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ABSTRACT This research presents a novel microstrip configuration for a lowpass-bandpass triplexer.
To design this triplexer, first a lowpass filter (LPF) with some empty spaces is designed. Then, two microstrip
sections are embedded inside the empty spaces to create bandpass (BP) channels. Therefore, this triplexer
occupies a very small size of 0.003 Ag”. A rigorous mathematical analysis and an optimization process are
conducted to enhance the triplexer performance. The proposed triplexer features a lowpass (LP) channel
cut-off frequency at 870 MHz with bandpass (BP) channels operating at 1.335 GHz and 2.055 GHz. The
achieved insertion losses are 0.2 dB, 0.09 dB, and 0.04 dB for all LP and BP channels that are remarkably
low, making our triplexer ideal for energy harvesting applications. All bands are flat with suitable group
delays (GDs). Meanwhile, the BP channels are wide with 14.1% and 25.5% fractional bandwidths (FBWs)
for the middle and upper channels respectively. Our triplexer suppresses the harmonics after the LP channel
from the 1% harmonic up to 3'harmonic. Fabrication and measurement of the proposed triplexer validate

our designing method and the simulation results.

INDEX TERMS Microstrip, triplexer, 5G, lowpass-bandpass, energy harvesting.

I. INTRODUCTION

Microstrip structures are a suitable choice for creating filters,
diplexers, triplexers and other passive filtering devices [1],
[2], [3], [4], [5], [6]. Among them, the devices with multiple
channels are less suggested. Lowpass-bandpass (LP-BP)
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filtering devices are more complex compared to bandpass
(BP) devices as they require designing both lowpass (LP) and
bandpass cells. In contrast, BP devices only need a mid-band
resonator. Consequently, microstrip LP-BP triplexers [6], [7],
[8], [9], [10] are not frequently reported in the literature.

All of the reported microstrip LP-BP triplexers in [6], [7],
[8], [9], and [10] have large sizes. The proposed triplexer
in [6] is suitable for GSM and 5G applications, which
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has low group delays (GDs) at all its bands. In [7], the
microstrip T-shape stubs are used to obtain a balun-integrated
LP-BP triplexer. In [8] coupled hairpin and coupled U-
shape cells are utilized to improve the isolation of a LP-BP
triplexer. However, this triplexer has high losses. The LP-
BP triplexer in [9], is designed based on integrating the
interdigital microstrip cells. But it has high losses at the 2™
and 3" channels. The designers in [10] could reduce the
size in comparison to the other microstrip LP-BP triplexers.
However, it seems that by using new configurations, the size
can be reduced again. Some microstrip bandpass-bandpass
(BP-BP) triplexers with large sizes are introduced in [11],
[12],[13], and [14]. Simple stub loaded coupled lines in [11],
complex microstrip meandrous lines in [12], multimode net-
type resonators in [13] and the simple open loops in [14]
have been used. All of these BP-BP triplexers have high
insertion losses while none of them could increase the
fractional bandwidth (FBW) to 10%. Four LP-BP diplexers
are achieved based on various microstrip structures in [15],
[16], [17], and [18]. Similar to most of triplexers they
have large dimensions. This is while usually a diplexer can
occupy less size than a triplexer. Some of these diplexers
and triplexers did not pay attention to improve group delay
(GD). Because designing of these filtering passive devices are
harder than common filters. On the other hand, some passive
microstrip devices in [19], [20], [21], [22], [23], and [24] tried
to improve the group delay. However, they could not achieve
the desired results.

This work aims to develop an ultra-compact LP-BP
triplexer using an innovative microstrip configuration tailored
for optimal performance in 5G applications. Key objectives
include minimizing group delay and losses while ensur-
ing efficient operation across the target frequency range.
The design process involves comprehensive mathematical
analysis to predict the behavior of a fundamental struc-
ture, facilitating streamlined optimization and dimension
determination. Following the design phase, the proposed
triplexer will undergo rigorous simulation and measurement
procedures to validate its performance. Comparative analysis
with existing literature will be conducted to highlight the
distinctive advantages of the proposed triplexer, highlighting
its potential for enhancing signal processing capabilities
in advanced communication systems. This triplexer has
practical applications in various communication systems and
RF devices where multiple frequency bands need to be
separated or combined efficiently such as cellular, Wi-Fi, and
satellite communication.

