonant frequencies at two passbands, but the higher order resonant
frequencies of SIRs are different. The over-coupled structure was
used in [14] to suppress the unwanted spurious resonance frequencies.
In [15], stub-loaded SIR was used to design a dual-band BPF with a
wide upper stopband. Suppression of spurious frequencies in this filter
was achieved using stub-loaded section.

In this paper, a novel dual-band BPF with a wide upper stopband
using SIR and GSIR is proposed. The coupling length between SIR and
GSIR can create several transmissions zeros that are used to suppress
the unwanted resonance frequencies.

2. RESONANT FREQUENCIES OF SIR AND GSIR
2.1. SIR

The resonant frequencies of a SIR which is shown in Fig. 1(a) can be
obtained by the following equations [16].

tanf; - tanfy = K, oddmode (1)
tanfy = —K tan6;, evenmode (2)
where K = Zy/Z;, 61 and 60y are electrical lengths of the

microstrip lines with characteristic impedances Z; and Zs, respectively.
The resonant frequencies of fo through f5 are normalized to the
fundamental frequency f1 and plotted as a function of « in Fig. 1(b),
where « is defined as 02 /(01 +62). It can be observed that by decreasing
K, the ratios of fa/f1, f3/f1, f1/f1 and f5/f1 increases.

As seen in Fig. 1(b), there are two arbitrary parameters o and K
that change the resonant frequencies ratios. Therefore, for a specific
resonant frequencies ratio of fa/f1, different values of a and K can be
chosen. For example, if SIR is designed so that its first two resonant
frequencies are 2.45 GHz and 5.8 GHz (f2/f1 = 2.367), it can be shown
from (1) and (2) that the values of & and K are related to each other
by Fig. 2(a). It can be observed that K must be less than 0.68, so that
the specific resonance ratio of 2.367 is obtained. It is also seen that
two values of K may exist for a specified a. For selecting the optimum
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values of a and K, the length of resonator and also the normalized
resonant frequencies must be determined as a functions of « or K. In
this paper, a filter is designed on a substrate with a relative dielectric
constant of 3.55 and thickness of 0.813mm. For this substrate, the
lengths of low and high impedance lines and also the total length
of resonator versus a are shown in Fig. 2(b) while f; and fo are
2.45 GHz and 5.8 GHz, respectively. It is observed that by decreasing
a, the length of resonator is also decreased. Fig. 3 shows the resonant
frequencies and the ratios of high order resonant frequencies to first
resonant frequency as a function of . It is observed that by decreasing
a, the unwanted resonant frequencies increase. Therefore, the value of
« should be chosen as small as possible in order to decrease the length
of resonator and also push the unwanted resonant frequencies to the
higher frequency region. It is also noticed that « cannot be selected
so small since it causes a small value of K. This small value of K
makes a very large discontinuity and creates radiation losses in the
high frequency responses of filter.
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Figure 1. (a) Stepped-impedance resonator structure. (b) The ratio
of higher resonant frequencies to fundamental resonant frequency for
different values of K.
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Figure 2. (a) Relation between o and K in order to have fa/f; =
2.367. (b) The lengths of low and high impedance lines and also

the total length of resonator in order to have f; = 2.45GHz and
f2 = 5.8 GHz.
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Figure 3. (a) The resonant frequencies versus o while f; and f are
fixed. (b) The ratios of high order resonant frequencies to first resonant
frequency versus a while f; and fy are fixed.

2.2. GSIR

The configuration of GSIR is shown in Fig. 4. The resonant frequencies
of this structure can be calculated by odd and even mode analysis. The
odd and even mode equivalent circuits of GSIR are shown in Figs. 5(a)
and (b), respectively. In GSIR, since two ends of the resonator are
connected to the ground, the structure is resonant when its input
impedance is zero for the even or odd modes.

