i fractal and fractional

[

Article

Design and Modelling of a Compact Triband Passband Filter for
GPS, WiMAX, and Satellite Applications with Multiple
Transmission Zero’s

Abdul Basit 1’2, Amil Daraz 12, Muhammad Irshad Khan 30, Farid Zubir ), Salman A. AlQahtani >

and Guogiang Zhang *

check for
updates

Citation: Basit, A.; Daraz, A.; Khan,
M.L; Zubir, F,; A. AlQahtani, S.;
Zhang, G. Design and Modelling of a
Compact Triband Passband Filter for
GPS, WiMAX, and Satellite
Applications with Multiple
Transmission Zero’s. Fractal Fract.
2023, 7, 511. https://doi.org/
10.3390/fractalfract7070511

Academic Editors: Norbert Anguera,
Jaume Herencsar, Viorel-Puiu Paun
and Mihai-Virgil Nichita

Received: 18 May 2023
Revised: 13 June 2023
Accepted: 22 June 2023
Published: 28 June 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

School of Information Science and Engineering, NingboTech University, Ningbo 315100, China;
abdulbasit@nbt.edu.cn (A.B.); amil.daraz@nbt.edu.cn (A.D.)

College of Information Science and Electronic Engineering, Zhejiang University, Hangzhou 310027, China
College of Electronics and Information Engineering, Nanjing University of Aeronautics and

Astronautics (NUAA), Nanjing 210000, China; irshadnawab@nuaa.edu.cn

Wireless Communication Centre, Faculty of Electrical Engineering, Universiti Teknologi Malaysia,

Johor Bahru 81310, Malaysia; faridzubir@utm.my

Department of Computer Engineering, College of Computer and Information Sciences, King Saud University,
P.O. Box 51178, Riyadh 11543, Saudi Arabia; salmanq@ksu.edu.sa

Correspondence: guogiang_zhang@nbt.edu.cn

Abstract: Designing microwave filters with high selectivity and sharp roll-off between the stop and
pass bands can be challenging due to the complex nature of the R.F. signals and the requirements
for achieving high performance in a limited physical space. To achieve a high selectivity and sharp
roll-off rate, this paper presents a compact filter with a triple passband response. The two different
passbands at 1.57 GHz and 3.5 GHz are achieved using a step impedance resonator (SIR) with metallic
slots perturbation added to the lower corner of the high impedance section of the SIRs, which helps
to enhance the filter’s selectivity and size reduction greatly. The embedded L-shaped structure
originates a third passband at 4.23 GHz, resulting in a triband response with eight transmission zeros
below and above the passbands at 1.22/1.42/1.98/3.18/3.82/3.98/4.38 /4.53 GHz, respectively. The
prototype has low signal attenuation of <1.2 dB and high signal reflection of >25 dB for the three
passbands. The fractional bandwidths achieved are 2.54%, 4.2%, and 1.65% at 1.57/3.57/4.23 GHz,
respectively, with rejection levels in the stopband greater than 15 dB. Lastly, the structure is fabricated
on RO-4350B PCB and observed good matching between experimental and measured results. This
demonstrates that the prototype can be successfully implemented in real-world applications such as
GPS, WiMAX, and Satellite systems. The area occupied by the filter on a substrate or in a circuit is 0.31
Ag x 0.24 Ag, where Ag is the guided wavelength of the material calculated at the lowest frequency.

Keywords: L-shaped resonator; triband filter; transmission zeros; wireless applications

