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ABSTRACT Diplexers and triplexers are widely used in communication systems for separating frequency
bands in different channels. Design issues related to preventing additional matching circuits, integrating
two or three band input resonators into one-band resonator size, systematically designing each band external
quality factor (QL), and avoiding loading effects are often encountered. To overcome these bottlenecks,
stub-loaded resonators that feature in various negligible band loading effects are used to design proposed
diplexers and triplexers. In particular, the stub-loaded resonator (SLR), used in the proposed triplexers and
costing only one-band resonator size, achieves a negligible loading effect systematic procedure for designing
the three bands required as external quality factors and resonant frequencies. Each SLR of the triplexers uses
an integrated matching circuit in the resonator instead of an additional matching circuit outside the resonator.
To our knowledge, a tapped-line feed resonator that can independently design three band external quality
factors (QLs) and meet matching requirements by using one-band resonator size has not been reported thus
far. All the currently proposed circuits have been verified and fabricated on RO4003C substrates.

INDEX TERMS Diplexer, external quality factor, loading effect, matching, quarter wavelength, resonator,
stub-loaded, triplexer.

I. INTRODUCTION
Diplexers [1]–[15] and triplexers or multiplexers [3], [5],
[16]–[30] are used for splitting multifrequency band signals
to different channels. In [1]–[14], the diplexers are bandpass
responses for their transmission channels. To separate inter-
mediate frequency and local oscillator signals, [15] proposed
lowpass-bandpass diplexer. Moreover, [1] and [4]–[11] have
proposed compact diplexers; [2]–[7], [12], and [14] have
proposed them for high selectivity and effective isolation.
However, a matching circuit may be a difficult design when
the channel number of a multiplexer is>2. For instance, each
channel matching line of the triplexer [28] requires meet-
ing two frequency open conditions simultaneously, which
may be time-consuming process. Although studies such as
[16], [20], [27], and [31] have proposed systematic match-
ing designs, the matching circuits are needed outside the
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filters and typically cost additional lumped elements or large
transmission line circuit sizes. Diplexer, triplexers, and mul-
tiplexers can avoid additional matching circuits outside the
filters [9], [13], [18], [19], [21], [24]. However, they likely
resolve the problem of external quality factor (QL) realization
because the distance between resonator and distributed-feed
line is typically restricted by process limitations, particularly
for high dielectric constants and thin substrates. Moreover,
the length of the distributed-feed line is generally long when
the number of circuit channels is high and results in a large
size; each input resonator must be carefully selected with
coupled locations with distributed-feed lines because they
are unsuitable for designing the required QL universally
(e.g., [18]). In general, a diplexer, triplexer, or multiplexer
using distributed-feed line structure is suitable for realizing
narrowband filter responses because the distance between
each resonator and feeding line is restricted.

In diplexers and triplexers or multiplexers, matching cir-
cuits can provide independently simple design for each
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channel filter response. In general, a matching circuit is
not difficult in non-wideband diplexer design because each
channel only needs one open narrowband condition to be
easily met using two additional matching lines outside the
filters (e.g., [1]–[3], [5], [7], [12]). To avoid using additional
matching circuits outside the filters, common resonators have
been proposed [6] and [8]. However, each band QL cannot
be designed independently, resulting in increasing difficulty
for designing each band response. For instance, in [6] two-
band QLs are determined simultaneously when one tap point
of the common resonator is selected. [14] successfully pro-
posed diplexers without extra matching circuits and two band
responses could be independently designed. However, there
were no shared circuits for two band filters whichmight affect
the circuit integrations.

A branch-line resonator (BLR) with independent design
for two-band external quality factors was first proposed for
dual-band filters in [32], and then a similar structure was
reported in [33], with one segment of the transmission line
removed from the resonator structure in [32]. The BLR of in
[32] or [33] can also be used as the first shared resonator of a
diplexer that can independently design each bandQL without
additional matching circuits outside the filters. In [32] or [33],
the BLR needed two λ/4 transmission lines in the matching
circuits, but occasionally, integrating two λ/4 transmission
lines into the BLR may be difficult. To resolve this problem,
this study used only one λ/4 matching line integrated in a
resonator to form the proposed stub-loaded resonator SLR D.
An independent design for dual-band QLs was achieved.
By using the proposed SLR D, two diplexers were pro-
posed. Compared with the diplexer [12] that used stub-loaded
resonators, each of the proposed diplexers did not require
matching lines outside the filters without loading effects for
each operating band circuit. The first two-band resonators in
each presented diplexer integrated to form one stub-loaded
resonator, i.e., each of the proposed diplexers saved one
resonator near the input port.

