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ABSTRACT The main problem in designing a multiband bandpass filter (BPF) is making each passband
response highly independent, where each bandwidth of multiband BPF can be controlled and adjusted
separately. To overcome this problem, this paper proposes a highly independent multiband BPF based on
a multicoupled line stub-SIR with a folding structure. The proposed multiband BPF is constructed as a
multicoupled line to generate a highly independent inter-passband. Moreover, the multiband performance
is produced separately and independently by using three sets of resonators: resonator A1/A2 (Ra1 and Ra2),
resonator B1/B2 (Rp| and Rp;), and resonator C1/C2 (Rc1 and R¢>). The three passband frequencies can be
independently arranged and designed. To miniaturize the multiband BPF, a folding structure is also proposed.
As a result, the multiband BPF has a compact size that is reduced by over 61.29 % compared to previous
structures. The even-odd excitation model and the equivalent circuit model are used to analyze the multiband
BPF structure. This BPF is designed for GPS applications at 1.57 GHz, WCDMA (3G) at 1.8 GHz, WLAN
(WiFi) at 2.4 GHz, LTE (4G) at 2.6 GHz, and 5G communication at 3.5 GHz. To evaluate and validate the
proposed structure of the multiband BPF, the circuits are fabricated and tested. The simulated and measured
results of the multiband BPF show good agreement. In conclusion, the proposed multiband BPF structure

has a highly independent inter passband response and a compact size.

INDEX TERMS Compact, folding structure, highly independent, multiband BPF.

I. INTRODUCTION

In modern wireless communications, multiband bandpass
filters (BPFs) are essential components in a variety of wire-
less technologies with simultaneous multistandard applica-
tions [1], [2], such as global positioning system (GPS),
wireless local area network (WLAN/WiFi), global system
for mobile communications (GSM/2G), wideband code divi-
sion multiplexing access (WCDMA/3G), long term evolution
(LTE/4G), [2], [3] and 5G communications [4]. As an impor-
tant subsystem of multiband wireless transceivers, multiband
BPFs with excellent performance and the capability to sup-
port wireless technology by concurrently reducing interfer-
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ence and noise at multiple frequencies are in high demand
(51, [6].

The fundamental part of multiband BPF design lies in
the resonator structure. Recently, researchers have explored
a multiband BPF base on a crossed resonator [7]. In [7],
the crossed resonator successfully produced multiresonant
frequencies. Furthermore, to reduce the multiband BPF size,
the assembled resonator was proposed by [8], and the mean-
der coupled-line resonator was investigated by [9]. As a
result, the size of multiband BPFs is more compact. How-
ever, each passband response is not independent. Further-
more, the lumped element structure was suggested by [10].
However, the addition of lumped elements makes the fil-
ter structure more complex. Other multiband BPFs have
been generated from substrate integrated waveguide (SIW)
resonators [11], [12] and high temperature superconducting
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FIGURE 1. The proposed resonator structure for independent multiband
BPF; (a) single-band BPF, (b) independent dual band BPF, (c) independent
multiband BPF, and (d) miniaturized independent multiband BPF.

resonators [13]. However, for these methods, manufacturing
is difficult, and the inter-passband have a low independence.
The promising method of multiband BPFs is based on step
impedance resonators (SIRs) such as the stub-loaded SIR
[14], [15], quarter-wavelength SIR [16], asymmetric SIR
[17], [18], coupled-line SIR [19], multimode SIR [20], and
trisection SIR [21]. These resonators have achieved a good
insertion loss |S21| and reflection coefficient |S11|, and they
have a low-isolation interband. However, these resonator
structures have drawbacks such as a large size, complex
structure, and non independent structure.

The dual-band independent BPFs was proposed by [22],
and the short stub-loaded SIR and tri-section SIR resonator
were used. However, these BPFs showed low independency at
the upper bands and still worked at the dual passband. A tun-
able dual-band bandpass filter was proposed by [23], [24],
but this BPF has drawbacks such as requiring active com-
ponents and a power supply. A coplanar waveguide (CPW)
bandpass was proposed by [25], but this BPF has a complex
structure. An independent multiband BPF was proposed by
[26]. To produce the multiband BPF, separated electric and
magnetic coupling (SEMC) was proposed. However, this
BPF has low independence at the first passband. Another
independent multiband BPF was proposed by [27], but the
insertion loss values are poor. The open-loop resonator was
proposed by [28], but this filter also has low independence at
the first passband. A dual composite right- and left-handed
(D-CRLH) resonator was proposed by [29], but the resonator
structure is quite complex, hard to extract, with non indepen-
dent response.

This paper proposes a highly independent multiband band-
pass filter using a multicoupled line stub-SIR with a folding
structure, as shown in Fig 1(a) to 1(d). Fig 1(a), 1(b), 1(c), and
1(d) illustrate a single-band BPF, an independent dual-band
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BPF, an independent multiband BPF, and a miniaturized inde-
pendent multiband BPF, respectively. The proposed multi-
band BPF is constructed with a multicoupled line to generate
a highly independent inter passband. Moreover, the multiband
performance is produced separately and independently by
using three sets of resonators: resonator AI/A2 (R41 and R43),
resonator B1/B2 (Rp; and Rp)), and resonator C1/C2 (Rcq
and Rc3). Resonators A and B have an L-shaped structure.
These resonators are placed at the upper and lower feed-
ing lines, respectively. Furthermore, resonators A and B are
designed for the first passband (fc4) and the second passband
(fcp), respectively. The third resonator, resonator C, is a stub-
step impedance resonator (SIR) embedded at the center of
resonator B (Rp; and Rpp) to generate the third passband
(fcc), which can be clearly seen in Fig 1(c). Moreover, to
miniaturize the multiband BPF, a folding structure is also
proposed. This method can reduce the size of a multiband
BPF by more than half, as shown in Fig 1(d). The three
passband frequency responses can be tuned independently,
as shown in Fig 2(a) to 2(c).