1. Introduction

Multiband bandpass filters are crucial in modern and emerging multi-mode wireless
communication systems. These filters enable the simultaneous operation of wireless devices
in multiple frequency bands, allowing for integrating previous wireless standards with
new ones and supporting the increasing demand for wireless applications, including 5G
and IoT [1]. The characteristics of low loss, sharp selectivity, compact size, and high
inter-band isolation make multiband bandpass filters highly desirable for modern wireless
communication systems. Low-loss filters help minimize signal loss during transmission,
while compact size is essential for space-constrained devices [2,3]. Overall, the demand
for multiband bandpass filters will continue to grow in the coming years as the world
becomes more wireless and the need for multi-mode wireless communication systems
increases [4,5].
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The role of a bandpass filter in a communication system, as given below in Figure 1, is
essential as it helps select the wanted signal while stopping unwanted signals. In portable
terminals, miniaturization of the BPF is critical because BPFs typically occupy a space of
40% of the R.F. circuits. Reducing their size can help improve the device’s overall form
factor and usability [6-8].
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E::Z Local oscillator T T
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Figure 1. Placement of bandpass filter in communication systems [6].

In addition to miniaturization and low insertion loss, a good passband with sharpened
rejection skirts is also necessary for effective filter design. This is because, in multiband
operation, there are often several wireless systems operating in proximity, such as GSM, Wi-
Fi, and WiMAX systems, which can cause interference. The filter design must have sharp
rejection skirts to reject these interferences while allowing the desired signal to pass through.
One way to achieve the necessary sharpness in filter design is to introduce transmission
zeros (TZ) between the passbands. These TZs create deep notches in the filter response,
which can help improve the rejection of unwanted signals. Therefore, designing a high-
quality multiband bandpass filter involves a careful balance of miniaturization, passband
performance, and rejection of unwanted signals with sharp attenuation levels [9,10]. An
essential consideration in the design of multiband bandpass filters is the creation of TZs.
In [11], Pierce introduced the concept of TZ using the cross-coupling method, one of the
first methods developed in 1954, and it was widely employed in three cavity waveguide
filters until 1965 [12]. TZs are also produced by coupling resonators that are non-adjacent
to one another. Popular cross-coupling structures that may independently generate one or
two TZs are the cascaded triplet (C.T.) and cascaded quadruplet (C.Q.) topologies, which
are appropriate for large-scale manufacturing and are simple to troubleshoot [13-16]. The
source/load (S/L) coupling, which Bell initially suggested in 1974, is another crucial TZ-
generating mechanism. S/L coupling has been employed extensively in filter design and
can produce up to N TZs [17,18]. As an example, a BPF was developed in [19] using split-
ring DGS and stepped impedance hairpin resonators to add two TZs on the lower stopband.
Using the same source-load coupling method that Bell discussed in [7], the authors of [20]
inserted TZs on the right side of the passband. Another technique to create TZs is to let
the signal go through two different pathways with almost equal magnitudes but phase
differences of (2n + 1), which will cause them to cancel out the effect and create T.Zs. To
create several T.Z.s, [21] employed this idea. The authors of [22] designed another BPF by
integrating a shunt inductor and a gap-coupled capacitor to produce two TZs between the
passbands. In the construction of filters, microstrip transmission lines with loaded stubs
also produce TZs at certain frequencies. For instance, a multi-mode stub-loaded resonator
was proposed in [23], and a dual-band BPF with the dual-mode operation was built in [24]
employing stubs-loaded UIRs. Moreover, two single-band filters with common input and
output coupled-feed lines can be combined to create dual-band filters [25,26], although
these filters can be challenging to debug and take up a lot of circuit space.
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Some pioneered works have also been done in the design of compact and sharp triple
passband filters. For example, the authors in [27,28] used two coupled resonators and
two stub-loaded resonators with the dual-mode operation to design tri-band BPFs. They
achieved good selectivity by generating multiple TZs. However, the authors fail to explain
the reasons behind the TZs. Using two asymmetrical step impedance resonators, a dual-
band filter was created [29]. To get a triple band response, a A/2 UIR was placed below
the transmission line to generate five T.Z.s at various locations. Various configuration of
multimode resonators was used in [30,31] to design a triband or quadband filter employing
SIRs and stub-loaded resonator structures. There are two topologies for designing tri-band
filters based on MMRs.

