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Abstract: Portable wireless communication systems are increasingly in demand in small sizes for
human convenience. In wireless communication systems, the performance, size, and unit cost are
very important. A band—pass filter is important to sharp cut—off frequency characteristics, size, and
frequency selectivity in wireless communication systems. The band —pass filter has three types of
techniques in the transmission—zero method, stub—loaded resonator, and stepped impedance res-
onator for the sharp cut—off frequency characteristic, adjustable bandwidth, and excellent frequency
response characteristics. To obtain these characteristics, the impedance ratio and length of a stub
are mainly adjusted. It also utilizes a multi-mode technique to increase bandwidth. However, it is
analyzed that the problem of reducing the size of the device still remains. To solve these problems,
the paper is applied to a stub—loaded resonator and a stepped impedance resonator to control the
impedance ratio and the length of the stub to obtain the results of the transmission—zero method,
bandwidth control, and size reduction through the folded structure. Dual—band bandwidth was
secured by integrating a T—shaped band—stop filter. The designed band—pass filter has center
frequencies of 243 GHz and 7.49 GHz, and the insertion loss of a proposed band—pass filter is 0.102
dB and 0.103 dB. Additionally, the return loss of a proposed band —pass filter is 19.13 dB and 19.96
dB, respectively. The bandwidth of a filter is 120% and 105%, respectively. The size of the filter is
0.0708 Ag x 0.0533 Ag. The designed filter has a good skirt phenomenon, small size, low insertion
loss, and dual—band characteristics.

Keywords: reduced size; stub—loaded resonator; stepped impedance resonator; transmission-zero;
T—shaped band—stop filter

1. Introduction

The demand for wireless communication systems in the 4th industrial revolution
technology is steadily increasing. For human convenience, a wireless communication
system is required to have high portability, low unit cost, high performance, and small
size [1].

An important item in a wireless communication system is that it divides frequency
bands and avoids interference in different frequency bands [2]. In this case, the band-
pass filter (BPF) plays the role of frequency band distribution and interference blocking.
The important components of a BPF are the low cost, bandwidth control, device size,
skirt characteristic, frequency selectivity, and frequency response characteristics (low in-
sertion loss and high return loss). For size reduction and bandwidth control, a BPF is
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used for the stepped impedance resonator (SIR), stub—loaded resonator (SLR), and multi-
mode/band. In addition, to obtain sharp cut-off frequency characteristics, the filter is used
to transmission-zero characteristics [2-7]. To obtain an excellent skirt phenomenon, the
filter increases the number of resonators [8]. However, if the filter is increased, the insertion
loss is increased [8,9]. In particular, a BPF using both SLR and SIR was able to obtain the
tri—band characteristics of a wide bandwidth by adjusting the stub length and impedance
ratio [10,11]. In order to obtain tri—band characteristics, it would have been difficult to
adjust the length and impedance ratio of the filter at the same time. Thus, the characteristics
of the filter are quite attractive. However, it would not be easy to reduce the size of the
device and this filter would still have the task of size reduction [2,12]. Therefore, there is a
case for using a sextuple—mode resonator to solve the bandwidth [13] however, the filter
has many stubs. Therefore, the filter has the disadvantages of a complex structure and a
size increase [9].

A dual-band BPF is used for the quad-mode SLR to obtain a sharp cut-off frequency
response through transmission-zero characteristics [14]. However, this filter has a narrow
band of the second band and low-frequency selectivity due to the improper location of
the transmission—zero. It is very important to use transmission-zero characteristics to
obtain excellent blocking characteristics. The reason is that multiple resonators must
be used to obtain a good skirt phenomenon of the filter, but then the size of the device
increases. To obtain tri—band response characteristics, it is analyzed that a spiral—shaped
resonator has no transmission—zero characteristics, so the cut—off frequency characteristic
is not excellent [15]. To improve the cut—off frequency characteristics, this filter connected
various resonators, but the size of the device increased [9]. A band—pass filter with a
coupled loaded self—SIR structure has dual—band characteristics and transmission-zero
characteristics [16]. However, it is analyzed that the size of the device increases and the
insertion loss is relatively poor due to the occupied area of the stub, the coupling structure,
and the number of stubs.