Here, high independence means that each passband
response does not depend on another passband, so the fil-
ter response can be controlled and adjusted separately and
individually. Fig 2(a) shows that the first passband (fc4) can
be varied by tuning the dimensions of resonator AI/A2 (Ra1
and Ry2). The fcp and fcc can be adjusted by varying the
dimensions of resonator BI/B2 (Rg; and Rpy) and resonator
C1/C2 (Rc1 and R(»), respectively.

The significant contributions of this paper are as follows.

1) Most previous studies have focused on multiband BPF
design [8]-[30] without considering the independence
of inter-passbands. As novelty, we focus on highly
independent multiband BPF. This structure is mak-
ing each passband response highly independent, where
each band of multiband BPF can be controlled and
adjusted separately.

2) The important feature of multicoupled line stub-SIR
with a folding resonator structure is its highly indepen-
dent performance with a simple structure and it can be
easily analyzed and manufactured.

3) The three passband frequencies could be tuned inde-
pendently and separately, as shown by the independent
response of the insertion loss |S71| and the reflection
coefficients |S11| at each passband and by the different
direction of the surface current flows.

4) The folding structure method successfully reduces the
multiband BPF dimensions by over 61.29 %, which
makes the proposed multiband BPF very compact. The
multiband BPF has a size of 0.32 Ag x 0.31 Ag. After
the folding structure was applied, the multiband BPF
size became 0.32 Ag x 0.12 Ag, where Ag is the
wavelength of the fundamental frequency

5) The proposed multiband BPF has performance advan-
tages such as an excellent insertion loss |S71 ], a reflec-
tion coefficient |S11| with good transmission zeros and
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FIGURE 2. The independent filter response with varied resonator dimensions. (a) Single-band BPF resp

response, and (c) independent multiband BPF response.

an isolation interband. The validity of the performance
is shown by the excellent agreement between the sim-
ulated and measured results.

6) Finally, the proposed multiband BPF structure can be
applied for 5G communication at 3.5 GHz.

To optimize the structure of the multiband BPF the
Momentum Advance Design Systems (ADS) simulation was
used.

Furthermore, the multiband BPF is fabricated on an
RT/Duroid 5880 substrate with a permittivity of 2.2 and a
thickness of 1.575 mm.

To validate the proposed method, the multiband BPF has
been tested. The structure of this paper is as follows. The
first section gives a brief overview of multiband BPF design
and research. The second section describes and analyzes the
structure of coupled-line resonators, single-band BPFs, inde-
pendent dual-band BPFs, and independent multiband BPFs.
The third section focuses on the implementation and valida-
tion of the resonator structure and its miniaturization strategy.
Finally, section 4 concludes this research.

Il. PROPOSED COUPLED-LINE RESONATOR STRUCTURE
AND THE DESIGN OF SINGLE-BAND, DUAL- BAND, AND
MULTIBAND BPFS

A. COUPLING STRUCTURE AND EXTERNAL QUALITY
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FIGURE 3. (a) The resonator structure for analysis of an external quality
factor (Qext), (b) The simulated result of |S,, | for the resonator structure

under weak coupling with different s; values.

FACTOR

The proposed single coupled-line resonator structure is
shown in Fig 3(a). The input-coupled line is directly con-
nected to the 50-Q port 1 (Pzy), and the other end of the
resonator is connected to the 50-2 port 2 output (Poyr).
This structure is used to investigate the external quality factor
(Qe), coupling coefficient (M), and |S»1| values under weak
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coupling with different gaps (s1). Fig 3(b) shows the simu-
lated results of odd-mode and even-mode frequency of |Sy; |
with varied gaps (s1). The resonant frequencies (fc) value
are determined by odd-mode resonant frequency (foqd—mode)
and even-mode resonant frequency (feyen—mode)- Usually, the
Jfodd—mode 18 higer than e, —mode and the resonant frequencies
(fc) is in the middle of the f,q4—mode and feven—mode- It can be
seen that the fy37—mode and feven—mode €Xcitations are shifted
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FIGURE 4. External quality factor (Qe) and coupling coefficient (M).

by different gap values (s1). However, the resonant frequen-
cies (fc) remains stable, indicating that the gap variations do
not affect the f¢ values.

Furthermore, the coupling coefficient (M) and the exter-
nal quality factor (Qe) should be determined. The coupling
coefficient (M) of the resonator structure can be calculated
by [311, [32]

_ f02 _ fez

f02 + fez

where f,, and f, are the odd-mode and even-mode frequency
excitations, respectively. The simulation results of M under

different gaps (s1) is shown in Fig 4. Moreover, the external
quality factor (Qe) can be calculated by [31], [32]

fc
= — 2
Qe BW @
where fc and BW are the resonant frequency and the band-

width, respectively.

ey

B. DESIGN OF SINGLE-BAND BPF
The implementation of the coupled line as a single-band BPF
is shown in Fig 5(a), and the coupling structure is shown
in Fig 5(b). In the BPF topology, Wy, Wy, Wi, and W>
represent the width of the resonator, and I, ly, {1, and />
represent the length of the resonator. Furthermore, the res-
onator structure consists of several transmission lines with
different characteristic impedances Zy (for N = f, 0, 1, 2)
and corresponding electrical lengths 6y (for N =f, 0, 1, 2).
The coupling structure for the single-band BPF with res-
onators R41 and R42 as the main resonator is illustrated in Fig
5(b). This BPF is symmetrical on the 7-T" plane. Mg and
M> represent the external quality factor and the electric cou-
pling of input-output port, respectively. Furthermore, My
are the coupling matrix value between two resonator as shown
in Table 1. The value coupling matrix was obtained using
optimization technique [12]. The nonlinear least-squares and
the minimum-maximum algorithm were used.
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FIGURE 5. The proposed single-band BPF structure. (a) Filter topology,
(b) Coupling structure.

TABLE 1. Coupling matrix of single-band BPF structure.

My M=S M=1 M=2 M=L
N=s| 0 05795 0 01535
N=7 | 05795 01377 -05833 0
N=2| O 0583 01377 05795
N=f | 01535 0 05795 0
O_
r Z,, 0
Z Z5, 6,
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3 N
77
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FIGURE 6. (a) The equivalent circuit model for resonator A1, (b) the
equivalent circuit model for the even-mode of resonator A1, (c) the
equivalent circuit model for the odd-mode resonator A1.