One approach is to cascade multiple MMRs [32], while the other uses a single con-
trollable MMR [33]. Several MMRs are used in the cascading tri-section SIRs technique,
where each MMR's geometric arrangement can modify the frequency band. There are only
two transmission zeros (TZs) close to the first passband, so this strategy can have poor
selectivity in the second and third passbands [34]. A defective ground structure (DGS) can
be utilized to address this issue, but this increases the difficulty of manufacturing since the
circuit needs to be etched on the grounded metal surface [35,36]. On the other hand, the
single controllable MMR approach involves using a single MMR to achieve three passbands.
To minimize the overall size of the circuit without compromising selectivity performance, a
tri-band filter based on SLR was proposed with eight resonance modes. However, it can be
difficult to individually control each frequency band in a symmetrical SLR [37,38]. In short,
cascading, and single MMR approaches have advantages and limitations in designing
tri-band filters. The choice of approach depends on the specific design requirements, such
as selectivity, size, and ease of manufacturing. According to [39], the filter’s passbands are
centred at 2.9, 5.6, and 11 GHz, employing a multi-mode surface spoof plasmon. Its inser-
tion loss in the passband is larger than 3 dB, and its circuit area is 144 x 40 mm. Another
filter that operated at 2.4, 3.5 and 5.2 GHz was described in [40] using the idea of SIR and
uniform resonators. This filter features adjustable multi-band /wideband properties and
a low insertion loss of less than 1.7 dB. For operation at 1.93, 2.6, and 3.9 GHz, another
triband filter also utilizes uniform resonators. The circuit measures 0.54 Aog¢ X 0.77 Aoge [41].

Overall, while there has been considerable research on microwave bandpass filters
using various techniques for obtaining size reduction, there seems to be a lot of room for
improvement, particularly in sharp selectivity and performance enhancement, that presents
opportunities for further investigation. In this article, a high selectivity triple passband filter
is designed using a quarter wavelength SIR and embedded L-shaped structure coupled
to the low impedance section of the SIR. The filter operates at resonance frequencies of
1.57 GHz, 3.57 GHz, and 4.23 GHz with a low insertion loss of 0.7 dB for the first passband,
1.2 dB for the second passband, and 1.08 dB for the third passband with a return loss greater
than 25 dB for all the frequency bands. There are eight transmission zeros at different
locations generated below and above the passbands resulting in a very good sharp filter.

2. Theoretical Analysis of the Filter

The proposed filter comprises two symmetrical step impedance resonator configura-
tions with one end open-circuited and the other short-circuited, as depicted in Figure 2b.
It consists of high /low impedances with characteristic impedances Z,/Z; and electrical
lengths 6,/01, respectively, as shown in Figure 2a. Wy, L1 and Wy, L, are the physical
widths and lengths of the low and high impedances. The low impedance sections are
attached with 50-ohm input/output ports of the filter, and the high impedance sections
are parallel coupled with metallic via at the lower corner having a radius of 0.25 mm. The
first two passbands are obtained due to the ratio of the two impedances (R = Z,/Z,) of the
SIR, and the third passband is obtained due to the L-shaped structure coupled to the high
impedance section. The resonators are folded in a compact way to introduce magnetic and
electric coupling for the generation of multiple TZs in the passbands. The electric coupling,
which is a weak coupling in this case, is observed due to space S; of the open-circuited stubs
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L1, W1, 61, Z1
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of the low-impedance section of the SIR. The magnetic coupling is observed due to gap G;
of the parallel short-circuited high-impedance section of the SIR. The input admittance Yin;
(Yin = 1/Z;y) of Figure 2a is calculated as [42,43];

jR(cot®; —tanB; ) + (cot®p — tan O, )

Yin1 = 1
inl = 7, [0.5(cot6; — tan 8 ) (cot 61 — tan 0) — 2R] @
N R = % and
where 0
&= (914-262)
L2, W2, 02, 72

L 17204 | |z2,04
(c)

Figure 2. Configuration of resonators (a) Stepped impedance resonator (b) dual band filter topology

(c) Equivalent structure of (b).

