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Abstract—In this article, a new class of dual-/tri-band bandpass filters (BPFs) using a quintuple-
mode resonator (QMR) is proposed. The classic odd-/even-mode analysis method is used to analyze
the two filters due to their symmetrical structure. Owing to characteristics of the QMR, the dual-
/tri-band BPFs based on the same topology are designed. The bandwidths (BWs) of the passbands
are controllable. A dual-band BPF with center frequencies of 2.1 GHz/3.43 GHz and a tri-band BPF
with center frequencies of 2.35 GHz/3.44 GHz/5.2 GHz are designed, fabricated, and measured. The
fabricated filters are compact in size, and measured results are in good agreement with the simulated
ones.

1. INTRODUCTION

With the rapid development of wireless communication systems, RF front-end devices, e.g., diplexer, low
noise amplifier, and multi-band bandpass filter (BPF), are in great demand. As an important component
of RF front-end devices, multi-band filters have attracted much attention. To meet the requirements
of multi-band BPFs, two main methods have been used to design a BPF in reported works. The first
method is to combine sets of resonators [1-7]. In [1, 3,4], two resonators were used to design dual-band
BPF or tri-band BPF. In [2], a dual-band BPF based on four half-wavelength resonators and four
quarter-wavelength resonators was presented. Although [1,2] have achieved bandwidth (BW) control,
they suffered from large circuit size due to the number of the resonators. The second method is to use a
multi-mode resonator [8-11]. A dual-band BPF using a quad-mode resonator was realized in [8] and [9].
In [10], the proposed tri-band BPF utilized a multi-stub-loaded resonator with eight resonant modes.
In [11], a miniaturized tri-band BPF using a multi-mode stepped-impedance resonator was presented.
Generally speaking, [11,12] have smaller size than the filters combining sets of resonators, but the BW
of the proposed filter could not be controlled. And some filters, such as filters in [9-11, 13-15], have
difficulty in the fabrication due to some via holes or multi-layer structure. Hence, a multi-band BPF
which has smaller size, controllable BW, and easier fabrication is worth studying.

In this article, a new class of dual-/tri-band BPF's based on a quintuple-mode resonator (QMR) is
proposed, and the BWs of the two filters are controllable. It should be noticed that the BWs of the dual-
band BPF can be controlled independently. By adjusting the electrical length and impedance, the dual-
/tri-band BPF's based on the same topology are realized. Five transmission poles and three transmission
zeros (TZs) are excited. The center frequencies of the two filters are located at 2.1 GHz/3.43 GHz
and 2.35 GHz/3.44 GHz/5.2 GHz, respectively. By using the classic odd-/even-mode analysis method,
features of the QMR are studied. For verification, the dual-/tri-band BPF's are fabricated and measured,
and the measured results are consistent well with the simulated ones.
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2. CHARACTERISTICS OF THE PROPOSED QMR

Figure 1(a) shows an ideal transmission line model of the proposed filters. The proposed structure is
symmetrical along the short-dashed-line. The characteristics of the symmetrical QMR will be analyzed
by using odd-/even-mode analysis method. When the odd-mode is excited, the symmetrical plane is
equivalent to an electric wall. When the even-mode is excited, the symmetrical plane is equivalent
to a magnetic wall. Figure 1(b) and Figure 1(c) are the odd-mode equivalent circuit and even-mode
equivalent circuit, respectively.
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Figure 1. (a) Ideal transmission line model, (b) odd-mode equivalent circuit and (c) even-mode
equivalent circuit of the QMR.