Il. DESIGN PROCESS

To achieve a LP-BP triplexer, two BPFs and one LPF filter
are needed. Traditional methods of designing diplexers and
triplexers focus on separate design of filters. Then they are
connected with a matching circuit. But we do not use this
method for our design. First, we will design a LPF, then
coupling structures will be embedded inside the LPF structure
to create intermediate bands. Fig.1(a) depicts the basic layout
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FIGURE 1. LP-BP triplexer design (a) basic semi-layout, (b) approximated
LC model.

of our LP-BP triplexer. The LP channel will be created at
port 2 (Py), where port 1 (Py) is the common port. The BP
channels will be produced through P, P3 (middle channel)
and Py, P4 (upper channel). In order to obtain the LP channel
Stubs 2, 3, 5, 6 and 7 are loaded on a long thin microstrip
transmission line (TL). The Stubs 1 and 4 are added for
improving the performance of the BP channels. However,
the loading effects of them on the LP channel cannot be
ignored. For analyzing this structure, its approximated LC
model is presented in Fig.1(b). The equivalent of the thin TLs
ire. T; (G = 1,2,..,9) are the inductors L; (i = 1,2,..,9). The
coupling effects are presented by the capacitors C. To reach
a more precise LC model of the coupled lines, the number of
capacitors should be increased and the transmission lines 2T,
and 2T4 should be divided into more and smaller inductors.
Moreover, in this approximated LC circuit we unnoticed
effects of steps and bents. Because they are less important at
lower than 10 GHz frequencies. The impedances of the Stubs
1ii=1,24,5)are Zi(i=1,2,4,5). Also, the admittances of the
Stubs 3, 6 and 7 are presented by Y3, Y46 and Y7 respectively.

For analyzing the LP section, the ports P3 and P4 are
opened as shown in Fig.2. The admittances Yg and Yog are
calculated as follows:

1
Yg=1Y3+ ; ; (1)
1 T +Jjwly
R
g _ Zatjol+ sac (@Ls + Zs) .
9 =
Za+2ols+ e +7s
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FIGURE 2. Approximated equivalent LC circuit of the LP cell, where ports
3 and 4 are open.

The target cut-off frequency, coupling capacitors and induc-
tors are usually in GHz, pF (or fF) and nH ranges,
respectively. So, we can calculate the approximated values
of Yg and Yy as follows:

1
V4 jwL —
1 +Jjwly + wC
! Y, Y; + ! 3)
N —— > Iy I3
joC T fjol
I+Z2+ij2
JjoC
Z4+ joLs + ! Z4+ !
w — = —
4+ joly wC 4 Gl 1 R
Za+2jwly + — +Zs X Zs+ —— + 75
joC joC
(Z4+ 7o) jwLs + Zs)
Yo n ——22C @)

1
Z4+jw_C+Zs

For analyzing the approximated equivalent LC circuit of the
LP cell, we can calculate the ABCD matrix of it. This matrix
named as M, and can be obtained as follows:

TA BT _[1 jols 1 0
Mlz_[ClDl]_[O 1 :|X|:Yg 1
1 jo(Ls + Lo) 1 0 1 jwLs
X[o 1 i|X|:Y9 1}([0 1
1 0 1 jwls 1 0 1 jwls
P Bl R P B P
(5)

If the impedances of Stubs 2, 4, 5, 6 and 7 are low
and the impedance of Stub 3 is high, then the admit-
tances Yg and Y9 and M, matrix will be shortened as
follows:

1
Y =~
1 .
- + joL 1
joCtas Y A — ©6)
1 1 2jwly
joC + —~ ——
JoLy  jolp
Yo & jwLy @)

1 joL 1 0 1 jo(Lsy +L
M12%|:0]w131|x|: | 1:|X[ Jo(Ly 9)]

ijLz O 1

« 1 0 « 1 jwLg « 1 0

joLg 1 0o 1 Yo 1

1 joL; 1 0 1 jowLg
Lo et e

After applying the approximation and removing small terms
M, is derived as follows:

Y |:A1 B i| - |:K0 ijl:|
12 = ~ 1
Ci1 Dy Yols K>
« 1 JjwLg
joly — 0)2L4L6
joL7Y;  — w?LyLgYs
joL1Y7Ye  — L3V}
A ~ jol7Y7 [Ko — 0’ LaK1]
— w?L7Y7YsLe (Ko — @°L4K})
B ~ —w’Ly LgY7 (Ko — @°L4K})
— 0 L3V¢ joLe (Ko — w*LaK)

o~ & vk
2L,

. L6 2
+jolY7Ye(— — 0 L4leK>?)
2L,

D) ~ —w’Ly LgY+( + jwLsK>)

2jwly
2,22, Lo 2
— 0 L7Y§(m— — w0 L4L¢K>)
2L,

Ko=1+22
0= 2L,
Ki = L3 + (Ls + Lo)Kp
Ly + Lo
K=14+——- 9
2 + L 9

In Equation (9), the constant parameters Ky, K| and K, are
the inductors ratios. To calculate the scattering parameter of
this cell, we can use M, as follows [25]:

B 2

A1+ B1/Zy + ZyCy + Dy

S$o1 (10)

Zy is the terminals impedance, which will be 502 for our
triplexer. Using S21, we can obtain the —3dB cut-off angular
frequency (wc):
—201og |S21(we)| = —3dB — [S21(wc)| = V2
— |A1 + B1/Zo + ZoC1 + Di| = V2
1D

To solve Equation (11), first the imaginary and real sections
of S»; denominator are extracted as follows:

Re{A1 + B1/Zy + ZoC1 + D1}
L7 LgY7 (Ko—w*L4K})

= —w?L7Y7YeLe (Ko— > LaK1)— %
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FIGURE 3. Approximated equivalent LC circuit of the BP cell1, where
ports 2 and 4 are open.

FIGURE 4. Approximated LC model of the BP cell2, where ports 2 and
3 are open.

L7Y;

Y 2 2,2v2, Lo 2
+50(— — L7 Y7L4Ko) — L7 Y (57— —w L4 L6 K>)
2L, 2L,

Im{A1 + B1/Zo + ZyC1 + D1}
w?L7YZ L (Ko — 0?L4K)

= wl7Y7[Ky — 0*LsaK| — ST,

4+ 50Y6(2e — W2LaLeKs) — Ly(@ LaKs — — )]
2L, 2L,
(12)

As mentioned before, we set Tg and 77 as two high
impedance lines. Accordingly, Equation (12) will be reduced
as follows:

Re{A1 + B1/Zy + ZoC1 + D1}
~ —w*(L7Y7YsLe (Ko — w’LaK)
L
+L3Y2( — 0’ LiLeK2))
2L,
Im{Ay + B1/Zy + ZoC1 + D1}
L
~ 5007 Y7 Ye(— — w?LyLeK>) (13)
2L,
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FIGURE 5. Proposed LPF (a) Layout configuration, where all thin lines
have 0.1mm widths (unit: mm), (b) frequency response.

A method to solve Equation (13), where wc is the cut-off
angular frequency is:

2 2v2, Lo 2
L7Y7YeLe (Ko — 0w LaKy) + LY (2—L2 — welsLeK?)
=0
wcl7Y7Ye(—— — wpLaLeK?)
2L,

V2
=3 ~0 (14)

In Equation (14), we set the imaginary and real sections of S

denominator equal to V2 and zero respectively. By solving
Equation (15) we can write:
KoY7 + 2—,1‘2147 Ye

wc)] = \/0.5
L4(K1Y7 + K2L7Y6)

1
N — 15
wcy X | oLk (15)

where wci1 and wcy are the cut-off frequencies. Since,
we should have only one cut-off frequency, we can use the
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FIGURE 6. Proposed LP-BP diplexer1 (a) Layout and (b) frequency
response.

following method to remove the harmonic:

KoY7Lo 4+ 0.5L7Y¢ 1
we = w, = —> = —
¢ “l © Ki1Y7 + KzL7Ys K>

Ly + Lo
2L,
(Ls + (La + Lo)(1 + 325)Y7 + (1 + B2 L6

(14 32)¥7Ls + 0.5L7 s

- 14+

(16)

Therefore, we have to tune the values of inductors and
admittances in accordance to Equation (16). Based on
Equation (16), the LP cell behavior will be determined.

