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Dual-Mode BPF with Four Transmission Zeros Using S-L Coupling
Structure with Quadratic Function Coupling Coefficient
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Abstract—In this letter, a compact microstrip bandpass filter (BPF) with four transmission zeros (TZs)
is designed by using a short-stub centered loaded folded dual-mode resonator and an I/O mutual coupled
open-stub loaded feedline structure. The coupling structure can realize source-load (S-L) coupling with
quadratic function coupling coefficient, which can generate three TZs in the upper-stopband to improve
the selectivity. Owing to the intrinsic characteristics of the dual-mode resonator, one extra TZ can be
created near the lower passband edge. Finally, a compact BPF with fractional bandwidth (FBW) of
3.5% located at 2.4GHz for WLAN application has been designed and fabricated. Good agreement
between simulation and measurement verifies the validity of the design.

1. INTRODUCTION

The microstrip filters with compact size and high selectivity have found extensive applications in many
RF/microwave circuits and systems. The dual-mode resonators are attractive because each resonator
can be used as a doubly tuned circuit, and the number of resonators required for a given degree of filter
is reduced by half, resulting in a compact filter structure [1–6]. To obtain good frequency selectivity,
enhance out-of-band rejection, and minimize interference of the adjacent channels, finite TZs are critical
to meet these specifications in filter design. In general, bypass-coupling, cross-coupling, and source-load-
coupling topologies are widely employed to introduce finite TZs [3, 7–9]. Recently, frequency-dependent
coupling that inter-resonator coupling varying linearly with frequency has been adopted to generate a
designable TZ which will reduce the overall size and facilitate the implementation of high selectivity [10–
13].

In this letter, as shown in Fig. 1(a), a compact dual-mode microstrip BPF with four TZs is presented
with the acute frequency-dependent S-L coupling structure. Three TZs in the upper-stopband are
determined by the S-L quadratic function coupling coefficient which is realized by I/O mutual coupled
open-stub loaded feedline structure. Owing to the main path signal counteraction of the dual-mode
resonator, another TZ is created near the lower passband edge. Finally, a BPF with FBW of 3.5%
at 2.4GHz for WLAN application is designed and fabricated, and the measured results are in good
agreement with simulated ones. Herein, the substrate is RT/Duroid 5880 with a thickness of 0.508mm,
permittivity of 2.2 and loss tangent of 0.0009.

2. PROPOSED DUAL-MODE BPF WITH FOUR TZ

Figure 1(a) depicts the schematic layout of dual-mode microstrip BPF, which consists of the dual-mode
resonator and I/O mutual coupled open-stub loaded feedline structure. The resonator is composed of a
folded half-wavelength microstrip line (w1, 2(L3+L4+L5+L6)) and a short-ended stub (L8, w2). The
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Figure 1. Configuration and coupling topology of high selectivity BPF. The final dimensions of the
BPF are L1 = 11.15mm, L2 = 2.47mm, L3 = 3.6mm, L4 = 10.4mm, L5 = 3.4mm, L6 = 3.56mm,
L7 = 4.5mm, L8 = 2.0mm, w1 = 0.4mm, w2 = 0.8mm, w3 = 0.4mm, s1 = 0.45mm, s2 = 0.62mm.
(a) Configuration. (b) Coupling topology.

stub is connected at the central point of microstrip line. Since the resonator is symmetric structure,
odd-even mode theory can be adopted to analyze it [1–5]. The dominant odd-mode resonant frequency
fo and even-mode one fe can be calculated as:

fo =
c

4 (L3 + L4 + L5 + L6 + w2/2)
/√

εeff
(1)

fe =
c

4 (L3 + L4 + L5 + L6 + L8)
/√

εeff
(2)

where c is the velocity of light in vacuum, and εeff is the effective permittivity. Based on the analysis
in [3–5], the coupling topology scheme of the filter with the dual-mode resonator is given in Fig. 1(b).
Due to the main path signal counteraction, the TZ can be created near the lower passband edge because
the fo is higher than fe

The I/O mutual coupled feedline structure is composed of two additional identically open-ended
stubs (w3, L1+L7) and the mutual coupling section with length L2 and gap s2 between two I/O feeding
lines. The direct signal path from source to load is introduced through the coupling section. Thus, one
TZ can be generated owing to the extra path signal counteraction. The coupling coefficient MSL can
be extracted by Equation (3) in [13].