By tuning the impedance ratio R and electrical length ratio «, the first two passbands
are obtained. Equation (1) can also be written as;

jY;R — tan0; tan0,
Y. = — 2
inl tan 0, + R tan0; @

e (3)- ()
mri=(3) - ()

By applying the resonance condition, Equation (2) becomes.

where

and

R — tanf; tanf, =0 3)
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In terms of resonance frequency ratio K, the unified resonant condition as derived

in [44];
R — tanky0q tanky 0, =0 4)
where ¢
Ky = =2
fy

The above analysis can be applied to Figure 2a. The same concept can also be applied
to Figure 2b whose equivalent circuit is depicted in Figure 2c. So, the corresponding input
admittance Yjnp for Figure 2b is

tan (kx03 +k64) — R — tank«61 tan k40,

Yin, =jY
2 =)% tanky07 + R tan ky0» ©®)
Now apply the resonant condition
R-tanky 07 tanky (92 + 03 + 94) =0 (6)

The electrical lengths 85 +63 +64 can be calculated easily by the required values of R
and K. So, by adjusting the electrical lengths and impedance ratios, the first two passbands
are obtained for GPS and WiMAX applications. Moreover, the final electrical lengths
and impedances of Figure 2c on which the resultant SIR filter optimized are Zy = 50 ),
Z2,=710,7,=500, 01 =77,0, =78.94, 03 = 88.6, and 04 = 15.

3. Triple Passband Filter Architecture

Figure 3a shows the overall layout of the triband bandpass filter, and Figure 3b shows
its equivalent circuit model, which consists of a step impedance resonator with one end
open-circuited and the other short-circuited. This type of configuration is also called A/4
SIR with low and high impedance sections. The low impedance section Z; is attached with
the 50-ohm characteristic impedance input/outport of the filter, and the high impedance
section Z, is parallel coupled with metallic via at the lower end for size compactness.
Moreover, the low impedance is also coupled to the embedded L-shaped A/2 uniform
structure. The first two passbands at 1.57 GHz and 3.57 GHz are obtained due to the coupled
A/4 SIR for GPS and WiMAX wireless applications, and the third passband at 4.23 GHz
is obtained due to the embedded coupled L-shaped structure for satellite communication.
All the resonators are folded to introduce coupling and sharpness in the filter by exciting
multiple transmission zeros between the passbands. There is a total of eight T.Z.s excited at
different locations, i.e., 1.22, 1.42, 1.98, 3.18, 3.82, 3.98, 4.38, and 4.53 GHz. After simulating
the proposed filter in HFSS software, it is fabricated on substrate RO-4350 using milling
machine LPKF 563 ProtoLaser and tested on ZNB-20 VNA. The overall dimensions and
substrate properties are listed in Table 1.

Table 1. Optimized filter dimensions in millimeter (mm).

Ty 17.61 T, 20.88 L, 20
L, 9.5 W 1.35 W, 0.8
W, 05 Ls 6.6 Ly 15
Wy 1.6 S 0.1 S 1

G 0.2 PCB Height 0.762 Er 3.66
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73
71 0
01
T

72,04 | |72, 04
(b)
Figure 3. (a) Proposed triband geometry. (b) Equivalent circuit model.

