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ABSTRACT This study proposed a new method and structure for designing a diplexer-integrated filtering
power divider. A filtering function with equal power division was integrated with a diplexer. The multi-
functional diplexer comprised eight coupled resonators and two 50-€2 resistors with a distributed coupling
structure. Moreover, a connected coupling technique provided improved flexibility and freedom to construct
the diplexer. High isolation was obtained using the proposed coupling configuration through the introduction
of out-of-phase cancellation between multiple coupling routes. Moreover, because the distributed coupling
structure was employed as an input, no complex matching network was required; this significantly reduced
the size and simplified the design of the diplexer. Moreover, each channel passband was individually
designed. For demonstration, a multifunctional diplexer operating at 1 and 1.15 GHz with a second-order
Chebyshev bandpass response and equal power splitting was designed and fabricated using microstrip
technology, and the simulation results were consistent with the measured results.

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

I. INTRODUCTION

Diplexers are crucial devices in multiservice and multiband
microwave communication systems. Numerous
high-performance diplexers have been studied [1]-[14].
A common resonator technique has been applied [1], [2], [5]
to design diplexers. On the basis of this technique, the number
of resonators can be reduced, without using any additional
matching network. In [3], a diplexer was developed by inte-
grating a dual-band bandpass filter (BPF) with two matching
circuits. However, the size of the diplexer was relatively large.
In [4], adiplexer was implemented using two slotline stepped-
impedance resonator filters with a T-junction matching net-
work. The T-junction matching network provided suitable
transmission in one channel passband and appropriate atten-
uation in the other channel passband. In [6], a diplexer based
on stub-loaded resonators with two independently control-
lable transmission zeros was proposed. These transmission
zeros were properly located, and thus, the stopband rejection
and isolation level of the diplexer were effectively elevated.
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In [7], a switchable function was integrated with a diplexer.
P-i-n diodes were used and loaded at the end of the resonator
to change resonance frequencies, and thus, each passband
was turned on or off independently. In [8], a lowpass—
bandpass diplexer was proposed. The matching circuit of
the diplexer was within the BPF, thus reducing the size of
the diplexer. In [9], a simple method was implemented to
design balun diplexers by using two sets of open-loop ring
resonators. In [10], inner-coupled dual-mode configurations
were proposed and used to design a balanced diplexer.
Moreover, two close differential-mode channels and suit-
able common-mode suppressions were successfully realized.
In [11], second-order and fourth-order balanced-to-balanced
diplexers based on magnetically coupled resonators were
proposed. The two diplexers provided not only high-level
isolation but also excellent differential-mode and common-
mode performance. In [12], a diplexer formed using four pairs
of asymmetric stepped impedance resonators (SIRs) with
eight operation channels was developed for multiband com-
munications. In [13], a diplexer with spiral-defected ground
resonators was presented. Because of the slow-wave effect
of a spiral-defected ground resonator, a broad out-of-band
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FIGURE 1. Block diagrams. (a) Cascaded connection of devices;
(b) diplexer-integrated filtering PD.

characteristic was realized. Furthermore, a new design
method was proposed for highly integrated multifunctional
diplexers (i.e., multistate diplexers) [14]. The multiple fre-
quency states of the diplexers were arbitrarily switched for
implementing a frequency-hopping system.

With the rapid development of microwave communica-
tion technology, demands for multifunctional circuits are
increasing. Studies have proposed different techniques for
developing several power dividers (PDs) integrated with
a BPF, which are termed filtering PDs [15]-[19]. On the
basis of the coupled resonator technology, A/4 lines of a con-
ventional Wilkinson PD have been replaced with couplings
of coupled resonators, thus providing PDs with a filtering
function [15]-[17]. In [18] and [19], dual-mode filtering
PDs have been proposed. Miniaturization was achieved for
these PDs by using one or two dual-mode resonators. Fur-
thermore, to yield duplexing power division and filtering
function for applications in dual-band front-end systems,
the cascaded connection of a matching circuit, two BPFs, and
two PDs were used [Fig. 1(a)]; however, this implementation
increased the circuit area and power loss. The aforemen-
tioned limitations can be effectively overcome by integrat-
ing these devices into a single multifunctional component
(i.e., a diplexer-integrated filtering PD) [Fig. 1(b)].
Few studies have investigated diplexer-integrated filtering
PDs [20]-[22].