To investigate the BPF characteristics, the structure extrac-
tions should be provided as shown in Fig 6(a)-6(c). The equiv-
alent circuit model for resonator A/ (R41), the equivalent
circuit model for the even-mode resonator, and the equivalent
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circuit model for the odd-mode resonator are shows in
Fig 6(a), 6(b), and 6(c), respectively.

To simplify analysis and design, the values Z; and Z, are
equal even if the length ; # 6,. Furthermore, because
resonator R4 has an L-shape structure, the electric coupling
(E1) based on the capacitive (Cra1) factor should be included
in the calculation of impedance [33]. Thus, to determine
the resonant frequency, the full equivalent circuit model for
resonator A/ (R41) should be derived as shown in Fig 6(a).

The resonant frequencies for even-mode and odd-mode
excitation can be determined from the impedance condition
at Zjy = oo or the admittance condition Yy = 0 [5], [6],
[31]. Fig 6(b) shows the circuit model for the even-mode with
the input impedance Zjy_Rra1—even modes Which has an open-
circuit transmission line. Therefore, the Zjn_ral—even mode
can be determined as follows:

) )
ZIN—RAl—even mode — _‘]Zl cot ( 2 > (3)

Moreover, Fig 6(c) shows the equivalent circuit model for
the odd-mode. Because Zjy _Rra1—odd mode Nas a shut structure
and is shunt to Cgrai, the Zjv_RA1—odd mode Value can be
calculated as

1 1
= +jw2caCrar (4)
ZIN-RA1—odd mode — _ 74 tan (01 er@z>

Furthermore, Eq (4) can be deduced as
JZ; tan (91+92)

ZIN—RA1—odd mode = P (5
1 —2Z1wcaCral tan (%)
To meet the resonant conditions Z;y = o0 or Yy = 0,
the denominator is set as follows [5], [6], [31]:
61+ 06

1 — 2Z wcaCray tan (%) =0 (6)

The resonant frequency can be calculated as follows:

1

WCA = (7)

27 1Cgra1 tan (91+92)
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or the value of fc4 can be determined as

1

(3)
w471 Cra1 tan (@)

fea =

where Z; is the characteristic impedance, Cra1 is the capac-
itance, 01 + 60 are the electrical lengths, and Z; = Z,. The
variation of Zjv_Rra1—odd mode VETsus (61 + 0») and Cgay is
shown in Fig 7.

The effect of 61 + 6> and Cgrai tO ZiN_RAl—o0dd mode
is shown in Fig 7. We can see that Cgq; has a lower
impact on the impedance value of Zjy_gra1—odd mode- HOW-
ever, the value of Zjny_ga1—odd mode has largely determined
by the length of 6; + 6;. For the value of 61 + 6, lower than
80° and upper than 90°, Zjny_RA1—o0dd mode 1S MOre capacitive.
Moreover, we can see that the value of 6; + 6, between
80° and 90°, making Zjy _RA1—odd mode More inductive. Fur-
thermore, the resonance occurs when the imaginary part of
the Zjv —RA1—odd mode 18 Z€TO.
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FIGURE 9. (a) Equivalent circuit model for resonator B1, (a) Equivalent
circuit model for the even-mode resonator B1, (b) Equivalent circuit
model for the odd-mode resonator B1.

C. DESIGN OF DUAL-BAND BPF

The second section is focused on the dual-band BPF. The
dual-band BPF response is obtained by adding the resonator
BI/B2 (Rp1 and Rpy) as shown in Fig 8(a). The resonator
B1/B2 (Rp1 and Rpy) is placed at the upper side of the feeding
line. Rp and Rp; are L-shaped and have a back-to-back cou-
pled structure. Consequently, the network coupling structure
is magnetic coupling (M3) [40]. The detailed structure of
the proposed dual-band BPF is shown in Fig 8(a), and the
BPF is symmetrical on the T-T" plane. In the dual-band BPF
topology, Wo, Wy, W1, W2, W3, and Wy represent the width of
the resonator and correspond to the characteristic impedances
Zy (for N = f,0,1,2,3,4). Furthermore, the ly, Ir, I,
l,13, and l4, values represent the length of the resonator, with
corresponding electrical lengths 6y (for N = £, 0, 1, 2, 3, 4).

As shown in Fig 8(b), the coupling structure of the dual-
band BPF is expanded from the coupling structure of the
single-band BPF in Fig 5(b). It can be seen that the additional
coupling at the upper feeding line will change the coupling
structure there. The complete coupling matrix of dual-band
BPF structure is shown in Table 2.

The terminal 50-2 port is connected to Ppy and Poyr
as the input-output port. To evaluate the resonant frequency
(fcp), the equivalent circuit model for resonator Bl (Rp1),
as shown in Fig 9(a), should be provided. To simplify analysis
and design, the values Z3 and Z4 are equal, but 67 # 6.
Because resonator Rp is L-shaped, the capacitance (Cgrp)
value should be included in calculations [33]. The value cou-
pling matrix was obtained using optimization technique [12].
The nonlinear least-squares and the minimum-maximum
algorithm were used.
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TABLE 2. Coupling matrix of dual-band BPF structure.

