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Abstract—In this paper, a novel compact quadruplexer is imple-
mented by using slotline stepped impedance stub loaded resonators
(SISLRs) in ground plane. Four folded dual-mode slotline SISLRs with
one input and four output coupled line structures are designed at differ-
ent frequencies for the quadruplexer operation. By properly adjusting
the geometrical parameters of a single dual-mode slotline SISLR, its
first two resonant frequencies can be controlled, and thus it can be uti-
lized to implement a second-order bandpass filter when these resonant
frequencies are suitably assigned. Furthermore, because the proposed
quadruplexer utilizes the distributed coupling technique, a small circuit
size can be obtained. As a result, the proposed quadruplexer occupies
an extremely small area, i.e., 0.22λ0×0.25λ0 (0.36λg×0.41λg). Finally,
good agreement between measurement and EM simulation verifies the
design method successfully.

1. INTRODUCTION

Since multi-band and multi-service mobile communication systems
play an important role in modern wireless applications, the research
interest in multiplexers is increasing. To satisfy strict system
requirements, multiplexers with high compactness, low loss, flexible
passband frequencies and high isolation are always necessary. To this
end, various design approaches have been proposed [1–17].

In [1], a novel high-isolation multiplexer utilizing stepped-
impedance resonators (SIRs) was reported, which had a large circuit
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size due to the additional matching network. In [2], the authors
presented low-temperature co-fired ceramic (LTCC) diplexer and
triplexer, designed based on a parallel-coupled line filter connected
with a capacitor. Since size reduction has become a significant
issue in future mobile communication systems, these multiplexers
are not small enough to be used. To reduce the circuit size, it is
necessary to select proper resonators to reduce the circuit size since
resonators are the basic components of a filter. For example, diplexers
based on stepped impedance resonators (SIRs) [3–6], miniaturized
open-loop resonators [7], spiral inductor resonators [8] and dual-
mode SIR [9] have been proposed. In addition, two hairpin line
filtering structures were proposed to form a diplexer, and a tapped
open stub was used to introduce an attenuation pole to suppress
the spurious response and achieve a high isolation between two
bands [10]. In order to further reduce the circuit size, a common
resonator configuration is proposed [11–13]. In this configuration,
bandpass filters share the common resonator. However, the passband
frequencies have to be designed at the resonant frequencies of the
common resonator, thus the freedom in choosing passband frequencies
is limited. Moreover, due to the limited coupling area available, this
type of multiplexers only allows a small number of passbands to be
implemented. Additionally, numerous techniques were proposed to
design microstrip multiplexers [14–25].

In this paper, a novel quadruplexer employing slotline stepped
impedance stub loaded resonator is presented. Each channel of the
proposed quadruplexer can be implemented with only one resonator,
showing a small circuit size. Moreover, because the signal energy
of each filter channel can be coupled through a common input
coupled-line structure, the additional five-pole matching network is
not needed anymore. As a result, the proposed quadruplexer occupies
an extremely small area and achieves a significant size reduction.

2. RESONANCE PROPERTY OF THE SLOTLINE SISLR

Figure 1(a) shows the configuration of the proposed resonator. The
substrate used in this study has a relative dielectric constant of 2.65,
a thickness of 1 mm and a loss tangent of 0.004. The thickness of
the metal is 0.035 mm. The slotline SISLR has different characteristic
impedances of Z1, Z2 and Z3 with the corresponding electrical lengths
of θ1, θ2 and θ3. It should be noticed that the slotline SISLR has
opposite impedance characteristic compared with microstrip SISLR,
which means that a narrow gap-width results in a lower impedance,
while a wide gap width results in a higher impedance. As it is
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Figure 1. Circuit models for (a) dual-mode slotline SISLR.
(b) Second-order slotline SISLR BPF. (c) Odd-mode for the slotline
SISLR. (d) Even-mode for the slotline SISLR.

symmetric, the resonator can be analyzed by the even- and odd-mode
method, respectively [26–29].

