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Abstract—In this paper, a novel square-loop quad-mode resonator
is presented. Due to its symmetry, the even-odd-mode method is
utilized to analyze the resonant characteristics. Two modes resonating
at lower frequencies are employed to construct the first passband, and
other two form the second passband. Meanwhile, both passband center
frequencies can be controlled by the corresponding physical dimensions.
Two dual-band bandpass filters (BPFs) without and with source-load
coupling operating at 2.4 and 3.5 GHz are designed based on the
proposed quad-mode resonator. Due to the source-load coupling, the
passband selectivity and band-to-band isolation of the latter one are
better than those of the former one. For demonstration, these two
filters are fabricated and measured, and the measured results show
good agreement with the simulated ones.

1. INTRODUCTION

Dual-band BPFs [1-3] have played an important role in recent multi-
band wireless systems. Therefore, it is highly desirable to develop
various dual-band BPFs, and many reports about various dual-band
BPFs have been presented. Stepped-impedance resonators (SIRs)
and stub-loaded resonators (SLRs) are good candidates in dual-band
BPFs design [4-7]. In this way, there are at least two resonators
required. For a compact size, filters based on dual-mode resonators
have been attracting much more attention [8-12]. In [13-19], a single
dual-mode resonator is employed to realize a dual-band bandpass
filter (BPF) with compact size and high passband selectivity. Here,
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the first-order harmonic is adopted to form the second passband.
Recently, quad-mode resonators have been utilized to design dual-
band BPFs by splitting their four resonant modes [20,21]. Among
them, a transmission zero used to separate the four resonant modes is
introduced by the folded stubs. So far, the reports in this aspect are
few, and there is still much research work to do.

This paper presents a novel square-loop quad-mode resonator,
and the even-odd-mode method is utilized to analyze its resonant
characteristics. The first two resonant modes with lower frequencies are
employed to construct the first passband, and the other two modes with
higher frequencies form the second passband. During this analysis,
both passband center frequencies can be freely chosen by tuning the
corresponding physical dimensions. Two dual-band BPFs without and
with source-load coupling are designed based on the proposed quad-
mode resonator. Both of them work at 2.4 GHz for WLAN and 3.5 GHz
for WiMax, and the latter one with source-load coupling exhibits good
passband selectivity and band-to-band isolation. For demonstration,
both of them were fabricated and measured, and the measured results
show good agreement with the simulated ones.

2. ANALYSIS OF THE PROPOSED QUAD-MODE
RESONATOR

Figure 1(a) shows the geometrical schematic of the proposed square-
loop quad-mode resonator. There are four points P; (i = 1,...,4) along
the square loop: point P; is short circuited, a short-stub with electrical
length #; and admittance Y7 is loaded at point P53, and a pair of
identical short-stubs with electrical length > and admittance Ys are
loaded at points P» and Py, respectively.

Because the proposed quad-mode resonator is symmetrical along
the plane P;—P3, the even-odd-mode analysis is adopted to investigate
its resonant characteristics. Its even- and odd-mode equivalent circuits
are shown in Figure 1(b) and Figure 1(c), respectively. The short-stub
with electrical length 6 is bisected under the even-mode excitation,
and its width in Figure 1(b) is half what it was. In addition, it can
be observed from Figure 1(c) that this circuit is still symmetrical, and
then the even-odd-mode analysis is applied once again to calculate its
resonant characteristics. The even- and odd-mode equivalent circuits of
Figure 1(c) are illustrated in Figure 1(d) and Figure 1(e), respectively.
Here, the width of the short-stub with electrical length 6 in Figure 1(d)
is half what it was. On the basis of a transmission line theorem under
the condition Y = Y7 = Y5, the resonant conditions for these equivalent
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Figure 1. (a) Schematic of the proposed dual-band BPF. (b) Even-
and (¢) odd-mode equivalent circuits. (d) Even- and (e) odd-mode
equivalent circuits of (c).

circuits can be given as follows

(1 —2tan 6y - tan6y) - tan® @ + 2(tan 61 + tan 6s) - tan 6

+2tanf; - tanfy = 0 for Figure 1(b) (1)
tanf 4+ 2tanfy =0 for Figure 1(d) (2)
0= g for Figure 1(e) (3)

Obviously, four modes can be derived from the above equations.
Two resonant frequencies can be obtained from (1), and another two
resonant frequencies can be deduced from (2) and (3), respectively.
Meanwhile, once the perimeter of the square loop resonator is fixed,
the one resonant frequency derived from (3) remains constant. Here,
two variables a; and ao are defined as:

th 0
a = and ag = 7 (4)

According to the above resonant conditions, Figure 2 shows the
variations of the resonant frequencies against a; and as. Among them,
f1 and f3 are derived from (1), and f2 and f4 are calculated from (2)
and (3) respectively. It can be firstly observed that these four modes
can form two passbands: fi and fo construct the first one, f3 and fy
form the second one. The variation of a; only changes f; and f3, and
therefore, the length L of the short-stub loaded at P3; will control
both passband in-band coupling strengths simultaneously. Lastly, the
variation of as has much more influence on the first passband than the
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Figure 3. The transmission responses under different length (a) Lq
and (b) LQ.

second passband, and therefore, the length Lo of the short-stubs loaded
at points P> and P, can be used to change the first passband center
frequency, while there is almost no influence on the second passband,
i.e., both passband center frequencies can be controlled by the lengths
L and Ls.

