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ABSTRACT A new microstrip triplexer with a compact size of 0.007 λ 2
g is proposed in this work, where

designing a microstrip triplexer with a size less than 0.01 λ 2
g is a big challenge. In addition to the compact

size, it shows a high performance i.e. its channels are wide with low insertion losses. Moreover, the channels
are flat with three low group delays (GDs) of 0.65, 0.95 and 1.17 ns, while most of the previously reported
triplexers have not considered this important parameter. The proposed resonator is mathematically analyzed
to find a method to get rid of harmonics and tune the resonance frequency. Meanwhile, the 1st, 2nd, 3rd and
4th harmonics are suppressed above the first channel. The designed triplexer is suitable for 5G mid-band
applications. The proposed triplexer is exactly fabricated and then measured to confirm the designing
method and simulation results. The obtained results show that all the simulation, mathematical analysis and
experimental results are in good agreement. Therefore, the proposed triplexer can be easily used in designing
high-performance RF communication systems.

INDEX TERMS Microstrip, compact, triplexer, harmonic, 5G, group delay.

I. INTRODUCTION
High-performance microstrip filtering devices such as cou-
plers, diplexers and triplexers have been extensively applied
in wireless RF communication applications [1], [2], [3], [4],
[5], [6], [7], [8]. In [8], [9], [10], [11], [12], [13], [14],

The associate editor coordinating the review of this manuscript and

approving it for publication was Yogendra Kumar Prajapati .

[15], [16], [17], [18], [19], [20], [21], [22], [23], and [24],
various types of microstrip planar resonators and triplexers
are reported and all of them occupy large implementation
areas greater than 0.01λ 2

g . Coupled open-loops [8], [9], cou-
pled lines [10], coupled hairpin resonators [11], stub-loaded
coupled open-loops [12] and coupled U-shapes [13] are
some examples of using the coupling structure in designing
microstrip components. Also, various mathematical analysis
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techniques have been employed in the design of microstrip
triplexers such as: even and oddmode analysis [5], mathemat-
ical analysis of step impedance resonators (SIR) [6], determi-
nation of lumped element values for a proposed microstrip
structure [7], presentation of coupling matrices [8], calcu-
lation of input impedance for a three-channel filter [10]
and obtaining Z-parameters for a presented resonator [13].
In [14], a triple-mode microstrip resonator is used to design a
narrow-channel triplexer with high insertion losses. To design
of a microstrip triplexer working at 1 GHz, 1.25 GHz and
1.5 GHz, coupled hairpin resonators are integrated in [15].
The introduced triplexer in [16] works at 2.67 GHz (4G
LTE), 3.43GHz and 3.1 GHz (IEEE802.16WiMAX). In [17],
a microstrip triplexer with coupled zigzag lines is introduced
for WLAN and GSM applications. Open-loops are used
to design a microstrip diplexer and a microstrip triplexer
in [18]. Similar to [15], microstrip coupled hairpin res-
onators are used to design a triplexer in [19]. But this
microstrip triplexer occupies a very large implementation
area of 0.119 λ 2

g . Another common problem of the proposed
triplexers in [18], [19], [20], and [21] is having large insertion
losses. A microstrip channel-continuous triplexer with high
insertion losses and several transmission zeroes is presented
in [22]. Coupled loops with internal coupled lines are used
to achieve a microstrip triplexer in [23]. An important factor
of a well-designed passive filtering device is having low
group delay (GD). Because the group delay is a type of
distortion that can change the shape of a signal. Despite this
fact, none of the previous triplexers tried to decrease group
delays significantly. Therefore, as a general result it can be
said thatmost of the previous triplexers have large dimensions
and high losses. Moreover, none of the previous designs has
made any efforts to improve the group delays significantly.
Accordingly, we will try to solve these problems by introduc-
ing a new structure. Our aim is to obtain a new microstrip
triplexer with low losses, low group delays, flat channels
and a very compact size that can be easily used in design-
ing high-performance RF communication systems. We will
present a perfect mathematical design method to analyze a
new proposed resonator. This method includes calculating
the ABCD matrix and extracting the scattering parameters.
Then, three bandpass filters (BPFs) will be designed based
on the analyzed resonator. By integrating these filters, a new
microstrip triplexer for 5G mid-band applications will be
obtained.