4. Results and Discussion

A high selectivity with eight transmission zeros triband bandpass filters is designed
in this study. The proposed prototype combines low impedance section Z; with one end
open circuited and high impedance section Z, which is folded to introduce coupling
phenomena and size reduction with metallic via at lower edges. Later, a half-wavelength
L-shaped resonator is further utilized for multi-passbands. The first two passbands for
the applications of GPS and WiMAX are obtained due to the quarter wavelength step
impedance resonator with electrical parameters Zg =50}, Z; =71 ), Z, =50 (), 61 =77,
0, =78.94, 63 = 88.6, and 6,4 = 15 and the resonance frequency ratio Ky = f,/f; which is
2.22 in this case. The electrical lengths of the proposed SIR can be changed to observe
the first and second passbands. Consider Figure 4, which shows the variation of the first
and second passband for electrical stub lengths 61, where the upper cutoff frequency of
the first band decreases with an increase of stub length 6; and the upper and lower cutoff
frequencies of the second band varied with no effect on third passband. Figure 5 shows
that with the increase of electrical stub length 64, only the lower cutoff frequency of the first
passband and upper cutoff frequency of the second passband decreases with no effect on
the third passband. This reveals that the first and second passbands are generated with the
ratio of impedances and electrical stub lengths of the SIR. The third passband for satellite
application is obtained due to the L-shaped structure embedded in the SIR. Thus, a triple
band filter with multiple T.Z.s at different locations is obtained with the central frequencies
1.57 GHz, 3.57 GHz, and 4.2 GHz. The simulated results of the proposed prototype with
and without the embedded L-shaped structure are illustrated in Figures 6 and 7, where it is
observed that the third passband is obtained due to the half-wavelength L-shaped resonator
without affecting the first two passbands. Moreover, the third passband is controllable,
and by varying the resonator length L4, the upper cut-off frequency is moved downward
compared to the lower cut-off frequency without affecting the remaining passband cut-off
frequencies, as shown in Figure 8, respectively.
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Figure 4. Variations in cut-off frequencies w.r.t electrical length 6.
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Figure 5. Variations in cut-off frequencies w.r.t electrical length 0.

To improve the selectivity of the filter, the structure is folded in a way that it can
produce a coupling phenomenon; thus, a total of eight T.Z.s, including 1.22 (TZ;), 1.42
(TZ), 1.98 (TZ3), 3.18 (TZ4), 3.82 (TZs), 3.98 (TZs), 4.38 (TZ7), and 4.53 (TZg) have been
observed between the passbands as shown in Figure 9. Due to these T.Z.s, the roll-off
rates (&) of the three passbands increased. A higher roll-off rate indicates better selectivity,
and it can be defined by regarding —20 dB attenuation and —3 dB attenuation as two
cut-off points for the passband. It is equal to the rate of 17 dB with the bandwidth of
roll-off [45]. Thus, the roll-off rates of the three passbands reach up to 294 dB/GHz (&),
170 dB/GHz (&;), 106 dB/GHz (&3), 242 dB/GHz (&4), 106 dB/GHz (&5), and 121 dB/GHz
(&), respectively. The TZ; and TZ¢ are generated due to the mixed-coupling of the SIR,
TZ, and TZs are generated by the SIR itself, TZ3 and TZ, are produced due to the metallic
hole etched to the lower end of the high-impedance section of the SIR, while TZ; and TZg
are generated by the embedded L-shaped structure coupled to the low impedance of the
SIR, respectively. Moreover, the proposed tri-band BPF has a maximum roll-off rate of up
to 294 dB/GHz, demonstrating its great selectivity and abrupt roll-off.
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Figure 6. Realization of the third passband by embedded L-shaped resonator.
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Figure 7. Response of filter without L-shaped structure.
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Figure 8. Variation in third pass band w.r.t stub length Ly.
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Figure 9. Location of T.Z:s at different frequencies with sharpness factor.

The parameters frequently considered while designing bandpass filters are the cou-
pling coefficient (K) and external quality factor (Q). The coupling coefficient describes the
degree of energy transfer or closeness between two resonators, a physical quantity with no
dimensions [46]. It was first incorporated into the microwave filter theory by M. Dishal [47].
He began with a bandpass network comprising a ladder chain of alternate series and
parallel dissipative resonant circuits set to the same resonant frequency wg =1/,/L.C. The
following design equation gives the exact values of coupling coefficients obtained in [48]
for a certain asymmetrical pair of adjacent resonant circuits featuring Chebyshev frequency
response.

k| = (w24 —w2-) £ (w24 +w2-) 7)

where w_ and w, are the lower and upper frequencies, and “w” is the relative bandwidth
defined as
_ (w2 — wn)
\/wl wr
The next parameter is the external quality factor (Q), the ratio of the central resonance

frequency to the 3 dB bandwidth. It can be determined by the outer resonator connecting
to feeding lines and can be expressed as.