This study proposed a new method for designing a
diplexer-integrated filtering PD based on coupled resonators.
The selection of suitable coupling coefficients of resonators
and external quality factors of input/output (I/O) resonators
can not only facilitate filtering and power division func-
tions but also provide an appropriate isolation over operating
bands. To validate the aforementioned statement, a diplexer-
integrated filtering PD operating at 1 and 1.15 GHz was
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FIGURE 2. Coupling structure of the proposed diplexer-integrated
filtering PD with second-order bandpass response.

designed and fabricated. The fabricated circuit had equal-
phase and out-of-phase power divisions. The equal-phase PD
of a transmitter (Tx) was used for combining power, whereas
the out-of-phase PD was used for a balanced receiver (Rx)
design for practical applications. This design was validated
through full-wave simulation and measured results. Com-
pared with other state-of-art multifunctional diplexers, the
proposed diplexer exhibits advantages such as simple layout,
compact size, low loss, and high isolation.

The remainder of this paper is organized as follows:
Section 2 presents the detailed procedure for designing
the proposed diplexer-integrated filtering PD. In Section 3,
a diplexer-integrated filtering PD was implemented using
microstrip technology for a demonstration. The experimental
results were presented and compared with full-wave elec-
tromagnetic simulated results. Furthermore, the results were
compared with previous state-of-art multifunctional diplex-
ers, and the advantages of the proposed diplexer were high-
lighted. Finally, Section 4 presents the conclusion.

II. CIRCUIT DESIGN

Fig. 2 shows the coupling structure of the proposed
diplexer-integrated filtering PD, where each node represents
a resonator, and S and L are a source and load, respectively.
A second-order Chebyshev filtering function with equal
power splitting was integrated into the diplexer. Port 1 was
an input port and ports 2-5 were output ports. The multi-
functional diplexer was a combination of equal-phase and
out-of-phase filtering PDs operating at different frequency
bands. The passbands of channels I and II were formed using
resonators 11 — 41 and 1 — 4! respectively. To improve
in-band isolation, coupling routes denoted with dashed lines
were out of phase with the other routes; that is, the sign of
the corresponding coupling coefficient was negative, which
was in contrast to those of other coupling coefficients. When
one of the output ports of a filtering PD was excited, the other
output port received an equal amount of power with a reverse
phase. Therefore, no coupling was observed between the out-
put ports of any channel. The required coupling coefficients
and external quality factors of a multifunctional diplexer are
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FIGURE 3. Equivalent circuits of the coupling scheme.

as follows:
MLy = —M!y =M, = Ml = . Al (1)
12 13 24 34 ﬁ 2122
11 11 11 11 1 AH
Ml = mll =Ml = MY, = —. 2
12 13 24 34 > 2182
and
n _ 8081 _
Qe="gw» n=11 (©)

where g-values and A denote lumped element values of a low-
pass prototype filter and fractional bandwidth, respectively.
When a passband ripple of 0.04321 dB was selected, the cor-
responding lumped element values are as follows: gg = 1,
g1 = 0.6648, and go = 0.5445 [23].

Conventional coupling structures, such as parallel-coupled
lines and capacitive-coupled configurations, have some lim-
itations, particularly in terms of circuit layouts. For exam-
ple, to realize gap coupling through the close placement
of coupled-line sections of the two resonators, the distance
between the coupled resonators must be small. The imple-
mentation of the proposed coupling structure (Fig. 2) by using
a general coupled resonator pair, such as hairpin resonators
and SIRs, with conventional gap coupling was difficult.
Therefore, a connected coupling technique with a flexible
structure was introduced for this design [24]. Fig. 3 shows the
equivalent circuit of the connected coupling scheme, where
a pair of SIRs was coupled using an admittance inverter
(J-inverter). In [25], a A/4 or 3A/4 transformer with an
appropriate characteristic impedance(Z ;) was modeled as an
admittance inverter. Therefore, a connected coupling scheme
can be used. In the proposed design, input susceptance B,
into the connecting point was as follows:

. Zitanb + Zptan(01 — 6,) j
Bip =1Im | 5 — 4)
Z\Zy — Ztanbrtan(6y — 6.)  Ztanf,
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FIGURE 4. Microstrip configuration of the proposed diplexer-integrated
filtering PD.

TABLE 1. Circuit specification.

Channel I Channel II
Central frequency (GHz) 1 1.15
Fractional bandwidth (%) 35 3.6
Filter order 2 2
Response Chebyshev (0.04321 dB ripple)

The corresponding susceptance slope parameter b of the res-
onator at central frequency wy is as follows:

@y 0By,

b= &)

2 dwg @0
The coupling coefficient between resonators i and i + 1 is as
follows:

Jiji+1
Vbibiti
where b; and b;; are the susceptance slope parameters of
resonators i and i 4+ 1, respectively, whereas J; ;11 is the
inverter value. Therefore, the coupling coefficient could be
controlled by changing the feeding position of the connect-
ing line on coupled resonators (i.e., 6.). Because A/4 and
3)/4 connected couplings had a phase difference of 180°,
these couplings had opposite signs. Thus, positive couplings,
namely M{,, Mi,, M1, M5, MI%, and M, and negative
couplings, namely Mf3 and Mﬁ, were implemented using
A/4 and 3A /4 connected couplings, respectively.

