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Abstract: The design and implementation of the filters for the fifth-generation (5G) mobile
communication systems are challengeable due to the demands of high integration, low-cost,
and high-speed data transmission. In this paper, a dual-wideband bandpass filter (BPF) and a
tri-wideband BPF for 5G mobile communications are proposed. The dual-wideband BPF consists
of two folded open-loop stepped-impedance resonators (FOLSIRs), and the tri-wideband BPF is
designed by placing a pair of folded uniform impedance resonator inside the dual-wideband BPF
with little increase in the physical size of the filter. By employing a novel structural deformation of a
stepped-impedance resonator, the FOLSIR is achieved with a more compact structure, a controllable
transmission zero, and an adjustable resonant frequency. The measurement results show that the
working bands of the two filters are 1.98–2.28/3.27–3.66 GHz and 2.035–2.305/3.31–3.71/4.54–5.18 GHz,
respectively, which are consistent with the full-wave EM simulation results. The implemented filters
have a compact size and the results show low loss, good out-of-band rejection, and wide passbands
covering sub-6 GHz bands of 5G mobile communications and a commonly used spectrum.

Keywords: microwave filter; 5G; dual-wideband; tri-wideband; adjustable passband

1. Introduction

In 2015, the International Telecommunication Union-Radio Communication Sector (ITU-R, Geneva,
Switzerland) defined three typical usage scenarios for the fifth-generation mobile communication
system (5G), including enhanced mobile broadband (eMBB), massive machine-type communications
(mTC), and ultrareliable and low-latency communication (uRLLC) [1]. High-integration, low-cost,
and high-speed data transmission are required for these application scenarios of 5G mobile
communication systems. As a key component of wireless communication systems, multi-band
bandpass filters (BPFs) with compact size, low loss, and wide passbands are envisioned as potential
techniques to meet the requirements brought by 5G mobile communications [2–4].

Currently, four methods have been employed in the construction of multi-band BPFs. Multi-mode
resonator is one of the basic theories for multi-band BPFs. By combining two or more resonant modes
of a multi-mode resonator, for instance, ring multi-mode resonators [5–8] and multi-mode stub-loaded
resonators (SLRs) [9–11], the passband of the filter is formed. Combining more modes in one passband
will increase the bandwidth [12]. In Ref [10], a compact tri-band BPF is developed by multi-mode SLR,
but with small bandwidth and large insertion loss. In addition, by utilizing the coupling between
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two multi-mode resonators, the odd–odd and even–even resonant modes contribute to the passbands,
such as stepped-impedance resonators (SIRs) in tri-band BPFs [13] and dual-band BPFs [14,15], SLRs in
tri-band BPFs [16,17], and dual-band BPFs [18–20]. In Ref [14], a compact dual-band bandpass filter
is obtained by coupling between two modified SIRs; the bandwidth can be adjusted using coupling
strengths between resonators, but with large insertion losses and narrow passbands. The third method
is to add structures with stopbands or transmission zeros (TZs) in BPFs [21,22] or lowpass filters [23],
and to divide one passband into more passbands. Due to the added structures, the resulting multi-band
BPFs often have large size [21,22] or complex structures [23]. Feeding parallel filter cells through
common input/output (I/O) ports is the fourth way, with the advantage of designing and adjusting each
passband independently [24–27]. However, due to the stacking of the parallel filter cells, the resulting
multi-band BPFs usually have larger size [25–27]. Using resonators of a filter cell as I/O ports for the
other filter cells is an improvement of this method. Due to the embedded structure, the resulting
multi-band BPFs usually have compact size [28,29] and adjustable passbands [30,31].

In recent years, several new technologies have also been used in the design of multi-band BPFs.
In Ref [32], the multi-mode characteristic of substrate-integrated waveguide (SIW) is employed for
a 5G dual-band BPF, but the size is relatively large. In Ref [33], a dual-band transparent a graphene
microstrip filter for 5G is designed; nevertheless, large insertion loss limited the application of this
filter. To our best knowledge, the tri-band BPFs for 5G mobile communication systems with compact
size, low loss, and wide passbands have not been proposed and discussed in the literatures.