From the resonance condition (Yin = 0), when the odd-mode
(Figure 1(c)) is excited, the resonant frequencies can be obtained as
follows:

fodd =
c

4L1
√

εr
(1)
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where c is the light speed in free space, and εr denotes the effective
dielectric constant of the substrate. For even-mode (Figure 1(d)), the
resonant frequency can be obtained as:

Rs tan θ1 tan θ2 tan θ3 = tan θ1 + Rz tan θ2 + RzRs tan θ3 (2)

where Rz and Rs are the impedance ratios, which are defined as Rz =
Z1/Z2 and Rs = Z2/Z3, respectively. So, the fundamental frequency
and the other higher-order mode frequencies can be determined by
properly choosing a suitable combination of the admittance and the
length ratios of the slotline SISLR. Besides that, It can be found that
the larger are the impedance ratios, the longer distance is between the
first and second spurious frequencies.

In addition, it can be observed from formulas (1)–(2) that the
first two resonant modes of the slotline SISLR are non-coupling to each
other. So the resonant frequencies of the two modes could be controlled
separately. For the demonstration, frequency response simulation of
the resonators with a weak coupling was carried out using the full-wave
simulator IE3D. The parameters are: L1 = 22.7mm, L2 = 6.5mm,
L3 = 6.3mm, W1 = 0.7mm, W2 = 7.4mm, W3 = 0.8mm. As
shown in Figure 2, the even-mode resonant frequency can be adjusted
by changing L3 while keeping other dimensional parameters fixed.
Meanwhile, the odd-mode frequency is slightly changed because the
layout of the SISLR has been slightly changed. Thus, the first two
resonant frequencies of the slotline SISLR can be well controlled by
adjusting its structural parameters. This dual-mode characteristic is
attractive because a simple second-order BPF can be implemented
using a single dual-mode resonator, and hence the number of resonators
required for a given order of filter can be reduced, resulting in a
compact size.
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Figure 2. Resonant properties of the dual-mode slotline SISLR
against L3.
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In addition, similar to the stepped impedance stub loaded
resonator, the position of the inherent zero could be controlled to be
located at the lower or higher side of the two modes while the resonant
frequency of the odd-mode is lower or higher than the even-mode.
This distinct characteristic could be used to improve the frequency
selectivity.

3. BASIC THEORY OF QUADRUPLEXER

Figure 3(a) describes the coupling schemes of the conventional
quadruplexer, where each black node and white node represent a single
resonator and source/load, respectively. The solid lines between nodes
represent the direct coupling path. Each channel can be designed
independently. However, the circuit size is very large. The proposed
one is shown in Figure 3(b), which can be implemented with only
four dual-mode resonators. Moreover, the signal energy of each filter
channel can be coupled through a common input coupled-line structure
and, thus, no additional five-pole matching network is needed for the
quadruplexer design. As a result, the proposed quadruplexer occupies
an extremely small area and achieves a significant size reduction.
Hence, here we choose the structure shown in Figure 3(b) to achieve
the desired quadruplexer.
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Figure 3. Coupling scheme of a quadruplexer with four two-order
BPFs. (a) Conventional structure. (b) Proposed structure.

4. DESIGN OF A QUADRUPLEXER BASED ON
SLOTLINE SISLR

The circuit configuration of the quadruplexer is shown in Figure 4.
As can be seen, the quadruplexer is composed of four folded slotline
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Figure 4. Layout of the proposed quadruplexer.

SISLR filters with one input and four output coupled-line structures
(filter A, B, C and D). Herein, each resonator can provide a path
coupled signal energy from source to loads at around resonance and
no coupling between resonators is introduced. It should be noted
that each filter can be designed individually to generate the desired
passband before combining the four as a quadruplexer. Besides that,
it deserves mentioning that the quadruplexer, which has a second-
order bandpass response, is composed of four dual-mode resonators.
Thus, about four resonator spaces are saved as compared with
the conventional second-order bandpass quadruplexer based on the
uniform impedance resonators. By combining the four filters and
making use of a common input coupled-line structure, size reduction
can be significantly achieved.