By integrating two λ/4matching lines in a resonator, a stub-
loaded resonator SLR T was proposed as a systematic design
for two triplexers without loading effects. Compared with
the triplexers [16], the proposed triplexers without additional
matching circuits outside the filters can have independent
QL designs for each filter. Furthermore, the proposed SLR T
integrates three band resonators into one-band resonator size.
Although the triplexer of [8] did not require matching circuits
outside the filters and used common resonators to achieve
compact purpose, no independent design for each band QL
near the input port resonator, which provides a simple design
for each band response, can be obtained.

II. DISCUSSION OF CONVENTIONAL AND PROPOSED
DIPLEXERS
Fig. 1(a) illustrates a conventional diplexer by using two
tapped-line feed third-order filters [35]. Two matching lines
X(D)
M1 and X(D)

M2 are added outside two-band third-order fil-
ters BPF AD and BPF BD to prevent a loading effect.

FIGURE 1. Using tapped-line feed third-order filters for (a) conventional
and (b) proposed diplexers.

The proposed diplexer illustrated in Fig. 1(b) includes two
third-order filters BPFADK and BPFBDK, the center frequen-
cies of which are f1 and f2, respectively. Resonator R

(Dk)
11 is

part of resonator R(Dk)
21 at the input port; the external quality

factor and resonance frequency of each band resonator can
be systematically designed using integrated matching lines.
Compared with a conventional diplexer (Fig. 1(a)), the pro-
posed diplexer of Fig. 1(b) uses only one resonator (resonator
R(Dk)
21 )-sized circuit to replace the similar role played byX(D)

M1,

X(D)
M2, resonator R

(D)
11 , and resonator R(D)

21 .

III. DESIGN OF THE PROPOSED DIPLEXER RESONATOR
The proposed stub-loaded resonator SLR D consists of four
transmission lines X(D)

T1 , X
(D)
T2 , X

(D)
T3 , and X(D)

T4 , with a load
impedance Z (D)

S/O at the right end of X(D)
T4 , as shown in Fig. 2,

wherein Z (D)
S/O can be designed as an open or short circuit,

making the SLR D similar to the stub-loaded resonator in
[12] or the net-type resonator in [34].

The proposed SLR D is operated to resonate at two desired
frequencies f1 and f2. The first three transmission lines X(D)

T1 ,
X(D)
T2 , and X(D)

T3 are enclosed in the blue line form of the
first resonator, R(D1)

1 , which resonates at f1, and all the
transmission lines X(D)

T1 , X
(D)
T2 , X

(D)
T3 , and X(D)

T4 with Z (D)
S/O are

enclosed in the red line form of the other resonator, R(D2)
1 ,

which resonates at f2, wherein θ
(D)
Ti and Z (D)

Ti = 1/Y (D)
Ti ,

i = 1, 2, 3, or 4, represent electrical length and character-
istic impedance, respectively. Because the length of X(D)

T3 is
designed to be equal to λ/4 at f1, Point BD is a short circuit,
causing the admittance Y (D)

in2 of f1 to approach no loading
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FIGURE 2. Proposed SLR D structure.

effect for R(D1)
1 . The total lengths of X(D)

T1 , X
(D)
T2 , and X(D)

T3
are λ/2 of f1, and the characteristic impedance of X(D)

T1 equals
that of X(D)

T2 (i.e., R
(D1)
1 composed of X(D)

T1 , X
(D)
T2 , and X(D)

T3 is
a λ/2 resonator at f1). The QL of R(D1)

1 can be designed by
adjusting the length ratio of θ (D)T1 and θ (D)T2 , such as by using
the tapped-line feed coupled-resonator filter [35].

The resonant frequency and QL of a resonator can be
determined by the following equations [36]

Yin = 0 (1)

QL = RL
ω0

2
dB
dω
|ω=ω0 (2)

where Yin is the input admittance; RL = 50� that equals
system impedance is the input impedance from resonator to
input port load; ω and ω0 are the angular frequency variable
and resonant angular frequency, respectively; and B is the
imaginary part of Yin.

