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ABSTRACT A compact quadruplexer with the functions of frequency division, frequency selection, and
power splitting/combining is presented in this article. Four tri-mode stub-loaded resonators were adopted to
construct the compact multifunctional quadruplexer with a third-order filtering response. The four-channel
passbands of the quadruplexer were controlled and realized independently by using the distribution coupling
configuration. The output coupling structure was designed to be symmetrical with equal power division for
each channel. To achieve a satisfactory isolation performance, a resistor was loaded between the open ends of
the output coupled lines for each channel. A microstrip multifunctional quadruplexer operating at 1.1, 1.44,
1.73, and 2.06 GHz was fabricated. The prototype circuit size of the multifunctional quadruplexer was only
approximately 0.4 λg × 0.59 λg. Moreover, the output isolations were >27 dB within the entire frequency
bands.

INDEX TERMS Bandpass filter (BPF), microstrip, quadruplexer, power divider (PD).

I. INTRODUCTION
Recent developments in radio frequency (RF) and microwave
electronic systems have resulted in high demands on high-
performance multifunctional circuits. Therefore, integrating a
power divider (PD) and bandpass filter (BPF) into a single
device, namely a filtering PD, is a popular research topic. Sev-
eral filtering PDs using various design approaches have been
proposed [1]–[7]. Furthermore, multi-band/multi-channel fil-
tering PDs have been recently developed in [8]–[16].

In multiband and multichannel communication systems,
multiplexers, BPFs, and PDs are essential components. For
example, in quad-band applications, to achieve frequency di-
vision, frequency selection, and power division functions, a
traditional solution is to connect a PD to each frequency chan-
nel of a quadruplexer comprising a five-port matching circuit
and four different frequency BPFs (Fig. 1). Such an archi-
tecture requires nine circuits, which increases the system size
and cost. To overcome this problem, another effective solution
is to integrate these circuits into a single device as a multi-
functional quadruplexer, which can achieve more than 50%

FIGURE. 1. Simplified architecture of a quadruplexer-integrated filtering
PD.

size reduction compared to the cascaded configuration of a
power-divider quadruplexer. Therefore, developing a multi-
functional multiplexer is crucial for multiband and multi-
channel applications. However, few studies have designed
such multifunctional multiplexers [17]–[20]. Moreover, the
reported designs were presented only for dual-band/two-
channel applications. In this article, a novel multifunctional
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FIGURE. 2. Coupling scheme of the proposed quadruplexer-integrated
filtering PD.

FIGURE. 3. (a) Circuit model of the tri-mode resonator. (b) Even-mode and
(c) odd-mode equivalent circuit models.

quadruplexer is proposed. To the best of the authors’ knowl-
edge, this is the first time that a quadruplexer with the func-
tions of frequency division, frequency selection, and power
division has been implemented for quad-band/four-channel
applications.

II. CIRCUIT DESIGN
Fig. 2 illustrates the coupling scheme of the proposed mul-
tifunctional quadruplexer, where each node represents a res-
onance mode; S and L denote the input and output ports,
respectively. Four tri-mode resonators operating at differ-
ent frequencies were used to construct the multifunctional
quadruplexer. Here, f N

o1, f N
e1, and f N

e2 are the first odd-mode
and the first two even-mode resonance frequencies of the tri-
mode resonator, respectively, where the superscript represents
the channel number (N = I, II, III, IV). The passband of
channel N was formed by the resonance frequencies f N

o1, f N
e1,

and f N
e2. The signal was coupled from the input port (port 1)

to each tri-mode resonator and finally coupled to the output
ports: ports 2–9. The output coupling structure was designed
to be symmetrical to ensure the signal was equally split into
two output ports with the in-phase property for each channel.
Note that, the isolation resistors are not included in Fig. 2
because the resistors had a negligible effect on the equal-split
filtering response [6].