The design procedure for the quadruplexer is given as follows:
1) Design four single-band second order bandpass filters. The circuit

model is shown in Figure 1(b). The passband bandwidth of each
narrow-band dual-mode resonator filter can be determined by
properly assigning the two resonant modes of the resonator at
adjacent frequencies into passband. The absolute bandwidth of
the second-order filter based on the dual-mode slotline SISLR
is close to the first two resonance frequencies and the center
frequency is approximately the arithmetic average of them. Thus,
the physical dimensions of the four dual-mode resonators can then
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be easily determined based on the desired center frequencies and
bandwidths.

2) To determine the input/output (I/O) coupling structures. As
known to all, a stronger coupling can be obtained with a smaller
gap, a narrower coupled-line, or a longer coupled-line. Thus, given,
i.e., 50-ohm line, the gaps (G) and lengths (L4) of the I/O coupled-
lines are then adjusted to achieve the given bandwidth.

3) Combine the four bandpass filters into a quadruplexer by sharing
one input feeding line. In this design, in order to have a compact
configuration, filters A and B (the lowest and the second lowest
frequency ones) are firstly placed on the different sides near the
open end of the input coupled-line. Then filters C and D are
placed in the next available areas along the input coupled-line with
stronger currents at their operating frequency bands. It should
be noted that the loading effect between channels is very small.
The simulated results of a single-band bandpass filter (2.4 GHz), a
diplexer (2.4 and 3.5GHz), a triplexer (2.4, 3.5, and 4.2GHz), and
a quadruplexer (2.4, 3.5, 4.2, and 5.2 GHz) are shown in Figure 5.
From the single-band bandpass filter fixed at the upper right to the
quadruplexer as shown in Figure 5, the channels are constructed
one by one clockwise. For example, the only difference between the
quadruplexer and the triplexer is the added dual-mode resonator
and the output feeding line at port 5 for the fourth channel. The
loading effect is negligible since the newly added resonators have
little effect on the existing channels. Moreover, it can be further
extended to develop a multiplexer with more operation channels
by inserting more filter sections.
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5. EXPERIMENTAL RESULTS AND DISCUSSION

Following the synthesis procedure in Section 4, a compact size and
high isolation second-order bandpass quadruplexer is fabricated, and
the design geometric parameters are listed in Table 1. The proposed
quadruplexer was measured by an Agilent’s 8719ES Network Analyser.
Figure 6 is a photograph of the fabricated quadruplexer. The size of
the proposed quadruplexer is 28 mm×31 mm, i.e., only about 0.22λ0×
0.25λ0 (0.36λg×0.41λg), where λ0 and λg are the free-space wavelength
and guided wavelength on the substrate at the center frequency of

Table 1. Optimal dimensions (in mm) of each part of the
quadruplexer.

Part

Number
1 2 3 4 5 6 7 8 9 10

Dimensions 7.4 6.5 3.4 14.3 0.7 6.3 5.8 0.8 4.1 18.2

Part

Number
11 12 13 14 15 16 17 18 19 20

Dimensions 5.4 1.0 6.6 10.9 3.7 14.7 1.0 1.3 6.4 4.3

Part

Number
21 22 23 24 25 26 27 28 29 30

Dimensions 0.9 3.9 8.8 2.7 19.1 1.0 1.3 4.1 3.5 2.6

Part

Number
31 32 33 34 35 36 37

Dimensions 7.3 0.7 1.1 12.5 9.1 3.8 1.2

(a) (b)

Figure 6. Photograph of the fabricated quadruplexer. (a) Top view.
(b) Bottom view.
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Figure 7. Response of the fabricated quadruplexer. (a) Simulated
insertions and return losses. (b) Measured insertions and return losses
Return losses. (c) Simulated isolation characteristic. (d) Measured
isolation characteristic.