Resonant condition of R(D2)
1 at f2 can be obtained by sub-

stituting the input admittance Y (D)
in1 into (1). When the filter

response specification at f2 is determined, the required QL
of (2) is obtained. Equations (1) and (2) include eight design
parameters of R(D2)

1 , which are θ (D)Ti and Z (D)
Ti , i = 1 − 4.

θ
(D)
Ti and Z (D)

Ti , i = 1− 3, are fixed and well-known when the
design of resonator R(D1)

1 at f1 is determined. The remaining
two parameters θ (D)T4 and Z (D)

T4 can be solved using (1) and (2).
Furthermore, the resonant frequency and external quality
factor of R(D1)

1 can also be designed using (1) and (2).
Based on the proposed SLR D design, each QL of res-

onators R(D1)
1 and R(D2)

1 can be systematically and separately
designed.

The SLR D with Z (D)
S/O = ∞� and Z (D)

S/O = 0� can be used
for designing the input resonators of Diplexer A and Diplexer
B, respectively. The detailed equations of input admittance
and external quality factor using (1) and (2) are shown as
follows:

Y (D)
in1

= j

(
Y (D)
T1 tanθ

(D)
T1 + Y

(D)
T2 cotθ

(D)
T2

TABLE 1. Input circuit comparisons between proposed diplexers and
previous diplexers/dual-band filters.

×
Y (D)
T2 tanθ

(D)
T2 cotθ

(D)
T3 + Y

(D)
T3 + a0cotθ

(D)
T3

Y (D)
T2 cotθ

(D)
T2 cotθ

(D)
T3 − Y

(D)
T3 − a0cotθ

(D)
T3

)
= 0 (3)

Q(D)
L |f=f 2

= 25[a1−
Y (D)T2 cotθ (D)T2 (a2+a3+a4) (−a6−a7+a8−a9)

(−a2−a4+a5)2

+
Y (D)T2 cotθ (D)T2 (−a8 + a9 + a10 − a11)

(−a2 − a4 + a5)

−
θ
(D)
T2 Y

(D)
T2 csc2θ (D)T2 (a2 + a3 + a4)

(−a2 − a4 + a5)
] (4)

where

a0 =

{
Y (D)
T4 tanθ

(D)
T4 , Z (D)S/O = ∞�

−Y (D)
T4 cotθ

(D)
T4 , Z (D)

S/O = 0�
(5a)

a1 = θ
(D)
T1 Y

(D)
T1 sec

2θ
(D)
T1 (5b)

a2 =

{
Y (D)
T4 cotθ

(D)
T3 tanθ

(D)
T4 , Z (D)S/O = ∞�

−Y (D)
T4 cotθ

(D)
T3 cotθ

(D)
T4 , Z (D)

S/O = 0�
(5c)

a3 = Y (D)
T2 tanθ

(D)
T2 cotθ

(D)
T3 (5d)

a4 = Y (D)
T3 (5e)

a5 = Y (D)
T2 cotθ

(D)
T2 cotθ

(D)
T3 (5f)

a6 = θ
(D)
T3 Y

(D)
T2 cotθ

(D)
T2 csc2θ (D)T3 (5g)

a7 = θ
(D)
T2 Y

(D)
T2 csc2θ (D)T2 cotθ (D)T3 (5h)

a8 =

{
θ
(D)
T3 Y

(D)
T4 csc2θ (D)T3 tanθ (D)T4 , Z (D)S/O = ∞�

−θ
(D)
T3 Y

(D)
T4 csc2θ (D)T3 cotθ (D)T4 , Z (D)

S/O = 0�
(5i)

a9 =

{
θ
(D)
T4 Y

(D)
T4 cotθ (D)T3 sec2θ (D)T4 , Z (D)S/O = ∞�

θ
(D)
T4 Y

(D)
T4 cotθ (D)T3 csc2θ (D)T4 , Z (D)

S/O = 0�
(5j)

a10 = θ
(D)
T2 Y

(D)
T2 sec2θ (D)T2 cotθ (D)T3 (5k)

a11 = θ
(D)
T3 Y

(D)
T2 tanθ

(D)
T2 csc

2θ
(D)
T3 . (5l)

Table 1 lists input circuit comparisons between proposed
diplexers and previous diplexers/dual-band filters.