The variations of transmission responses under different lengths
L; and Ly are illustrated in Figure 3(a) and Figure 3(b), respectively.
It can be observed from Figure 3(a) that the variation of Ly affects fi
and fs, while fo and f; remain constant. In addition, as can be seen
from Figure 3(b), the variation of length Lo changes the first passband
center frequency, and the second passband is almost unchanged. These
conclusions are in accordance with the above analysis.
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3. FILTER DESIGN FABRICATION AND
MEASUREMENT

Based on the above analysis, in this section two dual-band BPFs
without and with source-load coupling based on the proposed quad-
mode resonator are designed, fabricated and measured.

3.1. Dual-band BPF I without Source-load Coupling

The configuration of a dual-band BPF I operating at 2.4 and 3.5 GHz
is shown in Figure 4, and all the short-circuit points are realized by
ground via-holes with a diameter of 1 mm. Firstly, the length L or
the perimeter of the square-loop is tuned to meet the second passband
center frequency. Secondly, the first passband center frequency can
be achieved by changing the length Lo, meanwhile, minor adjustment
about the length L can be made to guarantee the second passband
remains the same. Thirdly, the fractional bandwidth (FBW) of the
first passband with return loss 20dB is 4.2%, and its in-band coupling
coefficient m; 2 = 0.069 can be obtained according to filter synthesis
in [22]. Based on the above analysis, the length L; determining the
in-band coupling strength can be used to meet the calculated coupling
coefficient. Meanwhile, the second passband bandwidth will also be
determined. Simulation and measurement were carried out using
Zeland IE3D software and Agilent’s 8719ES network analyzer. The

Figure 4. The configuration of dual-band BPF 1. (L = 32.1 mm,
L; =28mm, Ly = 81mm, L3 = 16mm, W = W; = Wy = 1 mm,
W5 =0.2mm, g = 0.2mm).
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Figure 5. The simulated and measured results of the dual-band BPF
I. (The inset shows a photograph of the fabricated filter).

final optimal geometric dimensions are listed in Figure 4. The designed
filter was fabricated in microstrip technology, and the substrate with
the relative dielectric constant of 2.45 and thickness of 1 mm was
utilized.

Figure 5 shows the comparison of the simulated and measured
results. There is some discrepancy between them due to unexpected
tolerance in fabrication and implementation. The measured two
passbands are centered at 2.4 and 3.5 GHz with 3dB FBW of 9.2%
and 17.1%. The measured insertion losses are 1.34 and 0.97dB at the
center frequencies. Meanwhile, good impedance matching can be seen,
and the return losses are better than 18 dB in both passbands. Lastly,
the circuit size of the fabricated filter is 0.37A; X 0.37A, ()4 is the guide
wavelength of the first passband).

3.2. Dual-band BPF 1I with Source-load Coupling

As can be seen, the dual-band BPF I has a poor passband selectivity
and band-to-band isolation. In order to solve this problem, a dual-
band BPF II with source-load coupling was designed and fabricated
as described in this section. Its configuration and final optimal
geometrical dimensions are illustrated in Figure 6. For a compact size,
the loop is meandered approximately without significant influence on
resonant properties. Meanwhile, three short-stubs loaded at points Ps,
P; and P, are connected together by a common ground via-hole with
a diameter of 1 mm. The gap go between two feedline terminals is used
to control the source-load coupling strength.

The simulated and measured results of the dual-band BPF II are
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described in Figure 7(a), which shows a good agreement between them.
The measured two passbands are centered at 2.4 and 3.5 GHz with
3dB FBW of 17.1% and 7.9%. The measured insertion losses are 0.8
and 1.24dB at the center frequencies. Meanwhile, the photograph
of the fabricated filter is shown in Figure 7(b), and this has a much
smaller circuit size 0.37A; x 0.14)\, in comparison with the dual-band
BPF 1. Due to the source-load coupling, both passbands exhibit high
selectivity, and there are four transmission zeros located at 1.54, 2.97,
3.1 and 4.3 GHz. In addition, the band-to-band isolation level is better

Figure 6. The configuration of dual-band BPF II. (L = 32.1mm,
L =1.6mm, Ly = 4.9mm, L3 = 18 1mm, W = W; = Ws = 1 mm,
W3 =0.2mm, g; = 0.2mm, go = 1.2mm).
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Figure 7. (a) The simulated and measured results of dual-band
BPF II. (b) The photograph of the fabricated filter.
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Table 1. Comparison of passband attenuation slop (AS) both filters.
(AS_L and AS_R represent the attenuation slop of the left and right
edge of a passband).

Band
Passband 1 Passhand 2

_ AS
Filter ASL | ASR| ASL | ASR
Filter | 5456 | 4283 | 5639 | 2887
Filter 11 8190 | 9042 | 12502 | 6181

than that of the dual-band BPF 1. Table 1 lists the comparison of the
passband attenuation slopes of both filters. It can be observed that
the dual-band BPF II has a sharper roll-off skirt selectivity than the
dual-band BPF 1.

4. CONCLUSION

In this paper, a novel square-loop quad-mode resonator is proposed
and analyzed by even-odd-mode method. Through the analysis, both
passband center frequencies can be controlled by the corresponding
physical dimensions. Two filters based on the proposed resonator were
designed, fabricated and measured, and good agreement was obtained
between the simulated and measured results. Due to the introduction
of source-load coupling in the dual-band BPF II, this exhibits better
performance in passband selectivity and band-to-band isolation than
the dual-band BPF I. The type of filter will be attractive in the wireless
communication systems.
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