An approximated equivalent LC circuit of the BP celll,
where ports 2 and 4 are open, is shown in Fig.3. When we
open Py, the inductor Lg will be opened too. As a result, L
and L, will be open circuited.

The admittance Yg is calculated and approximated in
Equation (6). The admittances Yi9 and Y;; are derived as
follows:

1
Yior — 17
10 oLy (17
1
Y~ — 18
11 oLy (18)
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FIGURE 7. Proposed LP-BP diplexer2 (a) Layout and (b) frequency
response.

In Equations (17) and (18), we applied the conditions of
having low impedances Z4 and Zs. In addition, the admittance
Ye and the impedance jwLe are high. The transfer matrix
between P and P3 can be calculated as follows:

A2 By |1 joLs 1 0
MB_[CZ D2:|_[0 1 :|X|:2jal>L2 1
1 jo(Lg + Lo) 1 0
X |:0 1 i| x |:Y10 1

1 0] 1 o 1 jo(Ls + Ls)
X|:ja)C 1]X[Y11 1]X[0 1 }
(19)

After calculations and by substituting Y19 and Y1, M3 will
be obtained (20), as shown at the bottom of the next page.
Using M13, H13(jw) (transfer function) can be calculated:

: V3 . 1
Hi3(wr1) = — — Hi3(jwp1) = — where By
Vi Ay
=0 (21)

In Equation (21), wg; is the BP celll resonance frequency.
The result of substituting A, in Equation (21) is:
1

Ko + 21% — wp, CKi

Hi3(Gwgr1) = where B =0 (22)
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FIGURE 8. Proposed LP-BP triplexer (unit: mm).

The resonance frequency of BP celll is at the point where the
size of Hj3(jw) becomes one. This condition is presented as
follows:

. 2K 2
|H1,3(/0)R1)| =1— Ko+ L_4 —wgCKi|=1—
Ko+ 28
=\ 23
WR1,1 K, (23)
B, =0—

K1+ (Ls + Ls)(Ko + T wg CK1)

=0
K
B L4+1L5 + Ko +
— WR12 = K,

In Equations (23) and (24), wg1,1 and wg; 2 are the BP celll
resonance frequencies. Because our aim is designing a single-
band BPF, one of these frequencies is harmonic and should be
removed. A method to get rid of this harmonic is:

2K,
Ly

(24)

K
= —— =0 25
ORIL = ORI 2= (25)
This condition leads to K; = 0 which is not acceptable.

Hence, we use the second method. This method is based

Simulating port2
@ 0.87 GHz

IV

4.007¢+001 db(A/m)
mEEE ¢ 2w
(a)

I — |

Simulating port3

0 db(A/m) _ 4.007e+001 db(A/m)
HEE @ 9=
(®)
Simulating port4
@ 2.05 GHz

0 db(A/m) 4.007¢+001 db(A/m)
] ]
(©)

FIGURE 9. Current density distribution simulating (a) port 2 at 0.87 GHz,
(b) port 3 at 1.33 GH, (c) port 4 at 2.05 GHz.

on moving the harmonic away from the main resonance
frequency:

)0

—
wR1,1{(wR1,2 Lot Ls

L
— Ly + (Ls + Lo)(1 + 2—22>>>L4 +Ls (26)

M3 = Ay By ~ Ko+ % N a)2CK1
C, D, jol[CKy — —
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Therefore, to get rid of this harmonic we can tune the
inductors in accordance to Equation (26). Design of BP cell 2
(as presented in Fig. 4) is similar to BP celll.