According to the resonant condition, the admittance in the case of odd-mode excitation can be
written as

Im(Yin) =0 (1)

where,

Y5 tan 05 + Yg tan 0g — Y7 cot 01
Y5 — Yg tan fg tan 65 + Y7 cot 67 tan 05
Similarly, the admittance in the case of even-mode excitation can be derived as

Im(Yine) = 0 (3)

Yino = ]Y2 (2)

where,
Yine2 + jYo tan 0o
Y5 + jYine2 tan 6y

Yine = Y2
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Yineo = Vi Yine1 + jY1 tan 01
Y1 + jYine1 tan 01
Y3 tan 03 + Yy tan 04 + Y5 tan 05 . Ygtan g + Y7 tan 07 (6)

Y3 — Y, tan 64 tan 03 — Y5 tan 05 tan 03 716 Ys — Y7 tan 07 tan g

In this paper, Y, (n = 1,2,...,8) denotes the characteristic admittances, and 6,, (n = 1,2,...,8)
denotes the electrical lengths of stubs.

For verification, we set reference frequency fy = 2.5 GHz, 6; = 63 = 15°, 65 = 85°, 64 = 65°,
05 = 10°, 6 = 30°, 0; = 80°, O3 = 50°, Y1 = Yo = 2Y3 =Y, =Yg = 1/1008S, 2Y; = 2Ys = Y7 = 1/80S.
It should be known that the electrical lengths of all stubs are calculated at the reference frequency fy.
By solving Equations (1) and (3), it can be found that five transmission poles and three TZs are excited
in the desired passband range.

Figure 2(a) shows the frequency responses of transmission coefficient |S91| and magnitude of Zj,,
where Zin1, Zing, and Zj,3 represent the three input impedances enclosed by the orange rectangle box in
Fig. 2(b). If the input impedance is zero at a certain frequency, the transmission signals will be blocked.
And a TZ will be generated at this frequency. In this paper, these three TZs can be derived from the
following equations:

+ jYgtan g (5)

}/inel = ]Y3

Zg Zgtan0g — Z7 cot 07

Zin = J 5 7
! J 2 Zg + Z7 cot 07 tan Og ( )
Z1Zs5 cot 04 cot 05 .
— Z3tanf
7 _ 43 ‘]Z4cotc94+Z5cotc95 +J4stants
in2 = 75 Z4Zs5 cot 04 cot 05 tan O3
Z3 +

Zycot 04 + Zs cot Oy
Z3 Z3Zytan B3 cot 04 + Z3 75 tan 03 cot 05 — Z4 25 cot 04 cot 05
-/ 2 ZsZycot 04 + Z3Zs5 cot 05 + Z4Z5 cot 64 cot 05 tan O3 (8)
Zing = —jZscot b (9)

As we can see in Fig. 2, TZ; (i = 1, 2, 3) in Fig. 2(a) corresponds to Ziy; (i = 1, 2, 3) in Fig. 2(b).
It agrees with the solution of Equations (7)—(9).
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Figure 2. (a) Frequency response of |S21| and Ziy, (b) ideal model circuit of the proposed resonator.

The variation of the TZs and transmission poles with 61, 63, 67, and 0y is illustrated in Fig. 3. It
can be found that five transmission poles and three TZs have been excited, among which f,; and fo
represent the two odd-mode resonant frequencies, and fe1, feo and fe.3 represent the three even-mode
resonant frequencies, while f.1, f.2, and f,3 represent the three TZs.
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Figure 3. Variation of the resonant properties versus varied 6; (i = 1, 3, 7, 8).
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Figure 4. Frequency response of the QMR with weak coupling.

As shown in Fig. 3(a), fo1, fo2, fe2, and fe3 decrease with the increase of 61, while other resonant
frequencies are almost unchanged. In Fig. 3(b), 3 mainly affects f,o and feo. Similarly, it can be seen
that with the increase of 07, f.1 and f,; gradually decrease, whereas other resonant frequencies and
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TZs remain almost unchanged in Fig. 3(c). As depicted in Fig. 3(d), fo2, fe3, and f,3 decrease with the
increase of g, whereas fo1, fe1, fe2, f21, f.2 keep constant.