My M=S M=1 M=2 M=3 M=4 M=L
N=s| 0 029 0 -0.264 0 0.103
N=1| 0209 038 0707 0 0 0
N=2| 0 0707 -1.030 0 0 0.932
N=3| 0264 0 0 26271  -51382 0
N=4| O 0 0 -51.382 -103.010 -0.699
N=L | 0.103 0 0932 0 -0.699 0

Fig 9(a), 9(b), and 9(c) show the equivalent circuit models
for Rpi, the even-mode resonator Rpy, and the odd-mode
resonator Rpi, respectively. Zjy _—Rrp1—even mode €an be deter-
mined as follows:

) 03 4 64
ZIN —RB1—even mode = —JjZ3 €Ot ( 2 ) ©

Moreover, the Zjy _rB1—odd mode has a shunt structure, so it
can be calculated as
1 1

ZIN-RB\~odd mode  —jZs tan (03 +04

) +j2wcpCrp1 (10)

Furthermore, Eq (10) can be deduced as

JZ3 tan (—03;“94)
ZIN —RA1—o0dd mode = 0240 (11)
1 — 2Z3wcpCrpi tan (%)

To meet the resonant condition Z;y = oo or Yjy = O,
the denominator is set as follows:

0 + 6
1 — 2Z3wcpCra1 tan (%) =0 (12)

The resonant frequency can be calculated as follows:
1

wcep = (13)
273Cpgp1 tan (#)
or the value of fcp can be determined as
1
fes = (14)

w4Z3Cpgp tan (@)

where Z3 is the characteristic impedance, Cgp is the capaci-
tance, 6> and 65 are the electrical lengths, and Z3 = Z4.

D. DESIGN OF MULTIBAND BPF
The design of a highly independent multiband BPF and its
miniaturization strategy are investigated in this section. Fig
10 (a) and 10 (b) show the proposed filter topology of an inde-
pendent multiband BPF structure and the coupling structure,
respectively. Furthermore, Table 3 shows the coupling matrix
of multi-band BPF structure. The value coupling matrix was
obtained using optimization technique [12]. The nonlinear
least-squares and the minimum-maximum algorithm were
used.

To produce the third passband (fcc), the additional stub-
stepped impedance resonators (Stub-SIR), namely, resonator

VOLUME 8, 2020



T. Firmansyah et al.: Highly Independent Multiband Bandpass Filter Using a Multi-Coupled Line Stub-SIR

IEEE Access

T T T T T T T T I |

Z11W1 92,If2

Zz,Wz A

T!

(a)

FIGURE 10. The proposed independent multiband BPF structure (a) Filter topology (b) Coupling structure.

C1/C2 (Rc1 and R¢»), are embedded in resonator B (Rp; and
Rp>), as shown in Fig 10(a). Resonator CI1/C2 has the SIR
structure composed of two transmission lines such as (Ws, Is,
Zs, 05) and (We, lg, Zs, 0¢). In the multiband BPF topology,
Wy, Wo, W1, Wa, W3, Wy, Ws, and We represent the width of
the resonator and correspond to the characteristic impedances
Zy (forN =£,0,1,2,3,4,5, 6). Furthermore, I, ly, l1, 12, I3,
l4,1s5, and I, represent the length of the resonator with corre-
sponding electrical lengths 6y (for N =£,0, 1, 2,3,4,5,6).

The multiband BPF coupling structure is shown
in Fig 10(b). It can be seen that the additional Stub-SIR
has changed the coupling structure at the upper resonator
(Rp1 and Rp»). Furthermore, the structured resonators are
illustrated as Ra,(forn = 1, 2), Rg,(forn = 1, 2), and R, (for
n =1, 2) for resonator AI/A2, resonator BI1/B2, and resonator
C1/C2, respectively.

To evaluate the resonant frequency, the equivalent circuit
models for resonators B/ and C/ (Rp; and Rcip) should
be investigated. They are shown in Fig 11(a). Fig 11(a),
11(b) and 11(c) show the equivalent circuit models for
resonators B/ and CI (Rp; and Rc1), the even-mode res-
onator (Rp; and R(p), and the odd-mode resonator (Rpj
and Rc1), respectively. The even-mode and odd-mode res-
onant frequencies can be determined from the impedance
condition Z;y = oo¢ or the admittance condition Yy = 0
(51, [6], [31].
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First, Z;ye can be calculated as follows:
Zine = —j2Z ¢ cotbg (15)
ZiNs can be determined as follows:

JjZ2tan s — j2ZsZ¢ cot O
Zs + 27Z¢ tan 65 cot G¢

ZiNs = (16)
Then, the impedance Zjy_grp1—RC1—even mode Can be deter-
mined as follows:

To meet the resonant condition Z;y = oo or Yy = O,
the denominator (17), as shown at the bottom of the next page,
is calculated as follows [5], [6], [31]:

27375 + 2737 tan O5 cot g — 4Z52 tan 63

X tanf5 4+ 2757 ¢ tan 03 cot O = 0 (18)
273 27376
Z_s + Z52 tan 05 cot B — 4 tan 03
476
X tan95+Z—tan83cot96:O (19)
5

Eq(19) can be simplify as follows:
2K | 4+ 2K K; tan 65 cot 8 — 4 tan 03

X tanfs + 4K5 tan 03 cotfg = 0 (20)

K1 (2 4+ 2K, tan 65 cot 0g)
—4tan 63 (tan 63 + K cotbfg) = 0 21
83015
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TABLE 3. Coupling matrix of multi-band BPF structure.

My M=S M=1 M=2 M=3 M=4 M=5 M=6 M=7 M=8 M=L
N=S 0 6.058 0 0 0 0 0 0.906 0 5.547
N=71 | 6058 83428 61.748 70.393 0 0 -2.073 0 0 0
N=2 0 61.748 0 103.026 0 0 0 0 0 0
N=3 0 70.393  103.026 0 0 0 0 0 0 0
N=4 0 0 0 0 0 -7.265 0.047 0 0 0
N=5 0 0 0 0 -7.265 0 1.788 0 0 0
N=6 0 -2.073 0 0 0.047 1.1788 0.0714 0 0 -2.004
N=7 | 0906 0 0 0 0 0 0 0.001 0.207 0
N=§8 0 0 0 0 0 0 0 0.207  0.001  -0.369
N=L | 5547 0 0 0 0 0 -2.004 0 -0.369 0
S 0 N
1r ’ \\ \‘
—~ | I 9 ’
Z5=Z4,0,= 0, =-10 . 5
n’ b
Al e
Zg, Og —‘_—20 . FEEY T fca shifted
O— Lo ) -==12=7mm
| 7_30 | eesesenes 12 =10 mm
7.0 —C—12 =13 mm | [, =23 mm, s,=0.5 mm
5 U5 ——12=16 MM | and s,=0.5 mm.
Z;, 05 Z,, 0, -40 - - - : -
L - - 2 25 3 35 4 45 5
Frequency (GHz)
a
ZinRB1-RCH @ (a)
27, 0
o . $,= 0.5 mm and
Zne -2 | 2Crs: 3 10 0
Zns 3 27505 = :-20 . 2=4mm Rk /
Zs, 0, A Zs, 05 U}i -_——— 227 mm fca shifted |
—mmmmmm— 0 HE— P e 12 =10 mm | p——t—
_"!' —-30 == [2 =13 mm |
r ZNRB1-RC1-odd mode -40 ' X ‘ ! !
Z\ RB1-RC1-even mode 2 2.5 3 3.5 4 4.5 5
(b) (©) Frequency (GHz)
(b)