. _ Resonance frequency
Quality factor (Q) = 3 dB bandwidth

®)

In Figure 3, the parameters G and S are responsible for K, while Q is achieved due to the
parameter T,. The coupling coefficient decreases when the values G and S increase while
the quality factor increases, as depicted in Figures 10-12. Figure 13 shows the response of
the three passbands’ quality factors concerning T,. The Q increases with varying values
from 18 mm to 20 mm.

Figure 14 illustrates the group delay of the proposed triband filter. In designing
bandpass filters, group delay is a crucial factor since it impacts the filter’s phase response.
Group delay is a term that describes the delay that various frequency components of a
signal endure as they pass through the filter [49]. To further validate the working principle,
Figure 15 shows the current distribution of the proposed topology at the passbands. The
current distribution indicates how the electrical current travels along the filter structure.
It contributes to understanding signal propagation and the resonant behaviour of the
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filter [50]. As seen in Figure 15a, the current density is maximum on the surface of the SIR
at frequency ratio K (f, /f; = 2.2) because, as discussed, the first two passbands are obtained
due to the ratio of the electrical lengths of the SIR. Figure 15b shows the current distribution
at 4.23 GHz for the third passband, obtained by the embedded L-shaped resonator. As
seen, the current is uniformly distributed only on the surface of the L-shaped resonator.
Similarly, the magnitude of the electric field (E) intensity of the passbands is illustrated in
Figure 16, respectively.
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016 ——_ _ _ ~---2" band K
< 0144 T T~ _ [=-—8bandK
g 0M2. .
D ' T S
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Figure 10. Effect of G parameter coupling coefficient on three passbands.
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Figure 11. Effect of G parameter external quality factor on three passbands.
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(b)

Figure 15. Nature of the current distribution of the triband filter (a) surface current density due to
the frequency ratio K. (b) surface current density due to L-shaped resonator at 4.23 GHz.

Figure 16. The magnitude of the electric field intensity (a) E due to the frequency ratio K. (b) E due to
the L-shaped resonator at 4.23 GHz.

5. Fabrication and Measurement

In this article, a compact prototype with three passbands has been designed and
fabricated to check the real-time performance. The filter was constructed using a step
impedance resonator with metallic slots perturbation to the lower corner of the high
impedance section to realise the first two passbands at 1.57 GHz for GPS and 3.5 GHz
for WiMAX applications. The SIR was folded to reduce the circuit area, an essential
requirement for communication system integration. The third passband at 4.23 GHz for
satellite application is obtained using an L-shaped resonator coupled to the low impedance
section of the SIR, resulting in a triband operating filter with good selectivity of multiple
T.Z.s between the passbands. Eight T.Z.s were observed between the passbands at locations
of 1.22/1.42/1.98/3.18/3.82/3.98/4.38/4.53 GHz, respectively. The suggested layout is
fabricated on low tangent loss substrate material RO-4350 and tested on a ZNB-20 vector
network analyzer. A good simulated and measured frequency plot of S;; and Sy; is shown
in Figure 17 was obtained. The proposed filter has low signal attenuation of less than
1.2 dB and high signal reflection of better than 25 dB for the three passbands. The fractional
bandwidths achieved are 2.54%, 4.2%, and 1.65% at 1.57/3.57/4.23 GHz, respectively, with
rejection levels in the stopband greater than 15dB. The area occupied by the filter on a
substrate or in a circuit is 0.31 Aggr X 0.24 Aogr (0.086 ?\gz), where A is the effective dielectric
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constant of the material calculated at the lowest frequency. Table 2 listed the comparison
of this work with other triband filters in the literature in terms of size, FBW, IL, R.L.,
and selectivity.

S- parameters (dB)

— - —Simulated S,
—— Simulated S,
— - —Measured S,,
—-—--Measured S,

‘4

10 15 20 25 30 35 40 45

Frequency (GHz)

Figure 17. Simulated and measured S;; and Sy; plots of the proposed geometry.

Table 2. Comparison of performance of the proposed filter with other triband structures.