The tri-band BPF using the SIR-coupling structure has no transmission—zero char-
acteristic. Therefore, the selectivity of the frequency is reduced between the second and
third bands. Additionally, the bandwidth of the filter was reduced [9,14]. Therefore, the
transmission—zero technology is important enough to consider the blocking characteristics.
On the other hand, the BPF is used for stub—loaded (SL)—SIR to obtain small—sized broad-
band through the input impedance of the even/odd mode in the resonant mode of the
resonator [17]. However, in this filter, SL—SIR is spurious due to the parasitic component
of the redundant structure [18].

On the other hand, it is analyzed that the BPF integrated with SLR and SIR obtained
multi-mode and transmission—zero characteristics by controlling two impedance ratios
and two length ratios [19]. At this time, it was possible to obtain sharp cut-off frequency
characteristics and broadband characteristics due to the transmission-zero characteris-
tics. However, this filter is relatively large in size and has poor insertion and return loss
characteristics. Therefore, various methods are being studied to solve problems such as
bandwidth, frequency response characteristics, device size, and sharp blocking characteris-
tics [2,9].

Recently, a tri—band BPF using a stub-loaded resonator—based dual-mode res-
onator [9] has been studied. The characteristic of the filter is that it consists of a single
resonator in which the internal stub and the external stub are integrated. Therefore, the
coupling of the internal resonator creates the third passband. In addition, the BPF inte-
grated with T—type SLR and SIR controls the impedance ratio and loaded open stub length
to obtain high-frequency response characteristics, bandwidth, and sharp frequency cutoff
characteristics. At this time, the transmission-zero could be adjusted by adjusting the
length of the stub, and in the end, a sharp cut—off frequency characteristic was obtained. It
is also analyzed that the size of the device was reduced by integrating SLR and SIR [20].
At this time, if SLR and SIR are used, the size of the circuit can be reduced, sharp cut-off
frequency characteristics can be obtained, and it is analyzed that bandwidth can be ad-
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justed [8,9,21-23]. In particular, the BPF using the coupling structure between the hairpin
resonator and the coupled SL—SIR—based elliptic function makes transmission-zero to
obtain excellent frequency cut-off characteristics [23,24]. In addition, dual—band BPF
with quad-mode using SLR constituted a series transmission—line between stubs, and a
surface was designed in the middle of the transmission line to obtain a transmission-zero
effect [25-28]. Therefore, a sharp frequency cut-off characteristic was obtained through the
transmission—zero characteristic.

In this article, a compact wide-bandwidth dual—band BPF with SIR short stubs is
proposed. The size of the proposed filter can be reduced due to its folded structure, and
the feature of the filter is that SLR, SIR, and T—shaped band —stop filter (BSR) is integrated
at the same time. Therefore, the filter has a dual—band, a low loss and is a small size, and
the filter has a sharp frequency cut-off characteristic.

Section 1 discusses the background and purpose of the study, Section 2 analyzes
the methods to solve the problems of existing research cases. Section 3 proposes the
design and manufacturing methods and discusses simulation and measurement results.
Sections 4 and 5 discuss the characteristics and advantages of the proposed filter and the
characteristics and advantages of the research.

2. Working Principle of Dual-Band BPF

The proposed BPF comprises a folded short stub, a T—type short stub, T—shaped
open stubs, and a coupling (gap) structure, as depicted in Figure 1a. Parameters Zs; and Zsp
are characteristic impedances of folded short stubs, and Zt1, Z1,, and Zsy, are characteristic
impedances of T—type short stubs. Parameters Z, and Z4 are the characteristic impedances
of T—shaped open stubs.
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Figure 1. Equivalent circuit of the proposed BPF: (a) BPF and (b) J—inverter.

Parameters 041 and 6, are the electrical lengths of the folded short stubs, and 671,
012, and Oy are the electrical lengths of the T—type short stub. Parameters 6, and 64
are the electrical lengths of T—shaped open stubs. Parameters mt and ms have coupled
lines that are operated at a capacitance of phase response of 90°. Figure 1b depicts the
equivalent circuit of the proposed BPE. The equivalent circuit consists of a resonant circuit
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and J—inverter (mT, ms), with the resonant circuit being connected to inductors (Lgj 2,
Lsm, and Ly) and capacitors (Cs1,2, Csm, and Cq). The J—inverter (jo1,02) is composed of a
capacitance circuit (mt and mg), which consists of a coupling (gap) structure. Parameters
Ls1 2 and Cgq  are the inductance and capacitance corresponding to the stubs of Zg; and Zs;,
and Lgy and Cgy are the inductance and capacitance, respectively, of the stubs of Zsy. In
addition, Ly and Cq are, respectively, the inductance and capacitance of the stubs Z4. The
short stubs of Zg (Zs1 and Zy,) and Z (Z11, Z12, and Zyy,) are connected to the J—inverter,
which operates the pass band of the first frequency range. The T-shaped open stubs of Z,
and Z4 are connected to a series transmission line and shunted open stub, which operates
the pass band of the second frequency range. Parameters Zs; and Zs are, respectively, the
low and high impedances of the SIR, and Zt; and Zt; are the low and high impedance of
the SIR, respectively. Parameter Zsy, is a short stub, which is given by Equation (1) [29]:

Zs1 tan 0g; — Zgp tan Og)

@ t ,Y; =0 1
7y — 7o, tan Os; tan 0sy resonant case, Y; €))

Zi = stz

where Z; is the input impedance. In the T—shaped folded structure (Z, and Zy), the
structure works like a wide—BST in the null frequency range, as depicted in Figure 2a.
The mathematical modeling of the BSF is expressed using the ABCD matrix (Mt and My),
which is given by Equation (2) [29]:
. _ cos By jZy sin Oy B 1 0

Mr=MyMaMy = My =1 1y ine,  cosey ] - Ma= [ iYqtan0g 1 ] @
where 6y and 04 are 30° and 45°, respectively, in the null frequency range. Next, Z, and Z4
can be solved using Equation (3) of 6y [29].

cos? 0y

Zy =ZgcotOy , 2y =2Zp——mF—
v 0 vy o 01—251r129V

®G)

The value of 6y must be more than 0° but less than 45° (2605 < 6y, =90°). When 0y is
more than 45° (8, < 90°), Z4 reaches infinity, as depicted in Figure 2a. As the shunt stub is
—jZq cot B4 = oo, the T—shaped structure acts as an open stub. The values of Z, and Z4 are
86.6 () and 75 (), and those of 6, and 04 are 30° and 45°, respectively.

Figure 2b depicts the simulation results for the band stop response between the first
and second frequency bands using a T—shaped structure. The simulated insertion losses
are 0.079 dB and 0.16 dB, and the simulated return losses are 24.8 dB and 23.4 dB at the
first and second cut—off frequencies of 3.85 GH and 5.95 GHz in the BSF, respectively.

The calculated impedance and electrical length for the equivalent circuit are listed in
Table 1.

Figure 2c¢,d depicts the simulation results for the pass band of the first and second
frequency ranges with folded short stubs and T-type short stubs. It is evident from
the figure that the simulated first and second frequencies are 2.45 GHz (0.94-3.88 GHz)
and 7.50 GHz (6.08-8.69 GHz) with bandwidths of 120% and 105%, respectively. The
insertion losses of the first and second frequency ranges are 0.08 dB and 0.09 dB and the
corresponding return losses are 24.8 dB and 23.4 dB, respectively.
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Figure 2. Simulation results for response of filter frequency electrical length (a) impedance response of electrical length;

(b) cut—off frequency of T—shaped line BSF; (c) BPF of first frequency response; and (d) BPF of second frequency response.

Table 1. Calculated electrical parameters.

Parameter Value [()] Parameter Value [Degree]

Zg 89.2 0 2.31
Zo 136 0 7.07
Zn 75.0 o1y 2.82
Z12 134 012 2.34
Zom 142 Osm 2.79
Zy 86.6 Oy 30

Z4 75 04 45

3. Realization Process
3.1. Design and Fabrication

The structure of the proposed BPF can be adapted to a SIR structure whose size can be
reduced, as depicted in Figure 3a. The figure depicts that the folded short stubs (Zs; and
Zsp) and T-type short stubs (Z11, Z1p, and Zgy) are applied to the SIR structure, and the
T-shaped open stubs (Zy and Z4) are BSF with T-shaped lines. The folded short stub is
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described as SIR with a Ag/4 short stub, and the T-type short stub is expressed as the SIR

with a Ag/2 open stub.
‘ l 0.1 l L) |
' 1 ) <
osc loec
Z.(0) Q) | Z, I Z, |
v Yy, Z,(0,) ‘|’
2,0, S T
o D | Z(8) 9y Za (esl)\ S o Z,| |9a
Z, \ - \2 '\ © zz \ ZO
z6y | 2o zn |20 20| Cz,0,
Or, On 0T1 Or;
ZsZE Zsm’ 0sm Zs2
sec sec sec
L ‘ b2 .
O 82 | ‘ 01, O 01, |
Z, Z;, soc | 01, 01, 01, | [ Zp Zy Z |
=
A /4 Z Z
of | 12 Zy o | " /4
| | * ¢
A2

inputport : 2a outputport
(port1) ) (port2)

L - A

L

(©)
Figure 3. Structure of the proposed BPF with T-shaped and folded type SIR (a) SIR structure, (b) layout (c) fabrication.