II. DESIGN OF PROPOSED TRIPLEXER
To obtain a microstrip triplexer, we need to design a new
microstrip resonator. Our proposed resonator is a stub-loaded
line coupled to a transmission line. Fig.1 shows our resonator,
its approximated LC circuit and its simplified LC circuit. The
open ends of the coupled lines are presented by the capacitors
CO. The equivalent of the coupling effect is approximated by
a small capacitor of C, which is usually in the fF range. The
lines indicated by the lengths la and lb are replaced by the

FIGURE 1. Proposed new resonator with its approximated LC circuits.

FIGURE 2. Proposed BPFs: layouts and frequency responses (Unit: mm
and all the thinnest lines have widths of 0.1 mm).

inductors La and Lb respectively. Also, the impedance of the
shunt stub is shown by ZS.

In the simplified LC circuit, the impedances Za and Zb are
given by:

Za = jωLa +
1

jωCO

Zb = jωLb +
1

jωCO
(1)
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FIGURE 3. The layout of the proposed triplexer (unit: mm).

The ABCD matrix from the input port to the output port (T)
can be written as:

T =

[
A B
C D

]
=

[
1 jωLa
0 1

]
×

[
1 0
1
Zb

1

]
×

[
1 1

jωC
0 1

]
×

[
1 0

1
ZS

+
1
Za

1

]
×

[
1 jωLb
0 1

]
→

A = 1 +
jωLa
Zb

+ (
1
jωC

+
La
CZb

+ jωLa)(
1
ZS

+
1
Za

)

B =
1
jωC

+
La
CZb

+ jωLa + jωLb[1 +
jωLa
Zb

+ (
1
jωC

+
La
CZb

+ jωLa)(
1
ZS

+
1
Za

)]

C =
1
Zb

+
1
ZS

+
1
Za

+
1

jωCZbZS
+

1
jωCZbZa

D = jωLb[
1
Zb

+ (1 +
1

jωCZb
)(

1
ZS

+
1
Za

)] + (1 +
1

jωCZb
)

(2)

FIGURE 4. Current density distribution of the designed triplexer.

By substituting (1) in (2), the following equations can be
obtained:

A = 1 +
jωLa

jωLb +
1

jωCO

+ (
1
jωC

+
La

C(jωLb +
1

jωCO
)

+ jωLa)

× (
1
ZS

+
1

jωLa +
1

jωCO

)

B =
1
jωC

+
La

C(jωLb +
1

jωCO
)

+ jωLa

+ jωLb[1 +
jωLa

jωLb +
1

jωCO

+ (
1
jωC

+
La

C(jωLb +
1

jωCO
)

+ jωLa)(
1
ZS

+
1

jωLa +
1

jωCO

)]

C =
1

jωLb +
1

jωCO

+
1
ZS

+
1

jωLa +
1

jωCO

+
1

jωC(jωLb +
1

jωCO
)ZS

+
1

jωC(jωLb +
1

jωCO
)(jωLa +

1
jωCO

)

D = jωLb[
1

jωLb +
1

jωCO

+ (1 +
1

jωC(jωLb +
1

jωCO
)
)

× (
1
ZS

+
1

jωLa +
1

jωCO

)]
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+ 1 +
1

jωC(jωLb +
1

jωCO
)

(3)

If we select the shunt stub as a low-impedance section, then:

1
ZS

+
1

jωLa +
1

jωCO

≈
1
ZS

1
ZS

+
1

jωLa +
1

jωCO

≈
1
ZS

1

jωLb +
1

jωCO

+
1
ZS

+
1

jωLa +
1

jωCO

≈
1
ZS

(4)

As mentioned before, C is a small capacitor in the fF range.
On the other hand, ω is our predetermined angular frequency
which is in the GHz range. For achieving this frequency,
we have to choose the values of inductors in the nH range.
Therefore, we can use other approximations as follows:

1
jωC

+
La

C(jωLb +
1

jωCO
)

+ jωLa

≈
1
jωC

+
La

C(jωLb +
1

jωCO
)

=
1
jωC

(1 +
La

Lb −
1

ω2CO

)

×
1

jωC(jωLb +
1

jωCO
)ZS

⟩⟩
1

jωC(jωLb +
1

jωCO
)(jωLa +

1
jωCO

)

+
1

jωLb +
1

jωCO

+
1
ZS

+
1

jωLa +
1

jωCO

(5)

By applying the above approximations and also by using (4)
and (5), (3) can be summarized as follows:

A ≈
1

jωCZS
+

La
CZS (jωLb +

1
jωCO

)

B ≈
Lb
CZS

+
LaLbω

CZS (ωLb −
1

ωCO
)

C ≈
1

jωC(jωLb +
1

jωCO
)ZS

D ≈
Lb

CZS (jωLb +
1

jωCO
)

(6)

Using the ABCD parameters, we can extract the scattering
parameter S21 as follows [24]:

S21 =
2CZS

1
jω +

2La
(jωLb+ 1

jωCO
)
+

Lb
Z0

+
LaLbω

Z0(ωLb− 1
ωCO

)
+

Z0
1
CO

−ω2Lb

(7)

As mentioned before, ZS should have a low impedance and
C has a very small value. Therefore, CZS has a small value
near zero. To have a low insertion loss near zero, |S21| should

be near 1. Therefore, the real and imaginary parts of the
denominator of S21 should be zero. Accordingly, we can
extract the conditions to have a low insertion loss as follows:

1
jω

+
2La

(jωLb +
1

jωCO
)

≈ 0 → ωr1

≈
1

√
(2La + Lb)CO

Lb
Z0

+
LaLbω

Z0(ωLb −
1

ωCO
)

+
Z0

1
CO

− ω2Lb
≈ 0 → ωr2

≈

√
Lb + Z2

0CO
LbCO(La + Lb)

(8)

Therefore, at the angular resonance frequencies ωr1 and ωr2,
the insertion losses can have the minimum values. According
to (8) and for a predetermined angular resonance frequency,
by increasing the coupling capacitor we can reduce the induc-
tors La and Lb. Subsequently, reducing these inductors makes
the physical length of the transmission line (la and/or lb)
shorter. To increase the coupling capacitor, the space between
coupled lines can be reduced. But our aim is designing a
resonator with only one resonance frequency, so ωr1 or ωr2
acts as a harmonic that must be eliminated. One way to
eliminate this harmonic is to set both angular frequencies
equal to each other. Based on this method, it can be written
that:

1
(2La + Lb)CO

=
Lb + Z2

0CO
LbCO(La + Lb)

→ LaLb

+ 2LaZ2
0CO + Z2

0COLb = 0 (9)

Due to the positive values of the inductors and capacitors,
it is impossible to reach (9). So another method to eliminate
the harmonic is putting it at high frequencies. To achieve this
goal, the following equation can be used:

1
(2La + Lb)CO

⟨⟨
Lb + Z2

0CO
LbCO(La + Lb)

→ LaLb

+ 2LaZ2
0CO + Z2

0COLb⟩⟩0 (10)

According to the last equation, a high degree of freedom
exists for shifting the harmonics to high frequencies. There-
fore, our resonator is suitable to design of a triplexer. How-
ever, at first we designed three BPFs named BPF1, BPF2 and
BPF3 using the analyzed stub-loaded coupled lines. These
filters and their frequency responses are shown in Fig.2.