channel one, respectively. The simulated and measured results are
shown in Figure 7. The simulated centered and fractional bandwidth
are f0a = 2.5GHz, f0b = 3.5GHz, f0c = 4.3GHz, f0d = 5.3GHz,
and FBWa = 4.7%, FBWb = 5.2%, FBWc = 3.3%, FBWd = 3.7%,
respectively, where the subscripts a, b, c and d denote the first, second,
third and fourth channel filter, respectively. In the measurements,
the four channels are centered at 2.55/3.59/4.34/5.32 GHz, with the
fractional bandwidths of 4.8%, 5.2%, 3.4% and 3.6%, respectively.
The measured insertion losses at the channel center frequencies are
1.85 dB, 2.53 dB, 1.82 dB and 2.68 dB, respectively, while the measured
passband return losses are all better than 17 dB. The insertion loss
would be mainly attributed to the conductor loss. The measured
isolations amongst channels were over 26 dB as shown in Figure 7(d).
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The electric field distributions of the proposed quadruplexer are
shown in Figure 8. Figure 8(a) shows that the high current density
is located at the first channel (2.5 GHz) whereas the other passband
channels are considered as open circuits. Contrarily, Figure 8(b)
presents that the high current density is located at the second passband
channel (2.45GHz) whereas the other passband channel is considered
as open circuit. The current density distribution of the third passband
channel and the fourth passband channel shown in Figures 8(c)
and 8(d) respectively are similiar as those of the first two passband
channels. These performances verify that the quadruplexer has high
isolations.

Table 2 compares the performances of the proposed quadruplexer
with the previous multiplexers. As it can be seen, the proposed UWB
BPF has the advantage of high isolation and compact size. As a result,
it is quite useful in future wireless communication system.



Progress In Electromagnetics Research, Vol. 140, 2013 519

Table 2. Comparison between the proposed quadruplexer and other
multiplexers.

Ref. Channels
Filter
order

Isolation
(dB)

[13] 2 4 > 30
[14] 3 4 > 33
[15] 6 4 > 30
[16] 4 4 > 35
[17] 3 3 > 35
This
work

4 2 > 26

Ref.
Passband
insertion
loss (dB)

Fractional
bandwidth (%)

Circuit
size
(λ2

0)
[13] 2.8/3.2 3.8/3.3 0.19× 0.31
[14] 3.4/3.6/3.6 5.4/5.6/5 0.43× 0.51
[15] 2.2/3.1/3.2/2/2.8/3 10/10/10/10/10/10 1.42× 0.56
[16] 2.3/2.6/2.5/2.5 6.5/7/6.6/7.5 0.44× 0.48
[17] 2.7/2.5/1.8 6.6/7.3/8.2 0.12× 0.4
This
work

1.85/2.53/1.82/2.68 4.8/5.2/3.4/3.6 0.22× 0.25

6. CONCLUSION

In this study, a simple and efficient method to design a compact size
and high isolation quadruplexer is presented. The detailed design
procedure is given. By locating the slotline SISLR of each channel
properly, the harmonics of the resonators can be suppressed effectively.
Furthermore, the loading effect among the four channels is negligible,
so that the implementation of a quadruplexer becomes convenient.
Moreover, the passband frequencies can be placed arbitrary unless the
center frequencies of any two out of the four channels are very close
and overlap with each other. The proposed configuration with more
channels is ready to be applied to multiplexers. The above features
make the proposed scheme attractive in multiplexer design. Therefore,
these circuits are particularly suitable for multiband and multiservice
applications in future mobile communication systems.



520 Li et al.

ACKNOWLEDGMENT

This work was supported by the National Natural Science Foundation
of China (NSFC) under project No. 61271017.