Using the analyzed basic layout and also optimization a
LPF is designed. In Figs.5(a) and 5(b) the frequency response
(simulated) and the final layout of this filter are shown. In the
design of this filter, some empty spaces are provided for
embedding BP cells. The frequency response of the LPF
shows that it has a cut-off frequency at 900 MHz with 27.7 dB
return loss and 0.1 dB insertion loss. The maximum harmonic
level up to 3.9 GHz is —17.85 dB. This filter is simulated
on an substrate (h = 0.7874 mm, tan(é) = 0.0009 and &,
2.22). This substrate is used for all simulations and the final
fabricated triplexer.

By coupling a cell inside the Empty Space 1, LP-BP
diplexerl is obtained and its layout is depicted in Fig.6(a).
The dimensions of new sections are written in mm in
Fig.6(a). The dimensions of all feeding structures are

60270

2.5mm x 2mm. Fig.6(b) shows the frequency response of
diplexerl.

The cut-off frequency of the LP channel and the center
frequency of the BP channel are 880 MHz and 1.35 GHz
respectively. At this BP channel, the insertion loss is
0.086 dB. Also, its return loss is 24.2 dB. The harmonics of
this diplexer are suppressed up to 3.85 GHz with —17.8 dB
maximum value.

By coupling another cell inside the Empty Spaces 2 and 3,
LP-BP diplexer2 is obtained. The layout of this diplexer is
presented in Fig.7(a). Similar to diplexer1, all dimensions are
according to the LPF dimensions presented in Fig.5(a). The
dimensions of new sections are written in mm, in Fig. 7(a).
The dimensions of all feeding structures connected to Py
is 2.5mm x2mm. Fig.7(b) shows the diplexer2 frequency
response. The cut-off frequency of the LP channel and
the center frequency of the BP channel are 880 MHz
and 1.95 GHz respectively. Moreover, this BP channel has

VOLUME 12, 2024
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TABLE 1. Size and performance comparisons.

Refs. Fi, F2, F3 IL1, IL2, RL1, RL2, A1%, Selectivity Size Isolation Type
(GHz) IL3(dB) RL3 (dB) A2%, A3% (Ag’/mm?) (dB)
This work | 0.87, 1.33, 0.2, 0.09, 25.6, 194, 14.1,25.5 Mediocrity | 0.0038/229.6 >19.5 LP-BP Triplexer
2.05 0.04 25.1
[6] 1.85,3.25, 0.54,0.16, 26.4,19.9, 15,83 Low 0.021/336.4 >20.5 LP-BP Triplexer
6.65 0.55 19
[7] 0.85, 1.6, 0.72, 1.66, 16, 13.2, 13.9, 12.7 Mediocrity 0.048/--- - LP-BP Triplexer
2.1 1.7 12.6
[8] 1,2.4,5.8 0.8,2.1,2.5 14.5, 12, 10,7 High ---/2940 > 40 LP-BP Triplexer
12.9
[9] 0.95, 1.58, 0.3, 1.16, 20, 16, 15.4 17, 8.1 Mediocrity | 0.018/1126.4 >32 LP-BP Triplexer
2.8 2.04
[10] 0.67,2.15, 0.55,0.17, 14.2,17.6, 15,11.97 Mediocrity 0.006/785 >20 LP-BP Triplexer
3.19 0.17 18.08
[11] 2.3,3.2, 0.78, 1.1, 19.8,10,28 | 5.2,5.5,1.6 Low 0.095/916 >11.4 BP Triplexer
3.6 0.62
[12] 2.67,3.1, 0.72, 0.63, 24.5, 24, 52,2.8,9.4 | Mediocrity | 0.137/997.7 >16 BP Triplexer
343 0.71 24.7
[13] 1,1.25, 2.7,1.8,3.2 Better than 9.5424.5 High 0.064/2513.7 > 30 BP Triplexer
1.5 16
[14] 1.8,3.2, 1.97,1.99, 24,22,25 7.4,7.4,6.2 Low -—-/1122 >20 BP Triplexer
44 2.3
[15] 1.65,2.57 0.047, 0.16 21.8,20.9 14 High 0.037/722 20 LP-BP Diplexer
[16] 1.88, 3.56 0.12,0.1 19.2, 36 23.8 High 0.03/303 26 LP-BP Diplexer
[17] 1.46,2.42 0.68, 0.95 10.2, 16.8 11.13 High 0.037/465 28 LP-BP Diplexer
[18] 2,3.5 0.3,1.28 Better than 5.5 High 0.093/--- 40 LP-BP Diplexer
15

0.04 dB insertion loss and 24.9 dB return loss. After the BP
channel, its harmonics are suppressed up to 3.7 GHz with -24
dB maximum value.