FIGURE 11. (a) Equivalent circuit model for upper resonator (B1 and C1),
(b) Equivalent circuit model of upper resonator (B1 and C1) for the
even-mode, (c) Equivalent circuit model of upper resonator (B1 and C1)
for the odd-mode.

where
K=2 22)
Zs
K =2 23)
Zs

Moreover, ZjNy —RB1—RC1—odd mode has a shunt structure as
shown in Fig 11(c), so it can be calculated as

1
ZIN —RB1—RC1—odd mode

" —jZztan6;

+j203Crp1 (24)

FIGURE 12. Simulation results of |S,; | characteristics for varied lengths
Iy, (b) |Sq7| characteristics for varied lengths /,.

Furthermore, Eq (27) can be deduced as

JjZ3 tan 63
P _ 25
IN —RB1—RC1—o0dd mode 1— 223(1)3CRB1 tan 93 ( )

To meet the resonant condition Z;y = oo or Yjy = O,
the denominator is set as follows [5], [6], [31]:
1 —2Z3w3Cgpi tanfz =0 (26)

where Zy (for N = 3, 5, 6) and Oy (for N = 3, 5, 6) are the
characteristic and electrical lengths, respectively.

JAZrZ g tan 05 — j4Z3ZsZ ¢ cot O + jZZ3ZZ5 tan 63 + j4Z3226 tan 63 tan 65 cot fg

ZIN—RB1—RC1—evenmode =

83016

273725 + 27376 tan O5 cot g — 4Z52 tan 63 tan 05 + 4Z5Z ¢ tan 63 cot O

7)
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FIGURE 13. (a) The equivalent circuit model of the independent
single-band BPF, (b) the photograph of the fabricated single-band BPF.

IIl. IMPLEMENTATION OF HIGHLY INDEPENDENT
SINGLE-BAND, DUAL- BAND, AND MULTIBAND BPFS

A. IMPLEMENTATION OF SINGLE-BAND BPF STRUCTURE
The parametric simulation results are provided in Fig 12(a)
and 12(b), which show the |S»1| characteristics with varied
lengths (l2) and the |S11| characteristics with varied lengths
(Ip), respectively. It is clearly seen from Fig 12(a) that the
frequency center can be adjusted by varying the length (/7).
This figure also shows that the optimum value of /; = 13 mm.
Moreover, the magnitude of |S;| must be set to lower than
—10 dB to make sure that the reflection coefficient is low.
These simulation results show that the value of the length I,
corresponds with 6> and has a positive contribution to fca.
This interesting finding confirms the usefulness of Eq (8) and
shows that fcy is affected by 6> when 0 is set to a constant
value.

Fig 13 (a) and 13 (b) show the equivalent circuit model
of a highly independent single-band BPF and a photograph
of a fabricated single-band BPF, respectively. The equivalent
circuit model of the single-band BPF is symmetrical on the
T-T plane.

The resonator structure consists of several passive com-
ponents such as capacitor Cy, (forn = 1, 2, 3, 4, 5, 6, 7)
and inductor La, (for n = 1, 2, 3, 4, 5). Because resonators
Ra1 and Ry; are L-shaped and the back-to-back structure is
coupled, the coupled network is a magnetic coupling structure
(M1) [33]. The corner part of the resonator becomes more
capacitive and is thus replaced as a capacitor. Fig 13(a) shows
the detailed equivalent circuit.
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FIGURE 14. Simulated, measured, and equivalent circuit model results

(@) 1S211, (b) IS111, (c) bandwidth at |S,, | at —3 dB, and (d) surface current
flow at fc,.

The simulation and optimization results are obtained with
the ADS software. The overall dimensions of the single-
band BPF are Wy = 3 mm, Wy = 1 mm, W; = 1 mm,
W) = 1lmm, lp = Smm, [y = 2 mm, [; = 23 mm,
b = 13 mm, s; = 0.5 mm and 5o = 0.5 mm. Furthermore,
the values of the equivalent circuit models are C4; = 15 pF,
Ca2 = 1.5 u F, Ca3 = 15 pF, Cag = 0.1 pF, C45 = 150 pF,
Ca6 = 75 pF, Ca7 = 75 pF, L41 = 0.01 pH, L4> = 300 pH,
Lz = 0.01 pH, L4s = 89 pH, and L45 = 14 pH. The single-
band BPF is fabricated on an RT/Duroid 5880 substrate and
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FIGURE 17. (a) The equivalent circuit model of the independent
dual-band BPF, (b) photograph of the fabricated dual-band BPF.