Since the input port will be common in the final triplexer
layout, we didn’t change its dimensions for all of the BPFs.
The BPFs are simulated by ADS software using its EM
simulator. A Rogers RT/duroid 5880 substrate with 31 mil
thickness, εr = 2.22 and 0.0009 loss tangent is used to sim-
ulate our filters. BPF1 has a 20 dB return loss and 0.08 dB
insertion loss. It works at 2.95 GHz. The insertion loss of
BPF3 at 1.4 GHz is 0.18 dB. The proposed BPFs are designed
to be easily connected to each other. In BPF3, the length of
coupled lines is short, which leads to a high insertion loss of
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FIGURE 5. Frequency responses as functions of the significant physical dimensions.

1.8 dB at 3.85 GHz. However, after connecting to other filters
this factor can be improved.

By integrating the designed BPFs, the proposed microstrip
triplexer is obtained as presented in Fig.3. As shown
in this figure, we didn’t change the dimensions of the
designed BPFs. The size of our introduced triplexer is
15.5mm×12.3mm = 0.094λg× 0.074λg. We calculated λg
(the guided wavelength) at 1.4 GHz.

To optimize the triplexer structure, we changed the signif-
icant lengths and widths presented in Fig.3 (l1, l2, l3, w1,
w2 and w3). We selected them based on the results of the
mathematical analysis of the proposed resonator and also the
distribution of current density shown in Fig.4.

Fig.4 depicts the distribution of the current density of the
designed triplexer for simulating port 2 (at 2.95 GHz), port 3
(at 1.4 GHz) and port 4 (at 4.4 GHz). As shown in Fig.4, the
thin lines have high current densities. Therefore, tuning these
lines is significant to improve the frequency response. As can
be seen, by simulating port 2 at 2.95 GHz, the thin stub near
this port shows high current density distribution. For port 3 at
1.4 GHz, the thin line connected to this port has a high current
density. Accordingly, to improve the performance of the first
channel we can change the dimensions of this physical length
(l2 in Fig.3). For simulating port 4, the loading effects of
the other filters can be further investigated which can help
to improve the performance of the last channel.

78772 VOLUME 11, 2023
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FIGURE 6. S11 as functions of the significant physical dimensions.

Fig.5 shows the frequency responses as function of the
physical dimensions (w1, w2, l1, l2, w3 and l3). The results
show that the middle, lower and upper channels are sig-
nificantly affected by the lengths l1, l2 and l3 respectively.
By decreasing the length l1, the middle channel will be bro-
ken. Reducing l2 increases the level of harmonics. This is
because, to remove the harmonic the length of the coupled
lines must be increased. This issue is already proved the-
oretically and also confirmed in (10). Changing the widths
has less effect on the frequency response than changing
the lengths. This issue is verified by the current density
distribution curves. Increasing w1 and w2 moves the 2nd and
1st channels to the left, which can help in miniaturization.

However, increasing l3 improves the selectivity of the last
channel.

Fig.6 illustrates S11 as functions of these significant phys-
ical dimensions. The results show that decreasing l1 and l2
leads to an increase in the return loss. Meanwhile, decreasing
w2 improves return loss in the last channel which is due to
having a positive loading effect of the BPFs. Increasing l3,
destroys S11 in the last band. As can be seen, l3 = 3.7 mm is
the best choice to improve the return loss.

III. RESULTS AND DISCUSSIONS
We simulated and measured the designed microstrip triplexer
using the EM simulator of ADS software and an HP8757A
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FIGURE 7. Transition parameters (simulated and measured).

FIGURE 8. Isolations between the output ports (simulated and
measured).

network analyzer, respectively. HP8757A network analyzer
has the following features:

• Frequency ranges: 10 MHz-60 GHz
• Accurate swept power measurements (dBm)
• 40 dB directivity bridges
• Four input ports
• Four independent display channels
• Direct plotter or printer output
The substrate of the fabricated microstrip triplexer is

