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Abstract — A triple-mode microstrip square ring short
stub-loaded stepped impedance resonator (SIR) is
proposed for the design of bandpass filters (BPFs). The
resonator possesses three resonances over the wide
frequency band, which can be employed to implement a
BPF with flat response. This kind of the filter is able to
control spurious response by changing the structure of
the resonator. For validation, a triple-mode BPF with
central frequency of 2.55 GHz has been designed,
fabricated and measured. Good agreement is observed
between measured and simulated results.

Index Terms — Triple-mode resonator, wideband
bandpass filter, wide stopband response.

L. INTRODUCTION

With the rapid development of modern mobile and
wireless communication systems, the filters with
compact size and high performance are increasingly
essential. Many ways have been developed to make the
filters more compact. An effective one is to modify the
traditional resonator to generate additional modes, thus
the resonator can be treated as multiple resonators in
electrical [1]. Among them, dual-mode filter is the most
common multiple-mode filter, which has been analyzed
deeply and comprehensively in many reports with
various configurations, including circular loop [2],
square loop [3], hexagonal loop [4], circular patch [5],
defected ground structure [6], and triangular patch [7].
Triple-mode characteristics can be achieved by loading
a stub to a resonator [8]. The A/2 transmission line
resonator with a pair of center loaded stubs is used to
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design the triple-mode filters [9-10].

In this paper, we will present a different type of
triple-mode filter by using a novel improved tri-section
stepped impedance multiple-mode resonator. The
multiple-mode  resonator is developed from a
conventional SIR dual-mode resonator [11]. By
introducing a short stub and a square ring stub loaded in
the center of the SIR, a compact triple-mode BPF with
wideband response, wide stopband, low insertion loss,
and high selectivity is realized. The proposed BPF has
been simulated, implemented, and measured. Good
agreement is observed between simulated results and
measured results.

I1. ANALYSIS AND DESIGN OF PROPOSED
WIDEBAND BANDPASS FILTER

A. Characteristic of the triple-mode resonator

The proposed triple-mode resonator shown in Fig.
1 is excited via capacitive couplings by input/output
port. It consists of a square ring, short stub and a SIR
resonator, and the parameters are indicated in Fig. 1.
Mode decomposition provides a deeper insight to the
operation of the resonator, where the corresponding
even- and odd-mode resonators are illustrated in Fig. 2.

The symmetrical plane in Fig. 1 will behave as an
electric wall (EW) or a magnetic wall (MW) under the
odd-mode or the even-mode excitation, respectively.
The resonator equivalent circuits are depicted in Fig. 2,
where Yineven and Yinoad represent the input admittances
of the odd-mode equivalent circuit and the even-mode
equivalent circuit, respectively.
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MW or EW

Fig. 1. Layout of proposed triple-mode resonator.

For even-mode excitation, the equivalent circuit is
shown in Fig. 2 (a), which contains two resonant
circuits: a tri-section quarter-wavelength resonator with
one short end and a tri-section quarter-wavelength
resonator with open end, as shown in Figs. 2 (¢) and (e).
The input impedance of the two even-mode equivalent
circuits Yineven 1 and Yineven 2 can be deduced as:

.  Z,Z,-Z,Z, tan(6,) tan(6,)
ineven _1 _](Zl 2223 tan(63) —+ Z]ZZ2 tan(gz)

(1.1)
~Z,7, tan(6,) tan(6,) — Z; an(6, ) tan(6,)
+Z,Z2 tan(6,) — Z Z, tan(6), ) tan(8, ) tan(6,))’
 —jZ,Z,Z,cotb, + jZ,Z, tan 6,
even2 7,7, +Z,Z; cot 6, tan 6,
(1.2)

+Z,jZ3 tan 6, + jZ,Z; cot 6, tan 6, tan 6),
+Z,Z, cot6, tan @, — Z; tan 6, tan 6,

where 0; (i=1,2,3 and s) is the electrical length for the
section of the triple-mode resonator shown in Fig. 2.