fee shifted
o -10 TABLE 4. Dimensions of the dual-band BPF and values of the equivalent
= circuit model.
—-30
U‘)V 14 =38 mm
—504  Fl | e N | Wy (mm) | Iy(mm) | sy(mm) N | Con(pF) | Lsv (pH)
- f 1 2 - 1 15 0.01
o M 3 4 5 0 3 5 - 2 165 135
Frequency (GHz) 1 1 23 0.5 3 2 330
2 1 13 0.5 4 120 420
(a)
0 - 3 1 23 - 5 5 105
10 | 4 1 44 - 6 195 3600
@ 20 fes shifted 7| 250 13
T
—-30 1 foa fixed
0 -40 s TABLE 5. Comparison of dual-band BPF results.
50 | e M=42mm
——14 = 46 mm
-60 - - -
1 2 3 4 5 Parameters - Jes X Jea
Frequency (GHz) Sim Meas Sim Meas
(b) fc(GHz) 1.75 1.75 345 3.45
FBW (%) 17.11 | 1690 | 1231 | 11.83
FIGURE 16. Simulation results of (a) |S,;| characteristics with varied R R ] i
length 14, (b) |S;;| characteristics with varied length /;. |S21 |dB 0.16 041 0.54 1.14
|5, dB -14.37 | 1656 | -22.38 | -18.04
Trans. zeros -47.70 dB at 2.25 GHz (sim)
is soldered to a 50- input/output port, as shown in Fig 13(b). (Isolation inferband) | _ -30.81 dB at 2.25 GHz (meas)
To evaluate the performance, the device under test (DUT) *note: in our design fc4 is higher than fcp
should be connected to a vector network analyzer (VNA). The
R& S ZNB VNA was used to measure the BPF. Fig 14(a),
14(b), and 14(c) show the simulated, measured, equivalent The simulated/measured results of the single-band BPF are
circuit model, and coupling matrix model results of |S>;| and 3.25 GHz/3.27 GHz, 8.09 %/9.14 %, —0.35 dB/—0.8 dB,
|S11], with a bandwidth at |S>;| of —3 dB. Fig 14(d) shows —17.0 dB/—19.6 dB for the fca, fractional bandwidth
the surface current flow at fc4. (FBW), |S21], and |S71], respectively. The single-band BPF
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design strategies are validated by very good agreement
between the measured and simulated results.

B. IMPLEMENTATION OF INDEPENDENT DUAL-BAND BPF
STRUCTURE

This section discusses the optimization and implementation
of an independent dual-band BPF. The dual-band BPF results
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FIGURE 21. Simulation results of (a) |S,; | characteristics with varied
length I; and (b) |S;; | characteristics with varied length I,.

are provided in Fig 15(a) and 15(b), which show the magni-
tude of the |S1| characteristics with varied lengths (/) and
the |S11| characteristics with varied lengths (/2), respectively.
Fig 15(a) shows that varying the value of length (/>) can tune
the |S21| passband of fcsa while the frequency fcp remains
constant/fixed. This result indicates that the proposed dual-
band BPF has highly independent responses and illustrates
that the insertion loss value of the passband is higher than
—3dB.

Fig 15(b) clearly shows that varying the length (/) can
tune the value |S11| at passbands of frequency fca, whereas
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FIGURE 22. Simulation results of (a) |S,; | characteristics with varied
length /g and (b) |S;; | characteristics with varied length /g.

this change has only a slight influence on the passband fcp.
It is also observed that the value |S;;] is better than —10 dB,
which indicates that the dual-band BPF has a low reflection
coefficient. Therefore, we can adjust the length of /, to tune
the fca passband. Increasing I, will make the fcs shift to a
lower frequency, while decreasing [, will make the fcy shift
to a higher frequency.

Fig 16(a) and 16(b) illustrate the magnitude of the |S>i|
characteristics for varying lengths (/4) and the |S11 | character-
istics for varying lengths (l4), respectively. It is clearly seen
that by varying the length (l4), the frequency of fcp will shift
independently. However, fc4 will be stable. It is also shown
that the values of |S11| and |S>;1| can be optimized to better
than —10 dB and —3 dB, respectively. The passband fcp can
be controlled by the length (I4). This finding confirms the
usefulness of Eq (14) and shows that fcp is affected by 64
when 63 is set as a constant value, with 64 corresponding
to l4. Therefore, this result shows that the two passband
frequencies could be tuned independently and separately and
demonstrates the successful design of a highly independent
dual-band BPF.

Fig 17(a) and 17(b) show the equivalent circuit model of
the independent dual-band BPF and a photograph of the fabri-
cated dual-band BPF, respectively. The value of the magnetic
coupling of the structures is indicated by M and is shown at
the upper and lower resonators. The dimensions of the dual-
band BPF and the values of the equivalent circuit model after
optimization using the ADS software are shown in Table 4.

As shown in Fig 17(a), the equivalent circuit model con-
sists of upper and lower feeding lines. Due to the high mag-
netic field, the coupling inter resonator is drawn as magnetic
coupling. However, the equivalent circuit model at the center
of the dual-band BPF is shown to be a capacitive circuit.
Moreover, the photograph of the fabricated dual-band BPF
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TABLE 6. Dimensions of the multiband BPF and values of the equivalent
circuit model.

N | Wy(mm) | ly(mm) | sy(mm) N | Cov (pF) | Lev (pH)
f 1 2 - 1 15 5
0 3 5 - 2 265 135
1 1 23 0.5 3 1 360
2 1 13 0.5 4 450 60
3 1 23 0.5 5 0.1 105
4 1 44 0.5 6 16 300
5 1 5 - 7 225 0.01
6 7 4.75 - 8 120 45
9 60 -
10 0.1 -
- T -
= ICC& ICca -
Ceo_L CCWI
j:ch Ler
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I
|
I
I =
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coupling

(a)

FIGURE 23. (a) The equivalent circuit model of the independent
multiband BPF, (b) photograph of the fabricated multiband BPF.

shown in Fig 17(b) illustrates the complete dual-band BPF
with 50-Q2 port termination.

To verify the proposed BPF design, the fabricated results
of the dual-band BPF must be tested. Fig 18 (a), 18(b),
and 18(c) show the simulated, measured, equivalent circuit
model, and coupling matrix model results of |S21], |S11/, |S21]
for a bandwidth fcp and fca of —3 dB, respectively.

The results of simulated and measured dual-band BPFs are
shown in Table 5.

Fig 19 (a) and 19(b) show the surface current flow at
passband fcs and passband fcp, respectively. The surface
current distribution at the fc4 band has flowed at the lower
part of the feeding structure or it has flowed at the lower
resonator. However, the surface current distribution at the fcp
band has flowed at the upper resonator. These results indicate
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that the resonator is working independently and separately.
The dual-band BPF design strategies are validated by good
agreement between the measured and simulated results.