RT/duroid 5880 (h=0.7874 mm, εr = 2.22 and tan(δ) =

0.0009). The obtained measurement and simulation results of
the transition parameters are depicted in Fig.7. The resonance
frequencies are 1.4 GHz, 2.9 GHz and 4.4 GHz. The return
losses and insertion losses are (15 dB and 0.19 dB) for the
lower band, (25.2 dB and 0.08 dB) for the middle band and
(32 dB and 0.19 dB) for the upper band. Since there are
SMA and copper losses, the losses obtained by the simula-
tions are smaller than the measurements. As can be seen, the
channels are wide and flat, where the fractional bandwidths
(FBW%) of the 1st, 2nd and 3rd channels are 49%, 34%
and 7.2% respectively. The maximum harmonic level from
DC up to 7.7 GHz is lower than −18 dB. There are several
transition zeros at the stopband of all channels. Therefore,
after the first channel, the 1st to 4th harmonics are suppressed.
Fig.8 presents the obtained measured and simulated isolation
between the output ports. The maximum levels of S23, S24
and S34 are below −19 dB.

TABLE 1. Comparison in terms of resonance frequencies (FR1, FR2, FR3),
insertion losses (IL1, IL2, IL3), return losses (RL1, RL2, RL3), fractional
bandwidths (11, 12, 13) and sizes (∗: approximated values).

To verify the advantages of this work, we compared it with
the previous triplexers in Table 1. In this table, the indexes 1 to
3 are related to the 1st to 3rd bands respectively. As shown in
Table 1, our triplexer occupies the minimum area (0.007 λ 2

g )
while we could not find a triplexer smaller than 0.01 λ 2

g .
Meanwhile, the best values of insertion loss (at all channels)
and return loss (at the 2nd and 3rd channels) and the widest
FBW (at the 1st and 2nd channels) are obtained in this work.

Another significant parameter in designing microstrip fil-
tering devices is group delay, which is a type of distortion.
It can change the shape of signals. Hence having a flat filter-
ing passband with low group delay is an advantage. Despite
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FIGURE 9. Simulated (solid lines) and measured (dashed lines) group
delays of all channels.

this fact, most of the previous triplexers didn’t pay attention to
this issue. Because designing a triplexer is harder than diplex-
ers and filters. The group delays of S21, S31 and S41 in their
corresponding passbands are shown in Fig.9. As can be seen,
themaximum simulated group delays at the lower, middle and
upper channels are 0.62 ns, 0.93 ns and 1.15 ns respectively
which are very good values for a triplexer. Also, the measured
group delays are better than 1.2 ns at all channels.

We compared the measured group delays, types and
the number of channels of our triplexer with the previous
microstrip filtering devices in Table 2. As can be seen, com-
pared to the previous works we could reduce this parameter
significantly. Fig.10 illustrates a photograph of our triplexer.
Compared to the previous works, we could obtain a triplexer
with the most compact size, the minimum group delay and
the lowest insertion losses. We used a new basic microstrip
structure to obtain the proposed triplexer. Also, we used a

TABLE 2. Comparison in terms of group delays (GDS), type and the
number of channels (NC).

FIGURE 10. Fabricated triplexer.

new mathematical analysis to find a method to get rid of
harmonics and tune the resonance frequency. All results of the
mathematical analysis, simulation and measurement confirm
each other. The applications of the proposed triplexer may
vary depending on the region and regulatory requirements.
This triplexer can be used in the following applications:

Wi-Fi and Bluetooth, weather and military radars, some
satellite communication systems and scientific research
applications such as spectroscopy, medical imaging and
plasma physics.

IV. CONCLUSION
In this paper, a microstrip triplexer with a very compact
size of 0.007λ 2

g , flat channels, low group delays, low inser-
tion losses (0.19/0.08/0.19 dB) and suppressed harmonics
is designed, analyzed, fabricated and measured. It works at
1.4 GHz, 2.9 GHz and 4.4 GHz, which makes it suitable for
5G applications. The other advantage of this work is its wide
channels, where the 1st and 2nd channels have the fractional
bandwidths (FBW%) 49% and 34%, respectively. The pro-
posed resonator is analyzed based on calculating the ABCD
matrix and extracting S21. To improve its performance, the
designed triplexer is optimized. The comparison with the
previous designs showed that our triplexer has the lowest
insertion losses at all channels, the most compact size, the
minimum group delays and the best return losses at the 2nd

and 3rd channels.
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