For demonstration, a diplexer-integrated filtering PD was
designed using microstrip technology and implemented on a
Rogers RO4003 substrate with a relative dielectric constant
and thickness of 3.38 and 1.524 mm, respectively, to fit the
specifications (Table 1). Fig. 4 shows the circuit layout of the
proposed multifunctional microstrip diplexer. In this design,
all resonators were realized using SIRs. Resonators 1'—4! and

M;ir1 = (6)
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TABLE 2. Design parameters of resonators.

Resonator Z () Z, (Q) 6, (°) 6, (°)
11— 4! 96 35 26.2 29.5
11— 4t 80 30 323 234
(2)
(b)

FIGURE 5. Design curves for coupling coefficient. (a) Channel I and
(b) Channel I1. (Zs = 132 Q)

1T — 411 were designed with frequencies of 1 and 1.15 GHz,
respectively. Table 2 presents the design parameters of these
SIRs. The circuit layout was simple and flexible by using con-
nected couplings. Because of miniaturization considerations,
a compact-sized layout was designed by bending all connect-
ing lines and SIRs. According to the provided specification,
the required coupling coefficients and external quality factors
were calculated using (1)~(3) as follows: M{, = —M!, =
M}, =M}, =0.041, M, = M5 = MiL = —MY, =0.042,
0! =18.99, and QF = 18.47.

As mentioned previously, coupling strength between res-
onators was controlled by appropriately adjusting the feed-
ing position of the connecting lines on coupled resonators,
namely Lc; and L. (Fig. 4). Coupling coefficient M;;
between resonators i and j is evaluated using the following
formula [23]:

5 =T
My= £ T g
p2+ rl

VOLUME 7, 2019

(a)

(b)

FIGURE 6. Design curves for Qe. (a) Channel I and (b) Channel 1.
(w; = 0.5 mm)

(a) (b)

FIGURE 7. Current distribution of the proposed diplexer-integrated
filtering PD. (a) 1 GHz and (b) 1.15 GHz.

where f,,1 and f,» are lower and higher fundamental resonant
frequencies of two coupled resonators under weak coupling,
respectively. Figs. 5(a) and 5(b) illustrate the variation in
the extracted coupling coefficients with respect to different
values of L.; and L., respectively.

External quality factors could be controlled by appropri-
ately adjusting the geometric parameters wi, L1, g1, Lo,
and g of an I/O coupling structure. The external quality
factor is evaluated using the I/O resonator and following
equation [23]:

_ wfota (fo)

Qe >

®)
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(a)

(b)

FIGURE 8. Simulated S-parameters. (a) 1 GHz filtering PD and
diplexer-integrated filtering PD; (b) 1.15 GHz filtering PD and
diplexer-integrated filtering PD.

FIGURE 9. Picture of the fabricated diplexer-integrated filtering PD.

where t; (fo) denotes group delay at central frequency fy.
Figs. 6(a) and 6(b) show the design curves of the extracted
Q! and Q, respectively. The structural parameters of the
multifunctional diplexer were determined when the extracted
values of coupling coefficients and external quality factors
corresponded to the theoretical values.

A distributed coupling structure was employed to inte-
grate the two filtering PDs. For compactness, the 1-GHz
out-of-phase and 1.15-GHz equal-phase filtering PDs were
placed on the left and right sides of input coupled lines,
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FIGURE 10. Simulation and measurement. (a) [Syq1, [S211, [S311: [S47 1, and
IS511; (b) 1S221 1S53, 1Saal, ISss. 1S321, and |Ssgl; (c) [Syq | — |Ssq] and

< S831— < S31: (d) |Sg1| — |Ss51| and < Sz — < S5;. (solid line:
measurement, dashed line: simulation).
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TABLE 3. Comparison with other previous works.