In this paper, a dual-wideband BPF and a tri-wideband BPF for 5G mobile communications are
proposed. The dual-wideband BPF is achieved by two folded open-loop stepped-impedance resonators
(FOLSIRs), and then by placing a pair of folded uniform impedance resonators (FUIRs) inside the
dual-wideband BPF, a tri-wideband BPF is constituted with little influence in the physical size of the
filter. Most importantly, the FOLSIR in our filters is obtained by a novel structural deformation of
SIR. In the existing multi-band BPFs researches, the center frequencies (CFs) of passbands are usually
reduced by increasing the length or width of loaded stubs [34–37]. However, the increase of the CFs
is limited when the loaded-stub length is reduced to zero. In our design, by changing width of the
folded portion of the FOLSIR, the CF of the second passband can be freely increased or decreased.
Cross-coupling of the resonators generates more TZs to improve the band-to-band isolation and
out-of-band rejection level. The two multi-wideband BPFs are simulated by a commercial full-wave
electromagnetic (EM) simulator Ansys HFSS and fabricated on a Rogers 5880 substrate with a relative
permittivity εr of 2.2 and thickness of 0.787 mm. Measurements are conducted with a network analyzer,
the implemented filters have a compact size, and the results show low loss, good out-of-band rejection,
and wide passbands covering sub-6 GHz bands and other commonly used spectrum. The design
principle and simulated results are well verified by measurement of the fabricated filters, and good
consistency between simulation and measurement are obtained.

This paper is arranged as follows. In Section 2, the FOLSIR and FUIR are analyzed based on
theory and electromagnetic simulation, and an equivalent circuit diagram of the FOLSIR is proposed
to explain the principle of resonant frequency and TZ adjustment. In Section 3, the dual-wideband
BPF and the tri-wideband BPF with coupled FOLSIR and FUIR are designed, simulated, characterized,
and optimized. In Section 4, the measurement results of a manufactured dual-wideband BPF and
tri-wideband BPF are presented and discussed, which verifies the proposed method. Conclusions are
drawn in Section 5.

2. Resonator Analysis

2.1. FOLSIR Analysis

SIR has been widely used in the design of multi-band BPFs. SIR consists of parts with different
characteristic impedance. As shown in Figure 1a, a λg/2 SIR is composed of a low-impedance part (LIP)
in the center and two high-impedance parts (HIPs) at both sides, the length of the LIP is λg/4, and the



Electronics 2020, 9, 205 3 of 13

length of the two HIPs are all λg/8. In order to explain the principle of the resonators more clearly, an
equivalent circuit diagram of the SIR is presented, as shown in Figure 1b. It can be seen from Figure 1b
that the characteristic impedances of the LIP and HIP of the SIR are Z1 and Z2, the LIP in the center
has an electrical length of 2θ, and the electrical length of the HIP on each side is θ. The relationship
between the resonant frequencies and characteristic impedance ratio, the electrical length of the SIR,
is described as [38]:

θ = arctan
√

RZ, (1)

fS1

f0
=

π

2arctan
√

RZ
, (2)

where f 0 is the resonant frequency of the SIR, f S1 is the first spurious resonant frequency of the SIR,
θ is the electrical length of each part, and RZ = Z2/Z1 is the characteristic impedance ratio of HIP and
LIP. With the microstrip as the fundamental structure, the characteristic impedance of each part is
determined by the formulas such as following:

Z0 =
120π
√
εre

1
W/h + 1.393 + 0.667 ln(W/h + 1.444)

, (3)

εre =
εr + 1

2
+
εr − 1

2
(1 +

12h
W

)
−

1
2
, (4)

when W/h >1, and the substrate used in this paper meets this requirement, where W is width of the
conductor, h is the thickness of the grounded dielectric substrate, and εr is the dielectric constant of
the substrate.
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Figure 1. Design of folded open-loop stepped-impedance resonators (FOLSIR). (a) Schematic diagram
of stepped-impedance resonators (SIR); (b) The equivalent circuit diagram of the SIR; (c) Schematic
diagram of FOLSIR; (d) The equivalent circuit diagram of the FOLSIR; (e) The simulated resonant
frequency f 0 and fS1 of the FOLSIR for various values of W3; (f) The simulated |S21| response of the
resonator for various values of S1.
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According to Equations (1)–(4), the physical size of the SIR can be calculated if f 0 and f S1 are given.
In order to reduce the size and increase a transmission zero, the SIR is bent directly on the physical
structure to form a FOLSIR, as shown in Figure 1c. The LIPs and HIPs of the FOLSIR still have the
same widths of W1 and W2 as the SIR, the length of the HIP is L21 + L22 = L2, and the length of the
LIP is L11 + L12 + L13. Particularly, a serial step impedance part with a width of variable W3 is added
between the two LIPs, which has a length of L14 and 2(L11 + L12 + L13) + L14 − 2W1 = L1. The serial
step impedance part with a width of variable W3 is used to neutralize the variation in the transmission
line characteristics caused by the structural change from SIR to FOLSIR. This ensures that FOLSIR has
the expected resonant frequencies f 0 and f S1.