Figure 3b depicts the designed BPF. From the figure, the values of L14, ls1p, Is2q, Isop,
and /g, are 0.54 mm, 1.29 mm, 0.74, 0.495, and 0.45, respectively, and those of IT1, IT2, lsm,
Iy, 151, and I are 0.74 mm, 0.68 mm, 0.67 mm, 0.16 mm, and 0.14 mm, respectively. The
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values of ws1, Wsn, Wey, WT1, WT2, Wy, and wy are 0.52 mm, 0.16 mm, 0.14 mm, 0.65 mm,

0.17 mm, 0.2 mm, and 0.16 mm, respective, and those of I and & are 0.0708 Ag x 0.0533 Ag.
Figure 3c depicts the proposed BPF with T-shaped and folded-type SIR, which is

fabricated on a Teflon substrate with a low dielectric of 2.54 and height 0.54 mm.

3.2. Experimental Results

The simulation and measurement results obtained using the proposed BPF based on
T-shaped and fold—type SIRs are depicted in Figure 4. From the figure, the experimental
results are discussed the insertion loss (I1), return loss (R}), and bandwidth (A) as given by
Equations (4)-(7) [30].

— —20log|T| = —10logg <P ””t) (4)

() sy ®
_ (“’1;0 ) < ) X 100% (6)

A= (“’1;0“’2) (fl;OfZ) % 100% @)

where the T and I are coefficients of transmission and reflection, and the P;, and P,,; are
the power of incident and reflection, respectively. In addition, the w; and w; are angular
frequencies of the lower and upper bands. Then, the wy is the center angular frequency.

Ry = —20log|T'| = —10log1

0
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E 4
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g
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Figure 4. Experimental results obtained using the proposed BPF.

The f1 and f; are the frequency of the lower and upper bands. Then, the fj is the
center frequency.

The simulation results of the insertion and return losses for the first frequency pass
band are 0.09 dB and 24.8 dB with a bandwidth of 120% at the center frequency of 2.45 GHz
(0.94-3.88 GHz) and the same for the second frequency pass band is 0.10 dB and 27.3 dB
with a bandwidth of 105% at the center frequency of 7.50 GHz (6.19-8.82 GHz) using the
proposed BPF. In addition, the measurement result of the insertion and return losses for
the first frequency pass band is 0.102 dB and 19.13 dB with a bandwidth of 120% at a center
frequency of 2.43 GHz (0.85-3.85 GHz) and the same for the second frequency pass band
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are 0.103 dB and 19.96 dB with a bandwidth of 105% at a center frequency of 7.49 GHz
(56.96-8.62 GHz) using the proposed BPF.

4. Discussion

The characteristic of the proposed BPF is to insert the T-shaped BSF into the BPF.
Therefore, the designed BPF was able to obtain dual-band characteristics. Traditional
BPFs simultaneously used the method of increasing mode, SLR method, and SIR method
to increase bandwidth [2-7]. This method was able to adjust bandwidth and size by
simultaneously adjusting the ratio of impedance and stub length. In particular, adjusting
the length of the stub was able to create a transmission-zero [16]. Therefore, it was possible
to design filters with excellent skirt phenomena. However, it is analyzed that these filters
still increase in insertion loss and size [8,9,12]. The proposed BPF applied SLR and SIR at
the same time. Thus, the filter can directly adjust the ratio of impedance to stub length. As
a result, the filter was able to expand its bandwidth. The filter was also reduced in size
using a folded structure.

Another attraction of the filter is the transmission—zero characteristics by adjusting
the length (I;) of open stubs (see Mt of Figure 1a) as shown in Figure 3b. This can achieve
a sharp cut-off frequency characteristic. The proposed filter is an advantage of a wide
bandwidth based on dual-mode. Table 2 lists a comparison of the proposed BPF with
some others proposed previously. In this table, the bandwidths, insertion losses, and sizes
are compared.

Table 2. Comparison of the proposed BPF with some previously proposed BPFs.