IV. DESIGN OF THE PROPOSED DIPLEXER
Fig. 3 demonstrates the proposed diplexer structure, which
has a third-order response in each transmission band, and the
design procedure described as follows.
Step ID: The input resonator can follow the aforemen-

tioned SLR D in Section III to design two-band resonance
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TABLE 2. Design parameters of Diplexer A (DA) and Diplexer B (DB).

FIGURE 3. Proposed diplexer structure.

frequencies and external quality factors Q(D1)
L (for R(D1)

1 ) and
Q(D2)
L (for R(D2)

1 ) based on the desired specification. The
matching line X(D)

T3 is one part of the SLR D and is equal to
λ/4 at f1. Thus, the loading effect of X

(D)
T4 with Z (D)

S/O to R(D1)
1 at

f1 can be avoided without adding additional matching circuit.
Step IID: Each band coupling coefficients are obtained

using the tapped-line feed coupled-resonator filter [35]
design. In Fig. 3, M (D1)

ij represents the coupling coefficient

between resonators R(D1)
i and R(D1)

j at f1; and M
(D2)
ij repre-

sents the coupling coefficient between resonators R(D2)
i and

R(D2)
j at f2. The coupling M (D1)

12 around f2 approaches zero

because resonators R(D1)
1 and R(D1)

2 do not approach their
resonant frequency f2. In other words, the loading effect of
R(D1)
1 from R(D1)

2 to the Port 2 load can be ignored around f2.
Similarly, the loading effect of R(D2)

1 fromR(D2)
2 to Port 3 load

can be ignored around f1. Therefore, R
(D1)
1 and R(D2)

1 can
design their coupling paths independently; a similar design
concept has been validated in [6], [32], and [33].

Step IIID: Output external quality factors of R(D1)
3 andR(D2)

3
are equal to Q(D1)

L and Q(D2)
L , respectively. The QLs can be

determined by the feeding point, which extraction method is
in [35].

Two operating bands of microstrip Diplexer A (Z (D)
S/O =

∞�) and Diplexer B (Z (D)
S/O = 0�) are designed with

0.1 dB equal ripple filter responses. The related design
parameters are shown in Table 2. Fig. 4 shows the layout

FIGURE 4. (a) Layout and (b) photograph of Diplexer A.

FIGURE 5. Measured and full-wave simulated results of Diplexer A.
(a) |S11|, |S21|, and |S31|, and (b) |S32|.

and photograph of microstrip Diplexer A, wherein R(D1)
2 ,

R(D1)
3 ,R(D2)

2 , and R(D2)
3 use λ/2 uniform impedance resonators

(UIRs). The RO4003C substrate parameters are used for all
the proposed circuits. Dielectric constant, loss tangent, and
thickness of the substrate are 3.65, 0.065, and 0.508 mm,
respectively. Fig. 5 illustrates the measured and full-wave
simulated results. For BPF ADK, the measured minimal
insertion loss (−20log|S21|), 3-dB bandwidth, and center
frequency are approximately 1.84 dB, 7.3%, and 2.4 GHz,
respectively. For BPF BDK, the measured minimal insertion
loss (−20log|S31|), 3-dB bandwidth, and center frequency
are approximately 1.88 dB, 6.9%, and 3.6GHz, respectively.
Measured isolation (−20log|S32|) is >42 dB between two
operating bands.

Fig. 6 demonstrates a layout and photograph of microstrip
Diplexer B (Z (D)

S/O = 0�), wherein R(D1)
2 , R(D1)

3 ,R(D2)
2 , and
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FIGURE 6. (a) Layout and (b) photograph of Diplexer B.

FIGURE 7. Measured and full-wave simulated results of Diplexer B.
(a) |S11|, |S21|, and |S31|, and (b) |S32|.

R(D2)
3 use λ/2 UIRs. Moreover, the via hole is used to imple-

ment Z (D)
S/O = 0�. Fig. 7 illustrates the measured and full-

wave simulated results. For BPF ADK, the measured minimal
insertion loss (−20log|S21|), 3-dB bandwidth, and center
frequency are approximately 1.84 dB, 7.6%, and 2.4 GHz,
respectively. For BPF BDK, the measured minimal insertion
loss (−20log|S31|), 3-dB bandwidth, and center frequency are
approximately 1.39 dB, 13.2%, and 1.995 GHz, respectively.
Measured isolation (−20log|S32|) is >38 dB between two
operating bands.