The two even-mode resonance condition can be
derived by setting Yineven 1 = 0 and Yineven 2 = 0. Figure 2 (c)
shows the Path I of even-mode equivalent circuit. The
resonant frequencies of feven2 can be extracted as
follows:

Z Z
= tan(6, ) tan(6, ) + — tan(6),) tan(6,)
ZZ Zl
(1.3)
Z2
+—=tan(6,) tan(b,) =1.
Zl
For the simplicity of analysis, keep the condition of
01=6,=05=0, and set K\=Z,/Z,, K,=Z,/7Z5, then (13) can
be rewritten as:
1 1 1 )
(—+ +—)tan"(0)=1. (1.4)
KZ Kl KZ Kl
Therefore, the condition for the fundamental

resonance of a symmetrical tri-section SIR with equal
section lengths can be derives as [12-13]:

0 =tan'( &) ) (1.5)
K +K,+1

Similarly for the resonant frequencies of foven 1, Fig.
2 (e) shows the Path II of even-mode equivalent circuit.
When 6,=(6,+04)=0~60 and Ks=Z,/Zs, the fundamental
resonant frequency feven 1 OCCUrS at:

K +KK,+1
K

3

0 =tan"'( ). (1.6)
For odd-mode excitation, its equivalent circuit
shown in Fig. 2 (b) can be decomposed into two
resonant circuits: a tri-section stepped-impedance
resonators and a quarter-wavelength SIR, which are
shown in Figs. 2 (d) and (e), respectively. The required
odd-mode resonant frequency foad_1 is introduced by the
typical quarter-wavelength SIR. The input impedance
of the two odd-mode equivalent circuit Yinodd 1 can be
deduced as:
Z, —Z, tan(6,) tan(b, + 9,)
Yinodd 1= . ( 7)
- JZ,((Z, tan(6) + Z, tan(6, + 6,))
The resonance condition can be derived by setting
Yinodd_1 = 0. The fundamental resonant frequency fodd 1
occurs at:

tan(6,) tan(6, +6,) = K, . (1.8)

0
Z

(d)

®

Fig. 2. Equivalent circuits of the triple-mode resonator:
(a) even-mode, (b) odd-mode, (c) Path I of even-mode
equivalent circuit, (d) Path I of odd-mode equivalent
circuit, () Path II of even-mode equivalent circuit, and
(f) Path II of odd-mode equivalent circuit.
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Figure 3 shows the EM simulated frequency
responses of the triple-mode resonator under the weak
coupling, where f; (i=1, 2and 3) corresponds to the ith
resonant frequency of triple-mode resonator and
fri (=1 and 2) are the frequency locations of the
transmission zeros. We can see that there are three
resonances in the passband of the filter and two
transmission zeros near the passband edges.

Figure 4 shows the simulated even- and odd-mode
normalized resonant frequencies fi/fo, where f; is set to
2.35 GHz. It is obvious to see from Figs. 4 (a), (b) that
the resonant frequency foud 1 receives little influence
from the introduced square ring and short-stub, whereas
Jeven 1 and feven 2 can be varied separately by changing
the length 65 and L3 of the short-stub and square ring,
respectively. As shown in Fig 4 (a), by changing the
short-stub length 6, the first resonant frequency feven 1
can be shifted within a wide range, while the foaq 1 is
fixed and feven 2 varies slightly. Figure 4 (b) shows the
distribution of resonant frequencies for cases of
different length of 65, it is clear that the third resonant
frequency fiven 2 can be shifted within a wide range,
while feven 1 and foad 1 are nearly unchanged.

According to the curves in Fig. 5, the variation of
resonant frequencies can be controlled by changing the
impedance ratios of the tri-section SIR. As shown in
Fig. 5 (a), the resonant frequency feven 1 can be changed
widely by altering the impedance ratio of K3, and the
resonance frequencies foad 1 and feven 2 varies slightly. It
also can be seen from Fig. 5 (b), the resonant frequency
feven 2 can be shifted within a wide range versus
different impedance ratio of K, with the resonant
frequencies feven 1 and foaa 1 having almost no change.
Figure 5 (c) shows the variation of resonant frequencies
Jeven_ 1, fodd_1 and feven 2 Versus the impedance ratio of K,
which have a common trend, but the change of resonant
frequency fodd 1 1s more intense.

3 4
Frequency (GHz)

Fig. 3. Simulation transmission response of the
wideband filter with weak coupling.
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Fig. 4. (a) Analysis of resonator frequencies versus 6,
and (b) analysis of resonator frequencies versus 6s.
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Fig. 5. Variation of resonant frequencies versus
impedance ratio. Analysis of resonator frequencies
versus impedance ratio of: (a) K3, (b) K>, and (c) K.

Based on the above analysis, the resonant
frequencies of the proposed triple-mode resonator could
be controlled by tuning the length of 6y, 6,, 65 and 6
and the impedance ratio K, K> and Kj3. There is more
freedom in design compared with traditional triple-
mode resonator.