The layout of the final LP-BP triplexer is shown in Fig.8.
The triplexer occupies an area of 0.046 Ay x 0.084 A,
(11.2 mm x 20.5 mm). The dimensions of the cells that have
greater impact on determining the frequency response are
shown parametrically by w,, wp, I, s, Ip,and w,. Internal
shunt stubs can be replaced with other large solid stubs with
capacitive properties. For example, the solid radial studs can
be used instead of the rectangular studs. However, it changes
the frequency response slightly.

The current density distributions for simulating Ports 2-4
are presented in Fig.9(a)- Fig.9(c). As illustrated in Fig.9, the
thin lines have further current density. For simulating Port 2
at 0.87 GHz, the coupled sections (which are used to create
BP channels) have less current density. On the other hand,
for simulating Port 3 at 1.33 GHz and Port 4 at 2.05 GHz,
the cells used to create LP channel have less current density.
The signal passing through port 1 and 2 is a lowpass signal
and the role of the coupled cells is weaker. However, for the
second and third passbands when ports 3 and 4 are excited,
the thin coupled transmission lines play an important role in
determining the bandwidths. Therefore, the current density is
higher in them.

The frequency response of this triplexer is optimized and a
summary of the optimization steps is presented in Fig.10(a)-
Fig.10(i). The effects of I, on S»1, S31 and S4; are depicted
in Fig.10(a), Fig.10(b) and Fig.10(c) respectively. Decreasing
1, leads to amplify of harmonics and destroy the second and
third bands. However, increasing the length of T-Line with
the physical length I, destroys the BP channels (see Fig.10(d)
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and Fig.10(e)). As presented in Fig.10(f), increasing the
physical length 1. shifts the middle channel to the left. The
widths w,, wp and w, can affect the middle, upper and
lower channels respectively (see Fig.10(g), Fig.10 (h), and
Fig.10(i)). In summary, by using the following steps, we can
easily control the bandwidths:

The first step is to find an equivalent LC circuit for our
microstrip structure. This includes finding the equivalent
inductance and capacitance values for the microstrip com-
ponents based on their dimensions and material properties.
Next, the equivalent LC circuit is used to derive the
formulas for the cut-off frequency of the LPF and the
resonance frequencies of the BPFs. These formulas are
functions of the inductance and capacitance values of the
microstrip components. These inductors and capacitors are
the equivalents of the physical lengths and widths. Therefore,
the effective lengths and widths can be obtained. Finally,
utilizing an optimization method to adjust the values of these
effective lengths and widths can help to achieve a specified
bandwidth.

IIl. RESULTS, COMPARISON, AND DISCUSSION

The simulations for the proposed LP-BP triplexer are
conducted using the Advanced Design System software
(EM simulator), with linear steps employed throughout the
process. The experimental measurements are done by using
an HP8757A. Fig.11(a) and Fig.11(b) display the frequency
responses of our triplexer, showcasing the comparison of the
simulated and experimental results. In Fig.11(a), the LP band
exhibits a cut-off frequency at F; = 870 MHz, while the BP
channels resonate at frequencies of Fp = 1.335 GHz and F3
= 2.055 GHz. The insertion losses for these channels are
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FIGURE 11. Measured and simulated (a) S,;, Sy; and Sz, (b) isolations.

recorded at 0.2 dB, 0.09 dB, and 0.04 dB, with the return
losses of 25.6 dB, 19.4 dB, and 25.1 dB. Differences between
the measured and simulated losses are attributed to factors
such as copper and SMA losses, accounting for slightly
higher measured values compared to simulations.

