This article has been accepted for publication in IEEE Access. This is the author's version which has not been fully edited and
content may change prior to final publication. Citation information: DOI 10.1109/ACCESS.2023.3299176

IEEE Access

Muktidisciplinary : Rapid Review : Open Access Journal

Date of publication xxxx 00, 0000, date of current version xxxx 00, 0000.

Digital Object Identifier 10.1109/ACCESS.2017.Doi Number

A High-Performance Microstrip Triplexer with
Compact Size, Flat Channels and Low Losses
for 5G Applications

Leila Nouri !, Farid Zubir 2, Salah I. Yahya ** Abbas Rezaei °, Fawwaz Hazzazi ¢, Muhammad Akmal
Chaudhary 7, Maher Assaad 7, Zubaida Yusoff & B.N. Nhu ?

L Institute of Research and Development, School of Engineering & Technology, Duy Tan University, Da Nang, Vietnam

2 Wireless Communication Centre, Faculty of Electrical Engineering, Universiti Teknologi Malaysia, 81310 Johor Bahru, Johor, Malaysia

3 Department of Communication and Computer Engineering, Cihan University-Erbil, Erbil, Irag

4 Department of Software Engineering, Faculty of Engineering, Koya University, Koya KOY45, Iraq

5 Department of Electrical Engineering, Kermanshah University of Technology, Kermanshah, Iran.

6 Department of Electrical Engineering, College of Engineering in Al-Kharj, Prince Sattam bin Abdulaziz University, AlKharj 11492, Saudi Arabia

7 Department of Electrical and Computer Engineering, College of Engineering and Information Technology, Ajman University, United Arab Emirates
8 Faculty of Engineering, Multimedia University, Persiaran Multimedia, Cyberjaya, 63100 Selangor, Malaysia

Corresponding authors: Leila Nouri (leilanouri@duytan.edu.vn), Farid Zubir (faridzubir@utm.my), Zubaida Yusoff (zubaida@ mmu.edu.my)

This work was funded by the Higher Institution Centre of Excellence (HICOE), Ministry of Higher Education Malaysia through Wireless
Communication Centre (WCC), Universiti Teknologi Malaysia, VVot. No. R.J090301.7823.4J610.

ABSTRACT A new microstrip triplexer with a compact size of 0.007 Ag? is proposed in this work, where
designing a microstrip triplexer with a size less than 0.01 A¢? 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 1%, 29, 3 and 4"
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 Miicrostrip, Compact, Triplexer, Harmonic, 5G, Group delay.

I. INTRODUCTION resonators (SIR) [6], determination of lumped element values
for a proposed microstrip structure [7], presentation of
coupling matrices [8], calculation 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), 3.43 GHz and 3.1 GHz
(IEEE802.16 WIMAX). 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 reference
[15], microstrip coupled hairpin resonators are used to design

High-performance microstrip filtering devices such as
couplers, diplexers and triplexers have been extensively
applied in wireless RF communication applications [1-8]. In
references [8-24], various types of microstrip planar
resonators and triplexers are reported and all of them occupy
large implementation areas greater than 0.01As% Coupled
open-loops [8-9], coupled 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 techniques have been employed
in the design of microstrip triplexers such as: even and odd
mode analysis [5], mathematical analysis of step impedance
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atriplexer in [19]. But this microstrip triplexer occupies a very
large implementation area of 0.119 Ag% Another common
problem of the proposed triplexers in [18-21] 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 that most 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
introducing 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
designing 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.

Il. 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 I, and I, are
replaced by the inductors L, and L, respectively. Also, the
impedance of the shunt stub is shown by Zs.

I{I

Shunt Stuby

ly

Apprn\muud |
j H

AC Circuit

Output /,

Simplified
LC Circuit = = —

FIGURE 1. Proposed new resonator with its approximated LC circuits.
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In the simplified LC circuit, the impedances Z, and Zy are
given by:

2 =Job, +-
joCq @

Z,=jolL, +

(0]

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

1
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By substituting (1) in (2), the following equations can be
obtained:
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If we select the shunt stub as a low-impedance section, then:
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As mentioned before, C is a small capacitor in the fF range.
On the other hand, o 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:
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By applying the above approximations and also by using (4)
and (5), (3) can be summarized as follows:
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Using the ABCD parameters, we can extract the scattering
parameter Sy; as follows [24]:

2CZ,
1, 2L, b, LLeo Z
Zo Zy(oly — ! ) i_a’zl—b
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jol, +— )
* " jaC, oCo’  Co

()