C. IMPLEMENTATION OF INDEPENDENT MULTIBAND BPF
STRUCTURE

The parametric simulation results of the highly independent
multiband BPF are shown in Fig 20(a) — 22(b). In our BPF
design scenario, the value of the passbands are as follows:
fca > fcc > fcp. The promising findings show that by
varying the length (/»), the passband fc4 can be tuned inde-
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TABLE 7. Comparison of multiband BPF results.

Jes Jec Jea
Parameters
Sim | Meas Sim Meas Sim Meas
fc(GHz) 1.70 1.65 2.55 2.55 325 3.25
FBW (%) 20.0 | 15.90 11.76 11.40 10.27 | 9.10
|s,|dB -0.58 | -0.39 -0.69 -0.92 -0.71 | -0.80
|s,|dB -21.6 | -21.9 -22.6 -17.7 -20.2 | -21.0
ISO, =-15.96 dB at 2.01 GHz (sim) - -
Isolation
ISO, =-19.05 dB at 2.01 GHz (meas) - -
interband -
- - 1SO, =-23.04 dB at 2.75 GHz (sim)
(I1S0O)
- - ISO, =-24.95 dB at 2.75 GHz (meas)

*note: in our design fcs < fee < fes, SO,
ISO, = isolation between fcc and fc4

= isolation between fcz and fcc,

Z7;,W

07,17

— >

kmmmmmmm =]

POUT

50 Q
Port 2

FIGURE 26. (a) The proposed miniaturized independent multiband BPF
structure, (b) photograph of the fabricated miniaturized multiband BPF.

pendently, as shown in Fig 20(a) and 20(b). By increasing the
length (/5), the passband fcq will shift to a lower frequency.
Varying the length (/;) will not change the fc4 passband or the
fcp passband. This result demonstrates that the passband fcs
is more independent than the fcp and fcc passbands.

Fig 21(a) and 21(b) illustrate the |S»;| characteristics with
varied length (I4) and the |S71| characteristics with varied
length (l4), respectively. There is a significant correlation
between the length (I4) and the fcp passband. Fig 21(a) shows
that by increasing the length (I4), the fcp passband will shift
to a lower frequency. This change is not accompanied by
a shift of the fcs passband or the fcc passband. Therefore,
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TABLE 8. Coupling matrix of miniaturized independent multiband BPF.

My M=S M=1 M=2 M=3 M=4 M=5 M=6 M=7 M=8 M=L
N=S 0 4.930 0 0 0 0 0 1.114 0 6.202
N=1| 4930 76.672 34705 64511 0 0 -1.954 0 0 0
N=2 0 34.705 0 59.158 0 0 0 0 0 0
N=3 0 64.511 59.158 0 0 0 0 0 0 0
N=4 0 0 0 0 0 -78.887  0.044 0 0 0
N=5 0 0 0 0 -78.887 0 8.937 0 0 0
N=6 0 -1.954 0 0 0.044 8.937 0.156 0 0 -2.522
N=7| 1114 0 0 0 0 0 0 0.001  0.273 0
N=8 0 0 0 0 0 0 0 0.273  0.001 -0.616
N=L | 6202 0 0 0 0 0 -2.522 0 -0.616 0

P P TABLE 9. Dimensions of miniaturized multiband BPF.

Misy g Migla 1

1R32) 11

1 dis(4) M
M b Mg\ o
@@

Rgia(3) Rai5(5)

FIGURE 27. Coupling matrix.

the fcp passband is more independent than the fcs and fcoc
passbands. The insertion loss values are better than —3 dB,
and the reflection coefficient is lower than —10 dB.

Fig 22(a) and 22(b) illustrate the extraction of the [S>;|
and |S11| characteristics with varied length (lg) and show
that by varying the length (Ig), the values of |S21| and |S11|
at the fcc passband will shift. The fcc passband will be
shifted to a lower frequency by increasing the length (/g) or to
a higher frequency by decreasing the length (/s). However,
these changes have no effect on the fc4 passband or the fcp
passband. These results indicate that the fcc passband is more
independent than the fc4 and fcp passbands. In summary,
the passbands fca, fcp, and fcc are separately and indepen-
dently influenced by length (I»), length (/4), and length (I¢),
respectively. They are working with high independence. This
important finding is proof that the designed multiband band-
pass filter with a multicoupled line stub-SIR and a folding
structure is highly independent.

Fig 23. (a) and 23(b) show the equivalent circuit model
of the independent multiband BPF and a photograph of the
fabricated multiband BPF, respectively. The dimensions of
multiband BPF and the values of the equivalent circuit after
optimization using the ADS software are shown in Table 6.
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N | Wy(mm) | ly(mm) | sy(mm) N | Wy(mm) | Iy(mm)
f 1 2 - 5 1 5

0 3 5 - 6 7 4.75

1 1 23 0.5 7 1 20

2 1 6.5 0.5 8 1 7

3 1 23 0.5 9 1 5

4 1 15 0.5

TABLE 10. Comparison result of miniaturized multiband BPF.

Jes Jec Jea
Parameters
Sim Meas Sim Meas Sim Meas
fc(GHz) 1.75 1.75 2.55 2.55 3.50 3.55
FBW (%) 22.84 21.20 5.49 4.70 8.37 8.40
|Sy|dB | -0.61 | -055 | -095 | -136 | 092 | -137
IS, |dB | -1921 | -182 | -12.77 | -21.29 | 2349 | 223
ISO,; =-26.60 dB at 2.35 GHz (sim) - -
Trans. zeros
ISO, = -23.78 dB at 2.35 GHz (meas) - -
(Isolation -
. - - ISO, = -31.55 dB at 2.80 GHz (sim)
interband)
- - ISO, =-30.61 dB at 2.80 GHz (meas)

*note: for our design fcp < foc <fcs, ISO; = isolation between fcp and fcc,
ISO, = isolation between fec and fo4

This multiband BPF structure also has a back-to-back res-
onator, so the coupling inter resonator is drawn as magnetic
coupling. The third passband (fcc) is generated by the SIR-
structure, and the equivalent circuit model is clearly illus-
trated in Fig 23(a). Finally, the photograph of the fabricated
multiband BPF with a 50-2 port termination has a size of 0.32
Ac x 0.31 Ag, were Ag is the wavelength of the fundamental
frequency [34], [35] as shown in Fig 23(b).