REFERENCES

1. Deng, P.-H., M.-I. Lai, S.-K. Jeng, and C.-H. Chen, “Design
of matching circuits for microstrip triplexers based on stepped-
impedance resonators,” IEEE Trans. on Microw. Theory and
Tech., Vol. 54, No. 12, 4185–4192, Dec. 2006.

2. Tang, C.-W. and S.-F. You, “Design methodologies of LTCC
bandpass filters, diplexer, and triplexer with transmission zeros,”
IEEE Trans. on Microw. Theory and Tech., Vol. 54, No. 2, 717–
723, Feb. 2006.

3. Yang, M. H., J. Xu, Q. Zhao, and X. Sun, “Wide-stopband and
miniaturized lowpass filters using SIRs-loaded hairpin resonators,”
Journal of Electromagnetic Waves and Applications, Vol. 23,
Nos. 17–18, 2385–2396, 2009.

4. Yang, R.-Y., C.-M. Hsiung, C.-Y. Hung, and C.-C. Lin, “A
high performance bandpass filter with a wide and deep stopband
by using square stepped impedance resonators,” Journal of
Electromagnetic Waves and Applications, Vol. 24, Nos. 11–12,
1673–1683, 2010.

5. Yang, R.-Y., C.-M. Hsiung, C.-Y. Hung, and C.-C. Lin,
“Design of a high band isolation diplexer for GPS and WLAN
system using modified stepped-impedance resonators,” Progress
In Electromagnetics Research, Vol. 107, 101–114, 2010.

6. He, Z. R., X. Q. Lin, and Y. Fan, “Improved stepped-
impedance resonator (SIR) bandpass filter in Ka-band,” Journal
of Electromagnetic Waves and Applications, Vol. 23, Nos. 8–9,
1181–1190, 2009.

7. Goron, E., J.-P. Coupez, C. Person, Y. Toutain, H. Lattard, and
F. Perrot, “Accessing to UMTS filtering specifications using new
microstrip miniaturized loop-filters,” IEEE MTT-S Int. Microw.
Symp. Dig., 1599–1602. Jun. 2003.

8. Lee, G.-A., M. Megahed, and F.-D. Flaviis, “Design of multilayer
spiral inductor resonator filter and diplexer for system-in-a-
package,” IEEE MTT-S Int. Microw. Symp. Dig., 527–530,
Jun. 2003.

9. Huang, C.-Y., M.-H. Weng, C.-S. Ye, and Y.-X. Xu, “A high band
isolation and wide stopband diplexer using dual-mode stepped-



Progress In Electromagnetics Research, Vol. 140, 2013 521

impedance resonators,” Progress In Electromagnetics Research,
Vol. 100, 299–308, 2010.

10. Deng, P. H., C. H. Wang, and C. H. Chen, “Compact microstrip
diplexers based on a dual-passband filter,” Pro. Asia-Pacific
Microw. Conf., 1228–1232, 2006.

11. Chen, C.-F., T.-Y. Huang, T.-M. Shen, and R.-B. Wu, “A
miniaturized microstrip common resonator triplexer without extra
matching network,” Proc. Asia-Pacific Microw. Conf., 1439–1442,
2006.

12. Wu, H.-W., K. Shu, M.-H. Weng, J.-R. Chen, and Y.-
K. Su, “Design of a compact microstrip triplexer for multiband
applications,” Proc. Eur. Microw. Conf., 834–837, 2007.

13. Chen, C.-F., T.-Y. Huang, C.-P. Chou, and R.-B. Wu, “Microstrip
diplexer design with common resonator section for compact size
but high isolation,” IEEE Trans. on Microwave Theory and Tech.,
Vol. 54, No. 5, 1945–1952, 2006.

14. Deng, P.-H., M.-I. Lai, S.-K. Jeng, and C.-H. Chen, “Design
of matching circuits for microstrip triplexers based on stepped-
impedance resonators,” IEEE Trans. on Microwave Theory and
Tech., Vol. 54, No. 12, 4185–4192, 2006.