o Central Fractional S . . Power dividin
frequency ey o bandwidth (%) insertion loss Isolation (dB) Size (/15) function g
(GHz) (dB)
This work 1, 1.15 1.15 3.5,3.6 0.7,0.8 >28,>35 0.26 Yes
[5] 1.95,2.14 1.1 3.6,33 12,15 40, 35 0.14 No
[9] 259,541 2.09 9.26,5.73 2.73,3.68 >35 0.18 Yes
[13] 1.78,24 1.35 9.6,10.8 1.59, 1.59 >30 0.043 No
[20] 28.2,29.2 1.04 23,22 0.9,0.8 N.A. N.A. Yes
[21] Case 1 1.77,2.38 1.34 N.A. 0.74,0.95 39,31 >0.3 Yes
[21] Case 2 1.78,2.35 1.32 N.A. 0.45,0.77 28, 35 >0.3 Yes
[21] Case 3 1.75,2.4 1.37 N.A. 0.5,0.74 30, 32 >0.3 Yes
[22] 25,3 1.2 N.A. 1.6,1.9 >27,>21 0.2 Yes

respectively. Because the distributed coupling structure pro-
viding a low loading effect was adopted in this design,
1- and 1.15-GHz filtering PDs were individually designed
before integrating to form a multifunctional diplexer.
Moreover, no additional matching network was required
for this design, thus reducing the size of the diplexer.
Figs. 7(a) and (b) show the current distributions of the pro-
posed diplexer-integrated filtering PD at 1 and 1.15 GHz,
respectively. The 1- and 1.15-GHz electromagnetic (EM)
waves were transmitted from input to outputs through dif-
ferent paths. Furthermore, Figs. 8(a) and (b) show the
EM simulated results of a single 1- or 1.15-GHz filtering PD
and diplexer-integrated filtering PD. The in-band transmis-
sion coefficients were approximately the same when another
filtering PD was included to the existing filtering PD for
forming a diplexer-integrated filtering PD, which validated
the low-loading effect of the distributed coupling structure.
The aforementioned loading effect analysis indicated that
each channel passband of the diplexer-integrated filtering
PD could be independently implemented.

Ill. EXPERIMENT AND MEASUREMENT

The obtained parameters satisfying the required specification
are as follows: wop = 3.54 mm, w; = 0.5 mm, wg; = 1 mm,
Weo = 6 mm, wgg = 1.5 mm, wy = 7.5 mm, Ly =
56 mm, Lp = 16 mm, Lz = 7.1 mm, Ly = 11 mm,
Li =24 mm, L, = 31.5mm, L,; = 8.5 mm, L., = 8§ mm,
g1 = 0.13 mm, and g» = 0.15 mm. The diplexer-integrated
filtering PD had an overall circuit area of 0.67A; x 0.39A,
(i.e., 132.1 x 78 mm?). Fig. 9 shows a picture of the fabricated
diplexer-integrated filtering PD.

Figs. 10(a)~(d) present the simulated and measured
performance of the proposed multifunctional diplexer.
The measurement results were obtained using a two-
port Agilent N5230A vector network analyzer, whereas
full-wave EM simulation results were obtained using
an Advanced Design System by Agilent Technologies.
A second-order filtering response with equal power splitting
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was successfully obtained. The measured return losses
(i.e., —201og |S11]) were higher than 20 dB for both the chan-
nel passbands. Furthermore, the measured insertion losses
(i.e., —20log|S21| or —20log|S31] and —20log|S41| or
—201og |S51|) were approximately (34 0.7) and (3+0.8) dB
for channels I and II, respectively, where the 3-dB is due
to the power dividing loss of output ports. The measured
isolations (—201og |S32| and —20 log |S54|) were higher than
28 and 35 dB over the complete passbands at lower and
higher channels, respectively. Moreover, within the operat-
ing passbands, the measured phase differences ZSy; — £S3;
and /S4; — /Ss1 were between 180° =+ 4.1° and between
0° £5.5°, respectively. The measured magnitude imbalances
|S21] — |S31] and |S41| — |S51| were within 0.4 and 0.9 dB,
respectively.

Table 3 compares the results of the proposed design with
the previous state-of-art multifunctional diplexers. The pro-
posed circuit was smaller and had a simpler layout than the
duplexing PDs in [20] and [21]. Furthermore, the in-band iso-
lation of the duplexing PDs in [21] was not satisfactory. The
experimental results indicated that satisfactory isolation was
only achieved around the central frequency, whereas isolation
was unsatisfactory at the edge of the passband. Although
the integrated diplexer-PD in [22] is advantageous because
of its compact size, using multimode resonators increases
design complexity. Moreover, such a circuit structure requires
four via holes for practical implementation, thus increasing
fabrication complexity.

IV. CONCLUSION

In this study, a microstrip diplexer-integrated filtering PD was
developed. This multifunctional diplexer can replace several
cascaded circuits to reduce power loss and circuit area. The
design was successfully validated through an EM simulation
and measured results. The proposed multifunctional diplexer
is advantageous for practical applications in modern commu-
nication systems because of its simple layout, compact size,
low loss, and high isolation.
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