According to Fig. 3(c), when 6; = 80°, five transmission poles can be divided into two groups
which meet the demand of realizing a dual-band BPF. And the frequency response with weak coupling
is shown in Fig. 4(a). Moreover, according to Fig. 3(c), a tri-band BPF can be realized when 67 = 30°.
The simulation result of the frequency response of the proposed QMR with weak coupling is shown in
Fig. 4(b). Therefore, different filters can be realized under the condition that the resonant frequencies
are arranged in different groups by tuning the electrical lengths of the stubs properly.

3. DUAL-BAND BPF DESIGN

The key to generate a dual-band BPF is to divide the resonant modes into two groups by selecting the
electrical lengths properly. According to Fig. 3(c), the demand of realizing a dual-band BPF can be met
when 07 = 80°. Under this case, le < fel < fol < f62 < fz2 < fe3 < f02 < fz37 namd% fola fela f62
form the lower passband, and f,2, fe3 form the higher passband. According to the analysis mentioned
above, the corresponding physical dimensions can be calculated by using the impedance calculator.

Figure 5 depicts the frequency responses of [Syi| versus varied L7 and Lg. It can be seen in
Fig. 5(a) that the variation of L; mainly influences BW of the first passband without affecting the
second. In Fig. 5(b), the variation of Lg mainly affects the second passband while the first passband
keeps unchanged. Thus, the BWs of both passbands of the proposed dual-band BPF can be controlled
independently.
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Figure 5. Transmission coefficient |S9;| versus varied (a) L7, (b) Lg.

Based on the analysis mentioned above, a dual-band BPF is fabricated on a substrate of Rogers
4003C with relative dielectric constant of 3.38, thickness of 0.508 mm, and loss tangent of 0.0027. The
physical layout of the proposed dual-band BPF is shown in Fig. 6. After optimization in Sonnet 14.52,
the final values of all the dimension parameters are given as follows (all in millimeter): L; = 2.35,
Ly =174, L3 =29, Ly =9, Ls =15, Lg = 6.1, Ly = 16.2) Lg = 12.1, W; = Wy = 0.225, W3 = 0.2,
Wy =0.25, W5 =0.35, Wg =0.5, Wy =04, Wg =0.2, fl =12, fw =0.25, 57 =0.125, S, = 0.2. The
filter is measured by an Agilent E5071C vector network analyzer. A photograph of the fabricated dual-
band BPF is shown in Fig. 7(b). The overall circuit size of the BPF is 16.4mm x 18.7 mm (excluding
feeding lines), which corresponds to the size of 0.19A, x 0.21),, where )\, is the guided wavelength
at 2.1 GHz. The simulated and measured results of the dual-band BPF are plotted in Fig. 7(a). The
center frequencies of the two passbands are located at 2.1 GHz and 3.43 GHz, respectively. The minimum
insertion losses of the two passbands are 1.4 and 1.9 dB. The out of band rejection at frequency of three
TZs is higher than 25dB. The measured return losses are better than 13dB and 19dB in the two
passbands. Table 1 shows a performance comparison of this designed filter and some reported filters.
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Figure 6. Physical layout of the proposed dual-band BPF.
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Figure 7. (a) Simulated and measured frequency responses of the dual-band BPF, (b) photograph of
the fabricated dual-band BPF.

Table 1. Performance comparison with referenced works.

Rt | Comolabie | foameney | 3B Factional | sertion |
‘ B (é‘;{Z) Y| bandwidth (%) | loss (dB) 97 %
Filter B
the[’;] Yes 2.4/5.8 4.63/3.6 1.35/1.97 | 0.39 x 0.25
2] Yes 2.77/3.55 3/4.7 5.2/4.9 0.3 % 0.3
8] No 2.45/5.2 18/4.8 0.6/0.9 0.11 x 0.23
Fig. 10
n 15] No 2.4/5.8 8/5 1.1/2.2 | 0.68 x 0.158
This work Yes 2.1/3.43 17.1/12.2 1.4/1.9 0.10 x 0.21
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4. TRI-BAND BPF DESIGN