V. DISCUSSION OF CONVENTIONAL AND PROPOSED
TRIPLEXERS
Fig. 8(a) displays a conventional triplexer using three tapped-
line feed third-order filters [35]. Three matching lines X(T)

M1,

FIGURE 8. Using directed feed third-order filters for (a) conventional and
(b) proposed triplexers.

X(T)
M2, and X(T)

M3 are added outside three different band third-
order filters BPF AT, BPF BT, and BPF CT to prevent the
loading effect. However, the matching design of Fig. 8(a)
typically needs a time-consuming optimum process because
each channel circuit is required to meet one 50-� impedance
matching and two open conditions. The proposed triplexer
(Fig. 8(b)) includes three third-order filters BPF ATK, BPF
BTK and BPF CTK, whose center frequencies are f1, f2,
and f3, respectively. Resonator R

(Tk)
11 or R(Tk)

21 is one part of
resonator R(Tk)

31 at the input port. In other words, resonator
R(Tk)
31 does not need additional circuit size to design resonator

R(Tk)
11 or resonator R(Tk)

21 . The QL of each band resonator
can be designed independently by using integrated matching
lines.

VI. DESIGN OF THE PROPOSED TRIPLEXER RESONATOR
To our knowledge, a systematic matching design for a
triplexer without additional matching circuits outside the
tapped-line feed filters [35] has not been reported thus far.
The proposed stub-loaded resonator SLR T (Fig. 9) does
not cost additional matching circuits outside the filters, and
one of the three band input resonators can be shared by the
other two-band input resonators, which demonstrates a high-
integration design. The SLR T consisting of seven transmis-
sion lines X(T)

T1 , X
(T)
T2 , X

(T)
T3 , X

(T)
T4 , X

(T)
T5 , X

(T)
T6 , and X(T)

T7 with
a load impedance Z (T )

S/O at one side end of X(D)
T4 is shown

in Fig. 9, wherein Z (T )
S/O can be designed as a short or open

circuit causing SLR T to become similar to the stub-loaded
resonator in [12] or net-type resonator in [34].
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FIGURE 9. Proposed SLR T structure.

The SLR T is operated to resonate at three desired frequen-
cies f1, f2, and f3. X

(T)
T1 , X

(T)
T2 , and X(T)

T3 are enclosed in the
blue line form of the first resonator, R(T1)

1 , which resonates
at f1; X

(T)
T1 , X

(T)
T2 , X

(T)
T3 , X

(T)
T4 with Z (D)

S/O, X
(T)
T5 , and X(T)

T6 are

enclosed in the red line form of the second resonator, R(T2)
1 ,

which resonates at f2; and all of the transmission lines with
Z (D)
S/O are enclosed in the green line form of the third resonator,

R(T3)
1 , which resonates at f3, wherein θ

(T )
Ti and Z (T )

Ti = 1/Y (T )
Ti ,

i = 1 − 7, represent electrical length and characteristic
impedance, respectively.

Because the length of X(T)
T3 is designed to be equal to

λ/4 at f1, Point BT is a short circuit, causing X(T)
T4 with Z (D)

S/O,

X(T)
T5 , X

(T)
T6 , and X(T)

T7 to have no loading effect for R(T1)
1 at

f1. The total length of X(T)
T1 , X

(T)
T2 , and X(T)

T3 is λ/2 of f1, and
the characteristic impedance of X(T)

T1 equals that of X(T)
T2 (i.e.,

R(T1)
1 composed of X(T)

T1 , X
(T)
T2 , and X(T)

T3 is a λ/2 resonator at
f1). The external quality factor of R(T1)

1 can be designed by
adjusting the length ratio of θ (T )T1 and θ (T )T2 , such as tapped-line
feed coupled-resonator filter [35].

The resonant condition of R(T2)
1 at f2 can be obtained by

substituting the input admittance Y (T )
in1 into (1). When the

filter response specification at f2 is determined, the required
external quality factor of (2) is obtained. The length of X(T)

T6
is designed to be equal to λ/4 at f2. Point CT is a short
circuit, causing X(T)

T7 to have no loading effect for R(T2)
1 at f2.