Ref [# fo [GHz] Ir [dB] Ry [dB] A [%] Size

ef [#] fo foz fo3 fo foz fos for foz fos fo fo2 fos [Ag]
this work 2.43 7.49 - 0.102 0.102 - 19.13 19.96 - 120 105 - 0.0708 x 0.0533

[2] 1.57 2.40 3.45 0.41 1.39 1.97 27.7 12.3 16.2 20.0 7.40 5.50 0.54 x 0.44
[4] 2.4 5.80 - 1.35 1.97 - 17.0 15.0 - 4.63 3.60 - 0.39 x 0.25
[6] 2.45 3.42 - 1.02 3.01 - - - - 3.70 1.50 - 0.17 x 0.18
[71 2.36 5.83 - 1.10 1.60 - - - - 5.80 3.10 - 0.16 x 0.18
[10] 1.57 2.40 3.50 16.0 1.50 2.30 9.00 18.9 13.5 N/A N/A - 0.72 x 0.82
[11] 1.80 3.50 5.20 1.20 1.80 2.00 5.00 24.0 14.0 N/A N/A - 1.89 x 0.03
[13] 2.09 3.52 5.45 1.18 0.54 0.88 15.1 16.8 29.5 11.3 20.0 12.1 0.12 x 0.42
[20] 1.34 2.20 3.32 1.32 1.26 2.23 16.3 24.6 17.3 5.22 3.63 4.21 0.32 x 0.23
[26] 2.60 5.80 - 1.10 2.10 - 15.0 15.0 - 10.4 3.60 - 0.26 x 0.34
[27] 3.58 5.60 - 1.10 1.80 - 17.0 17.0 - 5.80 3.40 - 0.25 x 0.47
[28] 1.75 3.64 - 2.00 1.10 - N/A N/A - 2.00 5.00 - 0.14 x 0.27

In the table, [20] is quarter-band BPF. Then, the center frequencies are 1.34 GHz,
2.2 GHz, 3.32 GHz, and 4.4 GHz, and the insertion losses are 1.32 dB, 1.26 dB, 2.23 dB,
and 1.99 dB at first to firth center frequencies. In addition, the return losses are 16.37 dB,
24.63 dB, 17.39 dB, and 22.48 dB at first to firth center frequencies. The bandwidth is 5.22%,
3.63%, 4.2%, and 9.6% at first to firth center frequencies, respectively. The proposed BPF
is lower insertion losses better than the comparison of BPFs, and the BPF is lower return
losses less than others. Additionally, the size of a BPF is smaller more than other BPFs, and
the bandwidth of a BPF is wider more than others.

The proposed filter is used for SLR and SIR together. Therefore, the filter is used to
short—stub. The characteristic of Stubfilter is very sensitive to impedance [30]. If the filter
had a narrow band, the impedance value would be very low. Therefore, the width of the
stub will be very wide, and the size of the filter will be increased. If the filter has broadband,
the impedance value will be very high. Thus, the filter will have a very narrow stub area.
Therefore, it will be very difficult to produce filters.

When SLR and SIR are used together, both bandwidth and size can be adjusted by
adjusting the ratio of impedance value to stub length [10,11].
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5. Conclusions

In this paper, we proposed a compact dual-band band—pass filter (BPF) with short
stubs and a T-shaped band-stop filter (BSF). The proposed BPF is adapted to a stepped
impedance resonator (SIR) with a folded and T-type structure. The advantages of this BPF
are its compact size, low insertion loss, and sharp cut-off frequency. The conventional stub
BPF operates only in the single band. In addition, the existing dual-band BPFs are con-
nected individually to the BPF and BSE, which makes the existing BPFs bulky. In contrast,
the BPF proposed by us is integrated with the BSF using a single structure, thereby reducing
the size of the new BPF. The overall size of the proposed BPF is 0.0708 Ag x 0.0533 Ag. The
fabricated BPF has center frequencies of 2.43 GHz and 7.49 GHz, and the insertion loss
is 0.102 dB and 0.103 dB at first and second center frequencies. Additionally, the return
loss of first and second center frequencies for the proposed BPF is 19.13 dB and 19.96 dB,
respectively. The bandwidth of the BPF is 120% and 105%, respectively. The proposed BPF
can be mass—produced as a semiconductor owing to its planar structure. It can be applied
to military mobile systems, medical systems, C-band weather radar systems (7.5 GHz),
satellite communications (Satcom) (4-8 GHz), and industrial systems of wireless local area
network (WLAN).
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