The FBW of the second and third bands are 14.1% and
25.5% respectively. As presented in Fig.11(b), the maximum
simulated and measured isolations between three channels
are Sp3 = —19.5 dB, Sp4 = —20.89 dB, S34 = —20.98 dB.
To confirm the advantages of our triplexer, a comparison with
the previous designs is done in Table 1, where the indexes 1 to
3 mean the 1% to 3" channels respectively. Also, F, RL, IL and
A are the operating frequency, return loss, insertion loss and
FBW. Since the designed number of this type of triplexers
is limited, we had to add the size and performance of some
LP-BP diplexers and BP triplexers. From Table 1, it is clear
that having low return losses, the most compact size, wide
FBWs and the lowest insertion losses at the BP channels are
the advantages of this work. Also, the last channel of this
triplexer has the widest BP channel in comparison with the
previous diplexers and triplexers.
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Among the designed LP-BP triplexers, only in [8] the
frequency selectivity is improved significantly. However,
it has several problems in terms of large size, high insertion
losses and undesired return loss. Group delay (GD) is a
key factor in determining the performance for the passive
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TABLE 2. GD comparison.

Refs. Type Maximum GDs at the
Channels (ns)

This Triplexer (LP-BP) 0.86,2.2,1.24
work

[6] Triplexer (LP-BP) 0.79,0.98, 0.85

[8] Triplexer (LP-BP) 1.5,6,44

[9] Triplexer (LP-BP) 1.62,1.75,2.07
[15] Diplexer (LP-BP) 1.43,1.68

[16] Diplexer (LP-BP) 2,124

[17] Diplexer (LP-BP) 0.65,2.5

[19] Tri-Channel BPF < 8 for all bands
[20] Diplexer (BP-BP) 3.15,2.98

[21] Quad-Channel BP 2.76,3.31,091,2.15

Diplexer
[22] Quad-Channel BPF 9,6,6,5
[23] LPF 5.9

[24] Dispersive Filter 4.5

FIGURE 13. Fabricated triplexer.

microstrip structures. However, a few number of reported
triplexers pay attention to reduce this factor.

The GDs of scattering parameters are presented in
Fig.12(a), Fig.12(b) and Fig.12(c). The GDs of Sy; (at the
lower channel), S3; (at the middle channel) and S4; (at the
upper channel) are 0.86 ns, 2.2 ns and 1.24 ns respectively.
These values are acceptable for all wireless networks. The
comparison of GDs between this work and the previous ones
is presented in Table 2. The presented LP-BP triplexer in [6]
has the GDs better than ours. However, the proposed triplexer
in [6] is larger than ours. Moreover, our triplexer has lower
insertion losses than reference [6].

Also, in [6] the gap between its bands is larger than
ours. When the channels are close to each other, obtaining
a flat channel with low GD is hard. The development of
our microstrip LP-BP triplexer with unique features shows
a significant advancement in this field. This triplexer stands
out due to its novel structure and remarkable compact size.
Furthermore, this triplexer has low loss, wide and flat pass-
bands, low group delay, and compact size simultaneously,
a success not achieved by any previous works. Finally, our
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fabricated triplexer is depicted in Fig.13. As shown in Table 1,
the presented designs in [8] and [18] have the best isolation.
But our triplexer is smaller and has better insertion and return
losses at all channels.

IV. CONCLUSION

Using a novel configuration, a microstrip LP-BP triplexer
is designed, analyzed, fabricated and then experimentally
measured in this paper. The proposed triplexer highlights
excellent performance characteristics, including compact
size, flat channels, acceptable group delays (GDs), low inser-
tion losses (ILs), and effective harmonic suppression. The
design’s suitability for energy harvesting applications makes
it a promising solution for various wireless communication
systems. Based on its frequency responses, this triplexer
is appropriate for low-band and mid-band 5G applications.
The design method was based on introducing a semi-
layout basic structure and analyzing its approximated LC
circuit. Using the analyzed basic structure we could find its
behavior, which helped to easy optimization. To prove the
superiority of this triplexer, we compared it with the previous
designs. Fabrication and measurement results confirm the
simulation accuracy, demonstrating the practical feasibility
of the proposed triplexer design. Further enhancements and
optimizations can be pursued to advance the triplexer’s
efficiency and applicability in future wireless communication
technologies.
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