Compared to SIR, the equivalent circuit diagram of FOLSIR in Figure 1d adds a coupling capacitor
Cm and a section with characteristic impedance ZS corresponding to variable W3. The electrical length
of the serial step impedance part with characteristic impedance ZS is θ′S and the separated LIPs are
shortened to θ’, and 2θ’ + θ′S = 2θ.

Since there are four parts that make up the λg/2 SIR, the length of each part is λg/8. So, the input
impedance formula of each part can be rewritten from Equation (5) to Equation (6).

∣∣∣Zin(l)
∣∣∣ = ∣∣∣∣∣Z0

ZL + jZ0 tan βl
Z0 + jZL tan βl

∣∣∣∣∣, (5)

|Zin| =

∣∣∣∣∣Z0
ZL + jZ0

Z0 + jZL

∣∣∣∣∣, (6)

where Z0 is the characteristic impedance, ZL is the load impedance, and βl = θ, the same as Equation (7).
For the SIR, when calculating the input impedance of the HIP, looking from the LIP to the HIP,

Z0 = Z2. Since the terminal is open, the load impedance is ZL =∞, substituting Z0 = Z2 and ZL =∞

into Equation (5), then the input impedance is Zin2 = -jZ2. The input impedance at the center of the LIP
is determined by substituting Zin2 into Equation (6).

For the FOLSIR, when calculating the input impedance of the HIP, looking from the LIP to the
HIP, Z0 = Z2, and for the terminal is coupling capacitor Cm, which is determined by the gap S1 of the
two HIPs, the load impedance is ZL = 1/(jωCm). Using the same procedure as for the SIR in the above
paragraph, it can be found that the input impedance at the connection of the HIP with LIP and the
center of the LIP are different from that of the SIR. According to Equation (2), the aimed f 0 and fS1

cannot be satisfied because of the different input impedances.
So, the influence of Cm on the resonant frequencies of FOLSIR must be eliminated by impedance

transformation; this is realized using the added serial step impedance part. In this paper, the gap
between the width W1 of the HIP and W3 of the added part is determined in the optimum procedure
by a full-wave EM simulator.

To satisfy the diversified industrial demand, passbands of filters should be adjustable during the
design phase [33]. Therefore, a novel passband adjustment method is proposed in this paper. Take
the values f 0 = 2.14 GHz and fS1 = 3.5 GHz, and the initial physical size of FOLSIR is calculated by
Equations (1)–(4), in which W1 = W3 = 2.425 mm and W2 = 0.672 mm. By decreasing or increasing W3

from W3 = 2.425 mm, f S1 can be increased or decreased, respectively, while f 0 shows little change, as
shown in Figure 1e. The reason for this phenomenon is that the rise of W3 caused a drop of ZS, and then
the characteristic impedance of the LIP is decreased, which means an increasing in the characteristic
impedance ratio of the FOLSIR. According to Equations (1) and (2), the value of fS1/f 0 would witness a
decline. These have been proven in the previous analysis of the FOLSIR.

In Figure 1f, we can see a TZ, which is generated by the coupling of FOLSIR. In the equivalent
circuit, the end of the open loop transmission line is connected by a lumped capacitor Cm, which is
called an electrical coupling path [39]. By changing the lumped capacitor Cm, the coupling value of the
coupled paths will affect the TZ. A simulation experiment verification is shown in Figure 1f; the TZ
decreases as S1 decreases. When S1 = 0.7 mm, the second spurious resonant frequency of FOLSIR is
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completely suppressed. After the above analysis, the FOLSIR can be used to design a dual-band BPF
with an adjustable passband and a wide rejection band.