It can be easily shown that the resonant frequencies of odd mode
equivalent circuit is

2279 tan 9279 = —ZLg tan 9179 (3)
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Figure 4. Schematic of grounded-stepped-impedance resonator

(GSIR).
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Figure 5. Equivalent circuit of GSIR. (a) Odd-mode equivalent
circuit. (b) Even-mode equivalent circuit.

where 01 4 and 03, are electrical lengths of the microstrip lines with
characteristic impedances 71, and Zj,, respectively. If we define
K' = Z54/Z1 4, (3) can be expressed as

1
tanfy 4 = d tan 6y 4 (4)
This equation is similar to (2) in which K is converted to K = 1/K’.
In other words, from (2) and (4) it can be concluded that the odd
mode resonant frequencies of GSIR are equal to the even mode
resonant frequencies of SIR with the same electrical length and reversed
impedance ratio (K = 1/K").

The input impedance of even mode equivalent circuit of GSIR is

. —Z1gc0t01 4+ Z9,tan by
Z — Z g 9 9 g 5
even = J£2,9 Za,g + Z1,gcot b gtan by 4 )

Therefore, the even mode resonant frequencies of GSIR can be
expressed as

1
» (6)

By comparing (1) and (6), we can conclude that the even mode
resonant frequencies of GSIR are equal to odd mode resonant
frequencies of SIR with the same electrical length and reversed
impedance ratio (K = 1/K").

Generally, from (4) and (6) we conclude that the resonant
frequencies of GSIR can be obtained by using of corresponding SIR. In

tan 6y g tanty , =
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fact, if the impedance ratio of a SIR structure is equal to K = 1/K’,
then the resonant frequencies of GSIR and SIR are the same so that
the even and odd mode resonant frequencies of GSIR are equal to odd
and even mode resonant frequencies of SIR, respectively. Therefore,
for analyzing and designing of GSIR structure, first, the SIR structure
can be analyzed and designed, then the desired GSIR has the same
electrical length with designed SIR and its impedance ratio is reverse
of impedance ratio of SIR.

3. FILTER DESIGN PROCEDURE

By using SIR and GSIR structures, a third order dual-band BPF
is designed. The schematic of proposed filter is shown in Fig. 6.
The filter is composed of two SIR and one GSIR structure. Two
resonators are designed so that first two resonant frequencies of them
are the same but have different spurious resonant frequencies to make
spurious peaks have low levels and small bandwidths. After design
and optimizations, the dimensions of SIR and GSIR structures are
adopted as W7 = 0.4mm, Wy = 1.3mm, I; = 9mm, [ = 7mm,
Wiy = 1.7mm, Wy, = 04mm, 1, = 82mm, lp, = 6mm,
Wpea = 2mm, D = 0.8mm. The first six resonant frequencies of
SIR and GSIR are also shown in Table 1.

After determining the dimensions of SIR and GSIR resonators,
the coupling structure between resonators must be designed. In [17],
it is shown that the coupling lengths between open-ended and short-
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Figure 6. The schematic of proposed filter.

Table 1. The first six resonant frequencies of resonators.

Resonant frequencies (GHz) | f1 | fo | fs3 fa fs fe
SIR 245 | 5.81(9.15| 11.6 | 14.1 | 17.6
GSIR 245 | 5.8 103 | 12.9 | 14.5 | 18.1
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ended resonators can be adopted such that create transmission zeros
and suppress unwanted resonant frequencies. This technique is used
in the proposed filter to suppress the spurious resonant frequencies.
In the proposed filter, because GSIR is located between two SIRs
and because SIRs are directly connected to feed lines, the unwanted
resonances of SIR are suppressed more than the GSIR ones. Hence,
the length of coupling structure is determined so to suppresses the
unwanted resonances of GSIR. The schematic of coupling structure and
its frequency responses for different values of d are shown in Figs. 7(a)
and (b), respectively. It is observed that coupling structure can create
several transmission zeros, and by increasing the coupling length, the
transmission zeros are decreased. If d = 8.7mm is adopted, the
transmission zeros of coupling structure will be at frequencies of 10.8,
12.8 and 18 GHz which are in the vicinity of resonant frequencies of fs,
f1 and fg of GSIR, respectively. Therefore, by selecting this length of
coupling the resonances of f3, f4 and fg of GSIR are suppressed.
Another way to create transmission zeros is to apply the tapped
input and output structure [18]. It is shown that these transmission
zeros can be tuned by sliding the tap position along the end resonators.
The zeros created by the tapped input/output are plotted as a function
of t in Fig. 8. The zeros occur at the frequencies where t is equivalent
to a A/4 or 3\/4 — section uniform line. It is observed that when
t changes between 7-15mm, the tapped input/output creates two
transmission zeros in the range of 2-20 GHz. One of the transmission
zeros occurs between two passband and therefore increases isolation
between two passbands. The other transmission zero can be used to
suppress the spurious resonances. If t = 9.2 mm is adopted, the second
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Figure 7. (a) Schematic of coupling structure. (b) Frequency
responses of coupling structure for various d.
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Figure 8. The transmission zeros of tapped input/output structure.
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Figure 9. The coupling coefficient and fractional bandwidth between
resonators at two passbands versus S.