B. Filter design

The coupling scheme of the triple-mode filter is
presented in Fig. 6. The dark circles and the white
circles indicate resonant modes of resonators and
source/load, respectively. These modes are all directly
coupled to both the source and the load. The coupling
between microstrip resonator and source/load can be
modified by changing their distance and overlap length.
The coupling between the even mode of the triple-mode
resonator and input or output are both positive and the
coupling between the odd mode and source is positive,
while the coupling between this mode and load is
negative. The dashed line indicates the coupling
between source and load that is determined by the gap
between input and output microstrip line. Therefore, the
corresponding coupling matrix of the coupling scheme
is given by:

0 My My, Mg Mg

Mg M, 0 0 M,
M=\M,, 0 M, 0 M, (1.9)

M 0 0 My M,

MLS MLI ML2 ML3 0

Due to symmetrical geometry of the proposed filter,
the coupling coefficients agree with Msi=M1, Ms;=M»,
and Ms=-M;3. So two inherent transmission zeros of
the resonator and a transmission zero introduced by the
source-load coupling can be achieved, which improve
the selectivity of the proposed BPF. Therefore, the
generalized coupling matrix for the proposed BPF with

central frequency of 2.55 GHz can be obtained on the
basis of the approach of synthesis in [14] as follows:

0 -0.6042 -0.4861 0.8205 0.0186
—0.6042 1.5887 0 0 0.6035
M =|-0.4861 0 -1.4814 0 0.4854 |.
0.8205 0 0 —0.2436 0.8199
0.0186  0.6035 0.4854 0.8199 0

The scattering characteristic of the proposed filter
shown in Fig. 7 was synthesized. Three transmission
poles are clearly observed in the passband of the filter.
In addition, three transmission zeros are created which
improve the selectivity in the transition band and
rejection in the stopband.

Even 1

Source

Even 2

@ Resonator O  Source and Load

Fig. 6. The coupling scheme of proposed triple-mode
BPF.
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Fig. 7. Synthesized theory result of triple-mode BPF.

III. SIMULATION AND EXPERIMENT

Based on the triple-mode resonator, a wide-band
BPF has been designed and fabricated on Taconic RF-35
substrate with relative dielectric constant of &=3.5 and
thickness of 4#=0.508 mm. The geometry of the
proposed filter is shown in Fig. 8. It consists of one
triple-mode resonator and a pair of parallel-coupled
quarter wavelength feedlines. The dimensions of the
proposed wideband BPF shown in Fig. 8.
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Fig. 8. Layout of the proposed filter.

The photograph of the fabricated filter is presented
in Fig. 9 (a). The measurement is accomplished by
using Agilent 8757D network analyzer. The simulated
and measured frequency responses are compared in Fig.
9 (b). Dotted lines and solid lines indicate the simulated
and measured results, respectively. The 3-dB passband
of the proposed filter is from 1.8 to 3.3 GHz, and its
passband return loss is larger than 15.6 dB. Five
transmission poles are clearly observed at 1.99, 2.18,
2.55,2.97, and 3.23 GHz in the passband of the filter,
three of them are due to the triple-mode resonator, and
the other two are yielded by the A/4 coupled feedlines.
Three transmission zeros are generated at 0.42, 4.28,
and 4.64 GHz. The locations of the transmission zeros
were affected in the stopband due to the dynamic range
of measurement instruments. The minimum insertion
loss in the stopband is greater than 20 dB. The
simulated and measured maximum insertion losses in
the passband are 0.06 and 0.55 dB, respectively.
Measured results agree well with the simulated ones.
The designed filter circuit occupies the overall size of
about 30 mm x 15 mm.

—— Measured
- - - -Simulated \f
72

1 2 3 4 5 6

Frequency (GHz)
(b)

Fig. 9. (a) Photograph of the fabricated filter, and (b)
measured and simulated response.
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IV. CONCLUSIONS

In this paper, a BPF using triple-mode square ring
short stub loaded stepped impedance resonator has been
proposed and fabricated. With the analysis of even- and
odd-mode resonances, the characteristics of the triple-
mode resonator were investigated. When the triple-
mode resonator is employed to implement a wideband
BPF, the triple resonant frequencies along with the
three attenuation poles close to the edges of the
passband on either side, essentially give rise to a flat
passband and a wide upper stopband response. The
coupling matrix of proposed structure is established to
further explain the proposed design. The measured
results exhibit good agreement with the simulation,
verifying the proposed structure and design
methodology.
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