Ref No. Year Bands (GHz) S21 (dB) S11 (dB) FBW (%) T.Z.s Size (mm) Size (Agz)
[39] 2020 29/5.6/11 3/3.1/5 >20 46/18/6 3 144 x 40 1.864
[40] 2021 2.4/35/5.25 <17 50/33/43 11.6/4/6.7 3 41 x 29.5 0.291
[41] 2020 1.93/2.6/3.9 1.5/0.6/1.8 15/20/20 5/11/3 5 17.2 x 24.5 0.415
[51] 2022 3.2/34/3.7 2.65/195/2.69  183/17.9/19.2  3.57/3.77/2.07 5 75 x 51.5 0.469
[52] 2019 2.45/3.5/5.25 0.7/0.9/0.6 38/32/25 1.2/2/1.52 6 42 x 315 0.240
[53] 2018 0.4/0.8/1.55 0.7/1.8/1.6 10/8.2/9.3 55.4/20.9/10.3 5 56 x 31 1.72
[54] 2021 2.05/2.55/3.1 1.98/2.17/2.01 12.3/14.9/14.1 4.8/7.8/8 3 72.1 x 68.5 1.931
[55] 2022 4.1/6.1/14.4 2.1/1.3/4.08 19.63/22/12.1 5.3/8.6/2.1 2 22.42 x 7.62 0.094
[56] 2021 6.28/13/19.12 1.6/2.5/2.2 22/26/21 9.5/6.2/4.5 4 8.5 x 15 0.119
[57] 2022 42/7.36/9.35 1.38/4.86/1.27 15.7/17/ 38 5.21/3.19/9.3 4 22 x 18 0.803
[58] 2020 1.52/2.0/2.36 5.32/4.2/6.8 15.4/19.1/17.3 3.56/8.6/2.75 5 54.9 x 28.6 0.248
[59] 2022 18.2/18.7/19.1 2.59/2.21/2.5 15.9/20.9/24.8 0.45/1.08/0.5 6 11x11x12 1.469
[60] 2022 3.6/4.6/5.6 <0.78 >30 11.9/11.9/11.9 5 54.34 x 22.3 0.911

This work 2023 1.57/3.57/4.23 0.7/1.2/1.06 27/35/28 2.54/4.2/1.65 8 40.1 X 22 0.086

After evaluating the above features, it is concluded that the prototype has good merits
in a compact size, FBW, IL, R.L., and high sharp selectivity.

6. Conclusions

This manuscript successfully demonstrated and implemented a high selectivity and
miniaturized triple-band bandpass filter for wireless applications where the first two
passbands centred at 1.57 GHz and 3.57 GHz obtained from the ratio of impedances
and electrical lengths of the A/4 SIR and the third passband at 4.2 GHz is originated by
the embedded L-shaped structure coupled to the low impedance section of the SIR. The
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fractional bandwidths of 2.54%, 4.2%, and 1.65% and insertion losses of 0.7 dB, 1.2 dB, and
1.08 dB are achieved with rejection levels in the stopband greater than 15 dB and return loss
greater than 25 dB for all the three passbands, respectively. There are eight T.Z.s excited at
1.22/1.42/1.98/3.18/3.82/3.98/4.38 /4.53 GHz, where the T.Z. at 1.2 GHz and 3.98 GHz are
due to mixed-coupling of the SIR, the 1.42 GHz and 3.82 GHz by the SIR itself, the 1.98 GHz
and 3.18 GHz are excited due to the metallic via at lower end of the SIR, and the last two are
generated due to L-shaped structure coupled to the SIR, thus obtained a high sharp filter.
Lastly, the structure was fabricated on Rogers PCB and observed an excellent matching
between experimental and measured results. Owing to the above features, the prototype
can be successfully implemented in real-world applications such as GPS, WiMAX, and
Satellite communication systems. The author claimed that this work is the second high
sharp filter along with the compact size and simple topology in the literature by introducing
multiple T.Z.s in the passbands.
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