Equations (1) and (2) include 12 design parameters of R(T2)
1 ,

which are θ (T )Ti and Z (T )
Ti , i = 1−6. θ (T )Ti and Z (T )

Ti , i = 1−3 are
fixed and well-known when the design of resonator R(T1)

1 at f1
has been determined. Of the remaining five parameters θ (T )T4 ,
θ
(T )
T5 ,Z

(T )
T4 , Z

(T )
T5 , and Z

(T )
T6 , three can be arbitrarily designed,

and the other two parameters can be solved using (1) and
(2). The resonant condition of R(T3)

1 at f3 can be obtained by
substituting the input admittance Y (T )

in1 into (1).When the filter
response specification at f3 is determined, the required QL

of (2) is obtained. Equations (1) and (2) include 14 design
parameters of R(T3)

1 , which are θ (T )Ti and Z (T )
Ti , i = 1 − 7.

θ
(D)
Ti and Z (T )

Ti , i = 1− 6, are fixed and well-known when the
design of resonator R(T1)

1 at f1 or R
(T2)
1 at f2 is determined. The

remaining two parameters θ (T )T7 and Z (T )
T7 can be solved by the

equations (1) and (2). Furthermore, the resonant frequency
and QL of R(T1)

1 can also be designed by (1) and (2).
Based on the proposed SLR T design, each resonant fre-

quency and QL of resonators R(T1)
1 , R(T2)

1 and R(D3)
1 can be

systematically designed.
The SLR T with Z (D)

S/O = ∞� and Z (D)
S/O = 0� are used

for designing the input resonator of Triplexer A and Triplexer
B, respectively. The detailed equations of input admittance
and external quality factor using (1) and (2) are shown as (6),
shown at the bottom of this page, where

b0 =

{
Y (T )
T4 tanθ

(T )
T4 , Z (T )S/O = ∞�

−Y (T )
T4 cotθ

(T )
T4 , Z (T )

S/O = 0�
(7a)

and

b1

=
Y (T )
T5 tanθ

(T )
T5 cotθ

(T )
T6 +Y

(T )
T6 +Y

(T )
T7 cotθ

(T )
T6 tanθ

(T )
T7

Y (T )
T5 tanθ

(T )
T5 cotθ

(T )
T6 −Y

(T )
T6 −Y

(T )
T7 cotθ

(T )
T6 tanθ

(T )
T7

. (7b)

Q(T )
L

= 25[c0 −
c1c2
c3
−
c1c4
c23

×

(
c5−c6 + c7+c8 − c9−

c10
c11
+
c12c13
c211
−c14csc2θ

(T )
T2

)
+
c4
c3
(−c5−c7−c8+c9+

c10
c11
−
c12c13
c211

+ c14sec2θ
(T )
T2 − c15)] (8)

where

c0= θ
(T )
T1 Y

(T )
T1 sec2θ (T )T1 (9a)

c1= Y
(T )
T3 + b0cotθ

(T )
T3 + b1Y

(T )
T5 cotθ (T )T3 cotθ

(T )
T5

+Y (T )T2 cotθ (T )T3 tanθ
(T )
T2 (9b)

c2= θ
(T )
T2 Y

(T )
T2 csc2θ (T )T2 (9c)

c3=−Y
(T )
T3 − b0cotθ

(T )
T3 − b1Y

(T )
T5 cotθ (T )T3 cotθ

(T )
T5

+Y (T )T2 cotθ (T )T2 cotθ
(T )
T3 (9d)

c4= Y
(T )
T2 cotθ (T )T2 (9e)

c5= b0θ
(T )
T3 csc

2θ
(T )
T3 (9f)

c6= θ
(T )
T3 Y

(T )
T2 cotθ (T )T2 csc

2θ
(T )
T3 (9g)

c7= b1θ
(T )
T3 Y

(T )
T5 cotθ (T )T5 csc

2θ
(T )
T3 (9h)

c8= b1θ
(T )
T5 Y

(T )
T5 cotθ (T )T3 csc

2θ
(T )
T3 (9i)