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, 1S 1 should
be near 1. Therefore, the real and imaginary parts of the
denominator of Sy should be zero. Accordingly, we can
extract the conditions to have a low insertion loss as follows:
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Therefore, at the angular resonance frequencies 1 and ©y2,
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
inductors L, and Ly,. Subsequently, reducing these inductors
makes the physical length of the transmission line (I, and/or
l,) 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
®r1 or M2 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:
2

L L#2C ) Lol z2c, v 22C,L, <0

(2L, +L)Co  LCo(L,+Ly)
)

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 « L, +22C,
(2L, +L,)Co  LCo(L, +Ly)
(10)
According to the last equation, a high degree of freedom
exists for shifting the harmonics to high frequencies.
Therefore, our resonator is suitable to design of a triplexer.
However, 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, & = 2.22 and 0.0009 loss tangent is used to
simulate 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 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
15.5mmx12.3mm = 0.094Agx 0.074%y. We calculated Aq (the
guided wavelength) at 1.4 GHz.

> L,L, +2L,Z2Co +Z2Co L, )0
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To optimize the triplexer structure, we changed the
significant lengths and widths presented in Fig.3 (I, Iz, I3, wi,
wo and ws). 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.
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FIGURE 2. Proposed BPFs: layouts and frequency responses (Unit: mm
and all the thinnest lines have widths of 0.1 mm).
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Port2

Portl

I Port3
FIGURE 3. The layout of the proposed triplexer (unit: mm).

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 (I 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.

Simulating Port 2 at 2.95 GHz Simulating Port 3 at 1.4 GHz

|| .
0A/m

Simulating Port4 at4.4 GHz

7 A/m

|| .
0 A/m

el
7 A/m
FIGURE 4. Current density distribution of the designed triplexer.
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Fig.5 shows the frequency responses as function of the

o

physical dimensions (w1, Wa, |1, I, ws and I3). The results
show that the middle, lower and upper channels are -10[
significantly affected by the lengths Iy, I, and I3 respectively. @ g
By decreasing the length I, the middle channel will be E—
broken. Reducing I, increases the level of harmonics. This is @ -30
because, to remove the harmonic the length of the coupled g 40/ -~ \
lines must be increased. This issue is already proved S —S;p ,=3.7mm
theoretically and also confirmed in (10). Changing the a. 50 —S5,,, ,)=3.7mm
. (]
widths has less effect on the frequency response than 60 8,4 1,=5mm
changing the lengths. This issue is verified by the current S,q 1,=8mm
density distribution curves. Increasing wi and w, moves the -70 1 : s n - s 7
2 and 1% channels to the left, which can help in Frequency (GH";)
miniaturization. However, increasing Is improves the 0.
selectivity of the last channel. /\
Fig.6 illustrates Si; as functions of these significant physical Bk b
dimensions. The results show that decreasing I, and I, leads o a3
. . . . ° ;—531,w3-1.2mm
to an increase in the return loss. Meanwhile, decreasing w; etk B oo
improves return loss in the last channel which is due to g | _s“' 3:0'1
having a positive loading effect of the BPFs. Increasing I3, R s A e
destroys Si: in the last band. As can be seen, 13=3.7 mm is P e i
the best choice to improve the return loss. 3
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dimensions.
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FIGURE 6. S11 as functions of the significant physical dimensions.

IIl. RESULTS AND DISCUSSIONS

We simulated and measured the designed microstrip
triplexer using the EM simulator of ADS software and an
HP8757A 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, &=2.22 and tan(3)=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 simulations are
smaller than the measurements. As can be seen, the channels
are wide and flat, where the fractional bandwidths (FBW%)
of the 1%, 2" and 3™ 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 1% to 4™ harmonics are suppressed. Fig.8
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presents the obtained measured and simulated isolation
between the output ports. The maximum levels of Sps, Soa
and Sg4 are below -19 dB.

0 - AR
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w 4 e T
@ vy d W
E -40 1 Y q‘w
[ui 1
2 521 N
; 4
9 got '
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— — — Measurement S’
31
_58 L L L L L L
1 12 23 34 45 56 67 7.7
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FIGURE 7. Transition parameters (simulated and measured).
0
Simulation
— — — Measurement

S-parameters (dB)

112 23 34 45 586 67 77
Frequency (GHz)