transmission zero of tapped structure suppresses the resonance of GSIR
structure at fs.

In the proposed filter, it is supposed that ripples for both
passbands are 0.01dB. As shown in [15], the fractional bandwidth
between coupled resonators can be obtained by following equation.

A = (Ml 2) V91,5925 (7)

(M, 2); is the coupling coefficient between first and second resonators
at jth passband which is obtained by simulation. g;; represents the
1th element value of the lowpass prototype filter at the jth passband,
90,1=902= 1, g1,1=931=91,2=9g3,2= 0.6292 and g2 1=g2 2= 0.9703 for
the Chebyschev filter. The coupling coefficient and fractional
bandwidth between SIR and GSIR at two passbands versus S are
plotted in Fig. 9. According to Fig. 9, when S changes between 0.2—
1mm, the fractional bandwidths for the first passband are from 2.8%
to 8.6%, and for the second passband from 2% to 5.7%. By selecting
S = 0.5mm, the fractional bandwidths at two passbands are equal to
5.7% and 3.7%, respectively.
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The last step to complete the design of dual-band BPF is to
determine the dual-band impedance transformer. According to [15],
the load impedance seen at the tap point toward the input/output
port at the jth passband which is also shown in Fig. 6 is calculated by
the following equation.

Rp, = 290,j91,5 (@B(f)

-1
Ajfj of f_fj> (8)

where B is total susceptance of the resonator obtained by simulation.
For t = 9.2mm, the load impedances at the first and second
passbands are 2202 and 45¢), respectively. Then the parameters of
11ins Wiin, l2in and Wo,, are obtained using optimization to provide the
required load impedances at two passbands and results in l1;, = 5 mm,
Wiin = 0.6 mm, lg;, = 11.5mm, Ws;, = 0.4mm.

4. SIMULATION AND MEASUREMENT

The schematic of the fabricated filter is shown in Fig. 10. The dual-
band BPF is simulated using CST Microwave Studio. The simulated
and measured frequency responses of filter are shown in Fig. 11. It
is seen that the spurious resonances are effectively suppressed with
rejection more than 24dB and 20dB up to 7f; (17GHz) and 7.7f;
(18.5 GHz), respectively. The measured insertion losses at f; and fo are
1.54dB and 2.25dB, respectively and return losses in both passbands
are better than 20dB. The frequency responses of the filter at two
passbands are shown in Fig. 12. It is observed that there are very
good agreements between simulated and measured results at the two
passbands. This filter also shows some radiation loss in high frequencies
mainly caused by discontinuities of SIR and GSIR structures which can
limit the application of the filter.

Figure 10. Photograph of the manufactured filter.
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Figure 12. Simulated and measured frequency responses of dual-band
BPF at two passbands.

5. CONCLUSION

In this paper, a new approach to design a dual-band BPF with a wide
upper stopband has been presented. Firstly, the resonant frequencies
of SIR and GSIR are obtained, and it is shown that the design of GSIR
structure can be done similar to SIR structure. Then using these two
resonators, a dual-band BPF with a wide upper stopband is designed.
In the proposed filter, several techniques have been used to achieve a
wide upper stopband. SIR and GSIR are designed to have different
spurious resonant frequencies. It is also shown that the coupling
structure between SIR and GSIR can create several transmission zeros
which enhance the filter performance in the stopband. Another way
to create transmission zeros is using tapped input/output structure.
By properly selecting tap position, the created transmission zeros can
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suppress the unwanted resonances. The dual-band BPF is fabricated to
demonstrate the proposed ideas. The measured results agree well with
the simulated ones, and a rejection better than 24 dB can be obtained
up to more than 7f;.
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