Y (T )
in1 = j

(
Y (T )
T1 tanθ

(T )
T1 + Y

(T )
T2 cotθ

(T )
T2

Y (T )
T2 tanθ

(T )
T2 cotθ

(T )
T3 +Y

(T )
T3 +b0cotθ

(T )
T3 +b1Y

(T )
T3 cotθ

(T )
T3 cotθ

(T )
T5

Y (T )
T2 tanθ

(T )
T2 cotθ

(T )
T3 −Y

(T )
T3 −b0cotθ

(T )
T3 −b1Y

(T )
T3 cotθ

(T )
T3 cotθ

(T )
T5

)
= 0, (6)
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TABLE 3. Input circuit comparisons between proposed and previous
triplexers.

c9=

{
θ
(T )
T4 Y

(T )
T4 cotθ (T )T3 sec

2θ
(T )
T4 for Z (T )S/O = ∞�

θ
(T )
T4 Y

(T )
T4 cotθ (T )T3 csc

2θ
(T )
T4 for Z (T )

S/O = 0�
(9j)

c10= Y
(T )
T5 cotθ (T )T3 cotθ

(T )
T5 (θ

(T )
T5 Y

(T )
T5 cotθ (T )T6 sec

2θ
(T )
T5

+ θ
(T )
T7 Y

(T )
T7 cotθ (T )T6 sec

2θ
(T )
T7 −θ

(T )
T6 Y

(T )
T5 tanθ (T )T5 csc

2θ
(T )
T6

− θ
(T )
T6 Y

(T )
T7 tanθ (T )T7 csc

2θ
(T )
T6 ) (9k)

c11=−Y
(T )
T6 + Y

(T )
T5 cotθ (T )T5 cotθ

(T )
T6 − Y

(T )
T7 cotθ (T )T6 tanθ

(T )
T7

(9l)

c12= Y
(T )
T5 cotθ (T )T3 cotθ

(T )
T5 (Y

(T )
T6 + Y

(T )
T5 cotθ (T )T5 cotθ

(T )
T6

+Y (T )T7 cotθ (T )T6 tanθ
(T )
T7 ) (9m)

c13=−θ
(T )
T5 Y

(T )
T5 cotθ (T )T6 csc

2θ
(T )
T5 − θ

(T )
T6 Y

(T )
T5 cotθ (T )T5 csc

2θ
(T )
T6

− θ
(T )
T7 Y

(T )
T7 cotθ (T )T6 sec

2θ
(T )
T7 +θ

(T )
T6 Y

(T )
T7 csc2θ (T )T6 tanθ

(T )
T7

(9n)

c14= θ
(T )
T2 Y

(T )
T2 cotθ (T )T3 (9o)

c15= θ
(T )
T3 Y

(T )
T2 tanθ (T )T2 csc

2θ
(T )
T3 . (9p)

Table 3 shows input circuit comparisons between proposed
and previous triplexers.

VII. DESIGN OF THE PROPOSED TRIPLEXERS
Fig. 10 shows the proposed triplexer structure that has a
third-order response in each transmission band and design
procedure described as follows.

Step IT: The input resonator can follow the aforemen-
tioned SLR T in Section VI to design three-band resonance
frequencies and external quality factors Q(T1)

L (for R(T1)
1 ),

Q(T2)
L (for R(T2)

1 ), and Q(T3)
L (for R(T3)

1 ) based on the desired
specification.

Step IIT: Each band coupling coefficients are obtained
using the tapped-line feed coupled-resonator filter design in
[35]. In Fig. 10, M (Tk)

ij represents the coupling coefficient

between resonators R(Tk)
i and R(Tk)

j at fk , wherein k = 1,

2, or 3. The coupling M (T1)
12 around f2 or f3 approaches zero

because resonators R(T1)
1 and R(T1)

2 do not approach their
resonant frequencies f2 or f3. In other words, the loading effect
of R(T1)

1 , from R(T1)
2 to Port 2 load, can be ignored around

f2 or f3. The loading effect of R(T2)
1 or R(T3)

1 can similarly be
ignored when it is not operated around its resonant frequency.
Therefore, R(T1)

1 , R(T2)
1 , and R(T3)

1 can design their desired

FIGURE 10. Proposed triplexer structure.