Fig. 3(a) displays the circuit model of the tri-mode stub-
loaded resonator [21]–[23]. Because of the symmetric nature

FIGURE. 4. f e2/ f o1 and f e1/ f o1 versus θ1 and θ4 with (a) Z2/Z1 = 0.25, (b)
Z2/Z1 = 1, and (c) Z2/Z1 = 4.

of the resonator, the resonance conditions can be analyzed
by the even- and odd-mode equivalent circuits depicted in
Fig. 3(b) and (c), respectively. For simplicity, we assumed that
Z1 = Z3. By imposing Im[Y even

in ] = 0 and Im[Y odd
in ] = 0, the

even- and odd-mode resonance conditions can be derived as
follows:

Z2 (cot θ1 − tan θ3) = 2Z1tan θ2 (1)

cot θ2 = 0 (2)

The relationships between the resonance frequencies ( f N
e1,

f N
e2, and f N

o1) were obtained under resonant conditions and are
plotted in Figs. 4(a), (b), and (c), respectively; the three res-
onance frequencies of the tri-mode resonator can be flexibly
determined by adjusting its physical configuration.

A microstrip quadruplexer-integrated filtering PD was de-
signed and validated. In this design, a Rogers RO4003C (εr =
3.55, h = 0.508 mm, and tanδ = 0.0027) was used as the
substrate. The targeted specifications are listed in Table I.
According to given specifications, the coupling matrix can be
synthesized as follows [24]:
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TABLE 1. Specification

CF: center frequency; BW: bandwidth

FIGURE. 5. Synthesized results of the proposed quadruplexer-integrated
filtering PD.
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Fig. 5 shows the synthesized results of the quadruplexer-
integrated filtering PD, without considering the loading effects
of other channel filters, which meet the prescribed specifica-
tions. The configuration of the multifunctional quadruplexer
is displayed in Fig. 6. To achieve compactness and reduce
loading effect, two of the resonators (resonators II and IV)
were firstly placed on the different sides near the open end of
the input feeding line. Then, the other resonators (resonators
I and III) were placed in the next available areas along the
input feeding line with stronger current distributed at their
resonance frequencies. By using the distributed coupling tech-
nique, the loading effects between channel passbands can be
neglected [21], [25], [26]. Therefore, the four-channel pass-
bands were independently designed. The desired resonance
frequencies of each tri-mode resonator can be calculated as
follows [27]:

f N
n = f N

0

2
·
⎡
⎣−� f N

f n
0

MN
ii +

√(
� f N

f N
0

MN
ii

)2

+ 4

⎤
⎦

n = e1, o1, e2 ; i = 1, 2, 3 (4)

FIGURE. 6. Configuration of the proposed quadruplexer-integrated
filtering PD.

where f N
0 and � f N are the center frequency and band-

width of the passband for channel N, respectively. Subse-
quently, the physical configuration of each tri-mode res-
onator can be determined according to the derived frequen-
cies f I

e1 = 1.06 GHz, f I
o1 = 1.11 GHz, f I

e2 = 1.14 GHz,
f II
e1 = 1.38 GHz, f II

o1 = 1.45 GHz, f II
e2 = 1.49 GHz, f III

e1 =
1.68 GHz, f III

o1 = 1.74 GHz, f III
e2 = 1.78 GHz, f IV

e1 =
1.99 GHz, f IV

o1 = 2.07 GHz, and f IV
e2 = 2.13 GHz.

According to the specifications in Table I, the desired input
external quality factors can be derived as follows [28]:

QN
e,n = f N

0

� f N · M2
si

(5)

Notably, because the signal was equally split into two
outputs for each channel, we obtain MN

Si = √
2MN

iL . Thus,
the output QN

e,n was twice the value of the input QN
e,n.

The desired input external quality factors result to be
QI

e,e1 = 51, QI
e,o1 = 31.3, QI

e,e2 = 81.1, QII
e,e1 = 50, QII

e,o1 =
30.7, QII

e,e2 = 79.6, QIII
e,e1 = 64.1, QIII

e,o1 = 39.4, QIII
e,e2 =

102, QIV
e,e1 = 57.3, QIV

e,o1 = 35.2, and QIV
e,e2 = 91.1. Mean-

while, the external quality factors can be extracted using the
following equation [28]:

Qe = ω0τd (ω0) /4 (6)

where τd (ω0) is the group delay of S11 at resonance
frequency ω0. After that, the desired average value of external
quality factors, i.e., Qe = (QN

e,e1 + QN
e,o1 + QN

e,e2)/3, can be
met by adjusting the gap, line width, and line length of the I/O
coupled lines.