According to Fig. 3(c), when 07 = 30°, fo1 < fea < fo2 < fe1 < f21 < fes < fo2 < f.3, five transmission
poles are divided into three groups by three TZs. In order to improve the performance of the filter, the
effect of L; (i = 4, 8) on resonant frequencies is investigated, and the results are shown in Fig. 8. As
shown in Fig. 8(a), f,2 decreases with the increase of Ly, and fe; and feo decrease with the increase
of Ly. Therefore, the BWs of the first and second passbands can be controlled by changing L4. It
can be seen in Fig. 8(b) that Lg mainly affects f,2, fes, and f.3, while other resonant frequencies keep
unchanged, which result in the BW change of the third passband. Thus, the tri-band BPF could be
generated by selecting the electrical lengths of several stubs properly.
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Figure 8. Variation of the resonant properties versus varied L; (i = 4, 8).

According to the analysis above, tri-band BPF is fabricated on a substrate of Rogers 4003C with
relative dielectric constant of 3.38, thickness of 0.508 mm, and loss tangent of 0.0027. The physical
layout of the tri-band BPF is shown in Fig. 9. The values of parameters after optimization in Sonnet
14.52 are as follows (all in millimeter): L; = 2.45, Lo = 15.325, L3 = 2.4, Ly = 6.1, L5 = 1.5, Lg = 6.1,
Ly =6, Lg = 6.3, Wy = Wy = 0.225, W3 = 0.2, W, = 0.25, W5 = 0.35, W = 0.3, Wy = 0.4, Wg = 0.45,
S1 = 0.125, So = 0.2, fl =9.925, fw = 0.25. To investigate the performance, Agilent E5071C vector
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Figure 9. Physical layout of the proposed tri-band BPF.
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Figure 10. (a) Simulated and measured frequency responses of the tri-band BPF, (b) photograph of
the fabricated tri-band BPF.

network analyzer is used to measure the S-parameter of the proposed filter. A photograph of the tri-
band BPF is shown in Fig. 10(b). The overall size of the BPF is 16.9 mm x 16.65 mm (excluding feeding
lines), which corresponds to the size of 0.22A4 x 0.21),, where ), is the guided wavelength at 2.35 GHz.
The comparison between the simulated and the measured results is shown in Fig. 10(a). The center
frequencies of these three passbands are 2.35 GHz, 3.44 GHz, and 5.2 GHz. The minimum insertion
losses are 1.1, 2.2, and 3dB. The out of band rejection at frequency of TZ is higher than 30 dB.

Furthermore, a performance comparison of this work and some reported works is shown in Table 2.
It can be observed that the proposed QMR exhibits merits of compact size, wide fractional bandwidth,
and flexible design.

Table 2. Performance comparison with referenced works.

Two filters Center . .
Ref based on the frequency 3 dB fractional Insertion Size (Ag X A\g)
’ idth 1 B g g
same topology (GHz) bandwidth (%) oss (dB)
3] No 1.575/2.4/3.5 5.3/3.8/4.6 1.6/1.5/2.3 | 0.358 x 0.405
[4] No 1.8/3.5/5.8 7/5/3.5 0.88/1.33/ 1.77 | 0.108 x 0.521
6] Yes 2.5/3.68/5.04 16.7/14.4/ 13.2 0.24/0.33/0.4 0.31 x 0.32
P;Illg[‘é? No 2.35/4.78/7.21 | 5.31/6.27/ 8.66 | 1.78/0.9/0.7 | 0.311 x 0.311
This
o Yes 2.35/3.44/5.2 | 20.8/7.7/ 11.15 1.1/2.2/3 0.22 x 0.21

5. CONCLUSION

In this paper, a dual-band BPF and a tri-band BPF based on the same topology are presented. The
resonant modes and TZs of the filters can be easily adjusted by changing the electrical lengths of
certain stubs. The BWs of the proposed filters are controllable. And the BWs of dual-band BPF can
be controlled independently. The measured results agree well with the simulated ones. Moreover, the
location of the passband and flexible design make the filters attractive in the wireless communication
system.
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