TABLE 4. Design Parameters of Triplexer A (TA) and Triplexer B (TB).

band coupling paths independently; a similar design concept
has been validated in [6], [32], or [33].

Step IIIT: Output external quality factors of R(T1)
3 , R(T2)

3 and
R(T3)
3 are equal to Q(T1)

L , Q(T2)
L , and Q(T3)

L , respectively. The
QLs can be determined by feeding point, whose extraction
method is in [35].

As a demonstration, three operating bands of microstrip
Triplexer A (Z (T )

S/O = ∞�) and Triplexer B (Z (D)
S/O = 0�) are

designedwith 0.1 dB equal ripple filter responses. The related
design parameters are illustrated in Table 4. Fig. 11 shows
the layout and photograph of Triplexer A, wherein R(T1)

2 ,
R(T1)
3 ,R(T3)

2 , and R(T3)
3 use λ/2 UIRs; R(T2)

2 and R(T2)
3 of

the stepped-impedance resonators design their spurious reso-
nances not around f3 = 3.7 GHz to prevent the loading effect
affecting the BPF CTK independent design. Fig. 12 shows
the measured and full-wave simulated results. For BPF ATK,
the measured minimal insertion loss (−20log|S21|), 3-dB
bandwidth, and center frequency are approximately 2 dB,
7.4%, and 2.384 GHz, respectively. For BPF BTK, the mea-
sured minimal insertion loss (−20log|S31|), 3-dB bandwidth,
and center frequency are approximately 1.438 dB, 11.9%, and
1.91GHz, respectively. For BPF CTK, the measured minimal
insertion loss (−20log|S41|), 3-dB bandwidth, and center
frequency are approximately 2.2 dB, 6.2%, and 3.67 GHz,
respectively. Measured isolations −20log|S32|, −20log|S42|,
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FIGURE 11. (a) Layout and (b) photograph of triplexer A.

FIGURE 12. Measured and full-wave simulated results of triplexer A.
(a) |S11|, |S21|, |S31|, and |S41|; and (b) |S32|, |S42|, and |S43|.

and −20log|S43| are >35, >38, and >28.8 dB, respectively,
between the three operating bands.

Fig. 13 presents the layout and a photograph of microstrip
Triplexer B, wherein the via hole is used to implement
Z (D)
S/O = 0�; R(T1)

2 , R(T1)
3 ,R(T2)

2 , R(T3)
3 ,R(T3)

2 , and R(T3)
3

use λ/2 UIRs. Fig. 14 shows the measured and full-wave

FIGURE 13. (a) Layout and (b) photograph of triplexer B.

FIGURE 14. Measured and full-wave simulated results of triplexer B.
(a) |S11|, |S21|, |S31|, and |S41|; and (b) |S32|, |S42|, and |S43|.

simulated results. For BPF ATK, the measured minimal inser-
tion loss (−20log|S21|), 3-dB bandwidth, and center fre-
quency are approximately 2.12 dB, 6.3%, and 2.393 GHz,
respectively. For BPF BTK, the measured minimal inser-
tion loss (−20log|S31|), 3-dB bandwidth, and center fre-
quency are approximately 1.5 dB, 10.8%, and 1.97 GHz,
respectively. For BPF CTK, the measured minimal inser-
tion loss (−20log|S41|), 3-dB bandwidth, and center fre-
quency are approximately 1.45 dB, 13%, and 1.5 GHz,
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respectively. Measured isolations −20log|S32|, −20log|S42|,
and −20log|S43| are >34, >42, and >26 dB, respectively,
between the three operating bands.

VIII. CONCLUSION
By using stub-loaded resonators with integration matching
circuits, this study presents new diplexer and triplexer designs
for effective and ease implementation on printed circuit
boards. The proposed stub-loaded resonators (SLR D and
SLR T) provide the required band matching conditions to
avoid loading effects. SLR D and SLR T can systematically
design all needed band QLs and resonance frequencies. Fur-
thermore, SLR D or SLR T only cost one-band resonator
size and use the stub-loaded resonator to form the proposed
diplexer and triplexer structures without additional matching
circuits outside the filters. Therefore, each of the proposed
circuits demonstrates high integration property. Besides, each
isolation level of all presented circuits demonstrates serious
noisy response about below than −50 dB which may be
reasonable in general measured results under this low-level
situation.
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