Finally, to improve isolation between the output ports, four
resistors, namely R1, R2, R3, and R4, were connected at the
open ends of the output coupled lines, as depicted in Fig. 6.
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FIGURE. 7. Simulated isolation performances with varied R1, R2, R3, and
R4.

FIGURE. 8. Current distribution of the quadruplexer. (a) 1.1 GHz, (b) 1.44
GHz, (c) 1.73 GHz, and (d) 2.06 GHz.

Subsequently, the resistances of the four resistors were ini-
tially determined according to the matching condition of the
odd-mode equivalent circuit [7] and optimized by appropri-
ately tuning its value to achieve a satisfactory isolation per-
formance by using an electromagnetic simulator. The simu-
lated isolation performances with varied R1, R2, R3, and R4

are shown in Fig. 7. It is obvious that, the resistances can
be chosen as R1 = 84.5 	, R2 = 91 	, R3 = 84.5 	, and
R4 = 100 	 to achieve good isolation between output ports.
Note that, the resistor can also be chosen to be connected at
the other positions between the output coupled lines. Never-
theless, once the resistor location is changed, the resistance
should be re-evaluated to achieve a satisfactory isolation per-
formance.

The current distributions of the multifunctional quadru-
plexer at four-channel frequencies are displayed in Figs. 8(a),
(b), (c), and (d). It is obviously found that the couplings be-
tween resonators were weak, which indicated that the loading
effects between channel passbands were small. Thus, each
passband of the quadruplexer can be individually realized.

III. EXPERIMENT AND MEASUREMENT
The physical dimensions of the multifunctional quadruplexer
were determined according to the aforementioned deign pro-
cedure. The photograph of the fabricated circuit is displayed
in Fig. 9. The overall circuit area was 0.4 λg × 0.59 λg, where
λg is the guided wavelength at 1.1 GHz. Fig. 10 depicts the
simulated and measured S-parameter of the proposed mul-
tifunctional quadruplexer. The multifunctional quadruplexer
provided a third-order filtering function with equal power
splitting for each channel. The measurement results revealed
that the insertion losses at the channel passbands I, II, III, and

FIGURE. 9. Photograph of the fabricated circuit.

FIGURE. 10. Simulated and measured S-parameter of the proposed
quadruplexer-integrated filtering PD. (Simulation: solid curves;
measurement: dashed curves).

FIGURE. 11. Magnitude and phase imbalances for channels (a) I, (b) II, (c)
III, and (d) IV. (Simulation: solid curves; measurement: dashed curves).

IV were approximately (3 + 1.7), (3 + 1.6), (3 + 2.3), and
(3 + 1.7) dB, respectively, and the return losses were >15 dB.
The isolations between the output ports, namely S32, S54, S76,
and S98, were >27 dB within the operating bands. The port
isolations between different channels were all > 40 dB. A
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TABLE 2. Comparison of Various Multifunctional Multiplexers

Ch: channels; CF: center frequency; FO: filter order; IL: insertion loss; Iso:
isolation

transmission zero (TZ) was generated at the upper side of each
passband, which improved selectivity. The TZ was introduced
when the stub loaded on the central plane of the resonator
is at quarter-wavelength resonance [29], [30]. Furthermore,
each channel filter can produce additional TZs at the passband
frequencies of the other channels. This is due to the resonance
of the tri-mode resonators of the other channels. As such,
each of the tri-mode resonators behaves as a bandstop filter.
The measured magnitude and phase imbalances were within
0.1 dB and 2°, respectively, as shown in Figs. 11(a), (b), (c),
and (d).

Table II compares the proposed quadruplexer with other
related circuits and indicates that the proposed quadruplexer
has the most channel numbers/operating bands. In addition,
the proposed quadruplexer is compact and exhibited high se-
lectivity and in-band isolation.

IV. CONCLUSION
This study proposed a compact and high-performance multi-
functional quadruplexer that can provide a third-order filtering
function with equal power splitting for each channel. The
design is flexible, and all channel passbands can be easily
controlled. The proposed multifunctional quadruplexer is a
promising device in RF and microwave applications because
of its compact size (0.4 λg × 0.59 λg), high selectivity (third-
order filtering response with a TZ at the upper side of the
passband), and high in-band isolation (> 27 dB).
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