15. Hong, S. and K. Chang, “A 10–35 GHz six-channel microstrip
multiplexer for wide-band communication systems,” IEEE Trans.
on Microwave Theory and Tech., Vol. 54, No. 4, 1370–1378, 2006.

16. Chen, J.-Z., N. Wang, K. Deng, and S. Yang, “Design of compact
quadruplexer based on defected stepped impedance resonators,”
Progress In Electromagnetics Research, Vol. 119, 19–33, 2011.

17. Wu, J.-Y., K.-W. Hsu, Y.-H. Tseng, and W.-H. Tu, “High-
isolation microstrip triplexer using multiple-mode resonators,”
IEEE Microw. Wireless Compon. Lett., Vol. 22, No. 4, 206–208,
Apr. 2012.

18. Shi, J., J.-X. Chen, and Z.-H. Bao, “Diplexer based on
microstrip line resonators with loaded elements,” Progress In
Electromagnetics Research, Vol. 115, 423–439, 2011.

19. Zhang, Y.-L., T. Su, B. Wu, J. Chen, and C.-H. Liang, “A mod-
ified cauchy method suitable for duplexer and triplexer rational
models extraction,” Progress In Electromagnetics Research Let-
ters, Vol. 29, 201–211, 2012.

20. Wang, R., J. Xu, M.-Y. Wang, and Y.-L. Dong, “Synthesis of
microwave resonator diplexers using linear frequency transforma-
tion and optimization,” Progress In Electromagnetics Research,
Vol. 124, 441–455, 2012.



522 Li et al.

21. Skaik, T., “Novel star-junction coupled-resonator multiplexer
structures,” Progress In Electromagnetics Research Letters,
Vol. 31, 113–120, 2012.

22. Jarauta, E., F. J. Falcone, M. Beruete, and J. Illescas, “Duplexers
and multiplexers based on microstrip line loaded with complemen-
tary split ring resonators,” Progress In Electromagnetics Research
Letters, Vol. 27, 9–16, 2011.

23. Jayatilaka, H. C., D. M. Klymyshyn, M. Börner, and J. Mohr,
“Compact thick metal diplexer with multi-coupled folded half
wavelength resonators,” Progress In Electromagnetics Research C,
Vol. 18, 1–8, 2011.

24. Han, S., X. L. Wang, Y. Fan, Z. Yang, and Z. He, “The generalized
Chebyshev substrate integrated waveguide diplexer,” Progress In
Electromagnetics Research, Vol. 73, 29–38, 2007.

25. Ruiz-Cruz, J. A., J. R. Montejo-Garai, J. M. Rebollar, and
S. Sobrino, “Compact full Ku-band triplexer with improved E-
plane power divider,” Progress In Electromagnetics Research,
Vol. 86, 39–51, 2008.

26. Ma, D.-C., Z.-Y. Xiao, L.-L. Xiang, X.-H. Wu, C.-Y. Huang,
and X. Kou, “Compact dual-band bandpass filter using folded
SIR with two stubs for WLAN,” Progress In Electromagnetics
Research, Vol. 117, 357–364, 2011.

27. Chen, C.-H., C.-S. Shih, T.-S. Horng, and S.-M. Wu, “Very
miniature dual-band and dual-mode bandpass filter designs on
an integrated passive device chip,” Progress In Electromagnetics
Research, Vol. 119, 461–476, 2011.

28. Guan, X., B. Wang, X. Wang, S. Wang, and H.-W. Liu, “A
novel dual-mode bandpass filter using stub-loaded defected ground
open-loop resonator,” Progress In Electromagnetics Research
Letters, Vol. 26, 31–37, 2011.

29. Wu, Y. and Y. Liu, “A coupled-line band-stop filter with
three-section transmission-line stubs and wide upper pass-band
performance,” Progress In Electromagnetics Research, Vol. 119,
407–421, 2011.