MSL =
2

f0

Im(y12)

∂ (Im(y11))/∂f
(3)

Figure 2 presents an example of S-L coupling coefficients of the I/O mutual coupled feedline
structure with different geometrical parameters L1, L2 and s2. As can be seen, there are two TZs
in the frequency range from 2.5 to 5.0GHz. Fig. 2(a) illustrates that the positions of two TZs move
down as the length L1 increases. As L2 decreases, the position of TZ1 moves down while the position of
TZ2 keeps almost unchanged. As depicted in Fig. 2(b), the larger the s2 is, the smaller the curvature of
the parabola is. However, the positions of two TZs change a little with the variation of s2 Because the
extracted curve of coupling coefficient exhibits a quadratic function of frequency, the form of coupling
coefficient can be assumed as: k · (ω − a) · (ω − b), where ω is the normalized angular frequency and
k, a, b are constants. To distinguish this coupling with quadratic function coupling coefficient from
conventional liner frequency-dependent coupling, the S-L coupling is indicated by the dash line crossed
by two arrows in Fig. 1(b).

Based on the proposed coupling scheme, a BPF centered at 2.4GHz with FBW of 3.5% is designed
with the desired four TZs operating at 2.0GHz, 2.65GHz, 3.0GHz, and 4.8GHz, respectively. The
obtained normalized target coupling matrix M has the following form by an optimization algorithm
based on the zero-pole goal function [12]:

M =

 0 0.59 0.69 −0.000022 · (ω − 5.4) · (ω − 46)
0.59 −0.85 0 −0.59
0.69 0 0.92 0.69

−0.000022 · (ω − 5.4) · (ω − 46) −0.59 0.69 0

 (4)
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Figure 2. Coupling coefficient curve of the I/O mutual coupled open-stub loaded feedline structure
for different s2, L1 and L2, when w3 = 0.4mm, L7 = 4.5mm. (a) Different L1, when L2 = 2.5mm.
(b) Different L2, when L1 = 11mm. (c) Different s2, when L1 = 11mm, L2 = 2.5mm.

where ω is the normalized angular frequency.
After the mode match and optimization process, the final dimensions are obtained and listed in

Fig. 1. Fig. 3 gives full-wave simulated frequency responses in the frequency range from 1.5 to 5.5GHz.
Two reflection zeros and four TZs (TZ1, TZ2, TZ3, TZ4) are easily observed. The simulated frequency
responses near the passband agree well with the synthesized counterpart for the synthesis is based on
the narrowband design. But there exists the difference in the out of the frequency range from 2.0
to 3.0GHz, which may also result from the synthesized responses cannot adequately reflect the actual
counterparts. For instance, the coupling coefficients between the source/load and resonator are assumed
as frequency-independent.
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Figure 3. Synthesized and simulated responses of high selectivity BPF.
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Figure 4. Photograph simulated and measured results of high selectivity BPF. (a) Photograph of the
fabricated prototype. (b) Simulated and measured responses.

3. EXPERIMENTAL RESULTS

To validate the above design approach, the compact BPF is fabricated, and the performances are
measured by Agilent network analyzer N5230C. Fig. 4 illustrates the simulated and measured responses
of the BPF. The photograph of the BPF is illustrated in the inset in Fig. 4. The measured 3 dB FBW of
3.2% at 2.4GHz with the insertion loss is 1.5 dB in the worst case and return loss better than 10 dB, still
a satisfactory result. The position of the TZ1, TZ3 and TZ4 show a good agreement with the simulated
ones while the TZ2 shifts upward by approximately 120MHz. The depicted discrepancies could be from
the effect of loss due to dielectric substrates, and finite conductivity of the metallization layers as well
as the fabrication tolerance in the etching process.

4. CONCLUSION

In this letter, a compact dual-mode microstrip BPF with four TZs is presented by using the S-L coupling
with quadratic function coupling coefficient. Good agreement between the simulation and measurement
verifies the validity of the design.
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