After the multiband BPF has been fabricated, it should be
tested by VNA for verification. Fig 24 (a), 24(b), and 24(c)
show the simulated, measured, equivalent circuit model, and
coupling matrix model results of |S>1], |S11], |S21] for a
bandwidth fcp of —3 dB, and fcs of —3 dB, respectively.
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Fig 25(a), 25(b) and 25(c) show the surface current flows at
fcB, fcc, and fcy, respectively. At the fcp passband, the cur-
rent distribution has flowed at the center resonator of Rg. The
surface current distribution at the foc band has flowed at the
SIR-structure. The fc4 band has flowed at the lower part of
the feeding structure. This result indicates that the resonator
is working independently and separately. The simulated and
measured multiband BPF results are shown in Table 7.

D. MINIATURIZATION OF INDEPENDENT MULTIBAND BPF
STRUCTURE

This section discusses the proposed miniaturization strat-
egy. To reduce the multiband BPF size, a folded structure
was proposed, as shown in Fig 26(a) and 26(b). Further-
more, Fig 27 shows the coupling matrix of miniaturized
independent multiband BPF and the value of the coupling
matrix is shown in Table 8. The value coupling matrix was
obtained using optimization technique [12]. The nonlinear
least-squares and the minimum-maximum algorithm were
used.

VOLUME 8, 2020

TABLE 11. Performance comparison with other reported BPFs.

Freg | 5] -3dB Size Independent Minia-
Ref (GHz) (dB) FBW Tz 0 passband turiza-
(%) ' (fiff3) tion
1.95/ -1.10/ 9.70/
[30] 3.46/ -1.50/ 6.40/ 3 0.67 no/yes/no no
5.25 -1.50 9.00
1.57/ -1.60/ 5.20/
[13] 2.40/ -1.50/ 3.80/ 5 0.59 no/no/yes no
345 -2.30 4.60
1.80/ -1.60/ 11.00/
[16] 3.50/ -1.50/ 6.20/ 3 0.056 no/yes/no no
5.20 -2.30 6.10
[22] 2;‘500/ } log 5/ ls 26(()) / 4 0.035 yes/yes no
[23] 22"1(?0/ f)]'i)sg/ 211158/ 3 0.028 yes/yes no
1.57/ -1.20/ 12.70/
[26] 3.50/ -0.90/ 10.00/ 6 0.012 no/yes/yes no
5.80 -1.60 3.08
2.41/ -1.91/ 6.20/
[27] 3.65/ -1.42/ 12.2/ 5 0.012 yes/no/no no
5.29 -1.51 11.8
1.59/ -1/ 15.70/
[28] 3.12/ -1.12/ 12.70/ 5 0.033 no/yes/yes no
4.02 -1.11 5.71
Our 1.65/ -0.39/ 15.90/
Fig 2.55/ -0.92/ 11.40/ 5 0.099 yes/yes/yes no
23(b) 3.25 -0.80 9.10
Our 1.75/ -0.55/ 21.20/
Fig 2.55/ -1.36/ 4.70/ 6 0.038 yes/yes/yes yes
26(b) 3.55 -1.37 8.40

The dimensions of the compact multiband BPF after opti-
mization using the ADS software are shown in Table 9.

The fabricated results are shown in Fig 26(b). After apply-
ing the folding structure, the multiband BPF size became 0.32
Ag x 0.12 Ag, where )¢ is the wavelength of the fundamental
frequency. This method successfully reduced the multiband
BPF dimensions by over 61.29 %. Fig 28 (a), 28(b), and 28(c)
show the simulated, measured, and coupling matrix model
results for [S21], [S11], |S21] for a bandwidth fcp, fcc, and
fca of =3 dB, respectively. The results of the simulated and
measured multiband BPFs are compared in Table 10.

Fig 29(a), 29(b) and 29(c) show the surface current flow at
fe, fcc, and fcy, respectively. At the fcp passband, the cur-
rent distribution has flowed at the center resonator of Rp.

The surface current distribution at the fcc band has flowed
at the SIR-structure. The fca band has flowed at the lower
part of the feeding structure. This result indicates that the
resonator is working independently and separately. Finally,
Table 11 illustrates the performance comparisons of some
triple-band BPFs in terms of transmission zeros, isolation,
size, and independent bands.

Based on these parameters, the proposed bandpass filter
has the following advantages: 1) the multiband BPF has a
highly independent inter passband, 2) the insertion loss |Sj |
(dB) value has excellent performance, 3) the isolation inter
passband is good, 4) the proposed multiband BPF has a higher
number of transmission zeros, 4) the proposed multiband
BPF has a higher number of transmission zeros, 5) the filter
has a compact size, and 6) the proposed BPF structure can
be applied for 5G communication at 3.5 GHz. Furthermore,
by using the folded structure, the multiband BPF has a
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compact size that is reduced by over 61.29 % compared to
previous structures

IV. CONCLUSION

This paper describes the successful design and implemen-
tation of a highly independent and compact multiband BPF
based on a multicoupled line stub-SIR with a folding struc-
ture. The multiband BPF is constructed with a multicou-
pled line to generate a highly independent inter passband.
Moreover, the multiband performance is produced separately
and independently by using three sets of resonators. To
miniaturize the multiband BPF, a folding structure is also
proposed. As a result, the proposed multiband BPF is very
compact and reduces the size by over 61.29 %. This BPF is
designed for applications such as GPS at 1.57 GHz, WCDMA
(3G) at 1.8 GHz, WLAN (WiFi) at 2.4 GHz, LTE (4G) at
2.6 GHz, and 5G communication at 3.5 GHz. The simulated
and measured results of the multiband BPF show good agree-
ment. Finally, our proposed multiband BPF structure has a
highly independent inter passband response and a compact
size.
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