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

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 1% to 3 bands respectively. As shown
in Table 1, our triplexer occupies the minimum area (0.007
A¢%) while we could not find a triplexer smaller than 0.01 A¢.
Meanwhile, the best values of insertion loss (at all channels)
and return loss (at the 2" and 3™ channels) and the widest
FBW (at the 1% and 2" channels) are obtained in this work.
Another significant parameter in designing microstrip
filtering devices is group delay, which is a type of distortion.
It can change the shape of signals. Hence having a flat
filtering passband with low group delay is an advantage.
Despite this fact, most of the previous triplexers didn’t pay
attention to this issue. Because designing a triplexer is harder
than diplexers and filters. The group delays of Sz, Sz and
Ss1 in their corresponding passbands are shown in Fig.9. As
can be seen, the maximum 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.
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TABLE |
COMPARISON IN TERMS OF RESONANCE FREQUENCIES (Fgs,
Fro, Frs), INSERTION LOSSES (IL4, IL,, IL3), RETURN LOSSES (RL;,
RL,, RL3), FRACTIONAL BANDWIDTHS (A1, Az, As) AND SIZES (*:
APPROXIMATED VALUES).

ILy, RLi,
fr, fro, fra 1L2, RL2, Size
Refs (GH2) ILs RLs A1, A2, A3 05)
(dB) (dB)
) 0.19, 49%,
P : 0.19 7.2%
32,37, 2.7, 16,16,  6.5%, 7%,
5] 44 2518 16 8% 0.048
4.96%,
6] 1'41' ;'7' s 2'43; 6 457%, 0358
: 4 &k 4.82%
14.4%,
1 1.22, }1.8, . é.sl, , 11.(13,014, 14%, 0055
: o 13.6%
3.3
. 2.2 Better
[8] 3.89, : 0.275
456 2.3,2.3 than 14
0.9, 0.37, 11.8,
[9] 2.45, 0.68, 21.3, 0.088
5.35 0.4 138
49, 3.3%,
pop Y57 ss 29%, 0132
: 5.95 3.6%
0.86%
1.88 1.3 22,25 *
[11] ' X e 1.4%, 0.1*
21,26 23,32 21 0.96%
9.5%
1,1.25 2.7 Better !
12 0 S, : 4.2%, 0.064
[12] 15 1.8,3.2 than 16 45%
0.72
2.67 " 245,24
[13] ' 0.63, fand 0.137
31,343 % 24.7
5.29%,
[14] 1'43; %'8' 0'11' 2, 25é§o, 2.8%, 0.014
: 9.4%
1.97, 7.44%,
[15] 1'84'2'2' 1.99, 2‘2522' 7.45%,  0.177
: 2.3 6.2%
24,35, 0.9, 6%, 4.5%,
(16] 5.8 1.1,1.3 3.6% )
1.75, 5.7%,
[17] 2.35, 1 1'31' ; 20555' 8.5%, 0.027
3.68 e 6.8%
1.45
: 3.6, 15,20, 6%, 6%,
18] 221755 43,48 15 4% iz
242
24,35, ' Better 3%, 7%,
(19] 5.2 11%% than 15 3% 0.164
0.78, 5.2,
[20] 2'33; 2'2' 1.1, 19'2'810' 5.59%, 0.095
: 0.62 1.6%
2.05, 1.5, Better  4.8%, 4%,
(21] 245,35 18,15 than13 5.7% 0.346

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,
compared 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

9
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microstrip structure to obtain the proposed triplexer. Also, we
used a 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.

0.7
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FIGURE 9. Simulated (solid lines) and measured (dashed lines) group
delays of all channels.
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TABLE Il
COMPARISON IN TERMS OF GROUP DELAY'S (GDS), TYPE AND
THE NUMBER OF CHANNELS (NC).

Refs NC Type Maximum GDs (ns)

This work 3 Triplexer 0.65, 0.95,1.18
[25] 2 Diplexer 09,11
[26] 4 Diplexer 2.76,3.31,0.91, 2.15
[27] 3 BPF Better than 8ns at all channels
[28] 2 Diplexer 3,3.14
[29] 3 BPF 3.67,1.47,0.83
[30] 2 Diplexer 3.15,2.98
[31] 8 Triplexer 15,6,4.4
[32] 3 Triplexer 3,3.1,29

[1U_]IIII;H|I|I|II!IIII|||I‘HIUHTMu|n

B 4 < 6

7 i gl

FIGURE 10. Fabricated triplexer.

IV. CONCLUSION

In this paper, a microstrip triplexer with a very compact size
of 0.007)¢?, flat channels, low group delays, low insertion
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 1% and 2" channels have the fractional
bandwidths (FBW%) 49% and 34%, respectively. The
proposed resonator is analyzed based on calculating the
ABCD matrix and extracting S,;. 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 2" and
31 channels.
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