2.2. FUIR Analysis

In order to adapt to the limited space, the FUIR is proposed and it inherited the calculation theory
of the uniform impedance resonator (UIR), as shown in Figure 2a. After determining the microstrip
substrate parameters, the relationship between electrical length θ, width W, and resonant frequency f 0

of the FUIR can be expressed as follows [40]:

θ = βl, (7)

β =
2π
λg

, (8)

λg =
λ0
√
εre

=
c

f0
√
εre

. (9)

The quarter-wavelength FUIR is selected, and the physical size of the resonator can be calculated
based on the desired f 0. In order to place the FUIRs inside the dual-wideband BPF and fed by FOLSIRs
to generate the required resonant frequency, the FUIR is folded into a suitable structure, and the
total length of the FUIR L (L = L31 + 2 × (L32 + L33)) is reduced, while the width W (W = W4 = W5)
is increased.
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Figure 2. Design of the folded uniform impedance resonator (FUIR). (a) Schematic diagram of the
FUIR; (b) The simulated resonant frequency of the FUIR for various values of W5.

According to the calculation theory of the FUIR above, f 0 can be adjusted by changing L or
W, and when one of either W or L is constant, the increase of the other one causes a decrease of f 0.
The prediction results according to the theoretical Equation (4) and Equations (7)–(9) are verified by
the simulation results of W5 ranging from 0.1 to 4 mm, while L = 24.54 mm, as shown in Figure 2b.

3. Filter Design

3.1. Dual-Wideband BPF Design

According to the theory analysis in the previous section, we set f 0 and fS1 to 2.14 GHz and
3.5 GHz, respectively, and the physical size of the FOLSIR is obtained after calculation, in which
W1 = W3 = 2.425 mm and W2 = 0.672 mm. The schematic diagram of the proposed dual-wideband
BPF is shown in Figure 3, which is composed of two FOLSIRs. Two 50-Ohm feed lines are directly
tapped onto the resonators, and the coupling or the external quality factor is controlled by the tapping
position t. The decrease of the t results in a weaker coupling or a larger external quality factor [40].
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Figure 3. Schematic diagram of dual-wideband bandpass filters (BPF).

A commercial full-wave EM simulator is used to model and simulate the dual-wideband BPF. It is
found that the theoretical calculation has deviation from the simulation results, and the simulation
results need to be optimized. In some previous studies, an open loaded stub and short loaded stub
are used to adjust the CFs of passbands, and the CFs of passbands are usually reduced by increasing
the length or width of loaded stubs [34–37]. However, the increase of the CFs is limited when the
loaded-stub length is reduced to zero. In this paper, a new passband adjustment method is used,
which is presented in detail in the analysis of FOLSIR in the previous section. As shown in Figure 4a,
the simulation result of the second passband proves the feasibility of such a method in the filter design.
By increasing W3 from W3 = 2.425 mm, the CF of the second passband can be reduced. Particularly,
the CF of the second passband can be increased by reducing W3 from W3 = 2.425 mm.

Figure 4b exhibits that the bandwidths of two passbands of the dual-wideband BPF change as
the gap size S between the two FOLSIRs changes. It can be noted that the bandwidths of the two
passbands of the dual-wideband BPF increase while S reduces, and vice versa. Due to the limited
space, readers are recommended to Ref [40] for the detailed explanations.

According to the theory analysis of the FOLSIR in previous section, a TZ can be increased by
enlarging S1, and when TZ is moved to the appropriate position, the second spurious resonant frequency
of the FOLSIR can be suppressed totally. Thereby, a 20 dB upper stopband of the dual-wideband BPF
is improved to 7.8 GHz, and the second harmonic suppression level of both passband frequencies is
better than 20 dB, as shown in Figure 4c.

After the preceding optimizations, full-wave EM simulation results of the dual-wideband BPF
demonstrate low insertion loss, good impedance matching, steep passband edges, high out-of-band
rejection, high band-to-band isolation, and two wide passbands covering 1.98–2.28/3.27–3.66 GHz,
which is shown in Figure 4d.

The full-wave EM simulated electric fields distributions of dual-wideband BPFs at 2.14 GHz,
2.68 GHz, and 3.5 GHz are shown in Figure 4e, Figure 4f, and Figure 4g, respectively. In the passbands,
signals at 2.14 GHz and 3.5 GHz can pass through the dual-wideband BPF with little loss. On the contrary,
since in the stopband, the signal at 2.68 GHz is suppressed in the transmission line. The simulation
results of the electric fields distributions show that the dual-wideband BPF has a significant signal
selection performance for the transmitted signal.
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Figure 4. Simulation of dual-wideband bandpass filters (BPF). (a) The simulated |S21| response of the
filter for various widths of W3; (b) The simulated |S21| response of the filter for various widths of S;
(c) The simulated |S21| response of the filter for various widths of S1; (d) Simulated |S21, S11| response of
the dual-wideband BPF; (e) The simulated electric fields distributions of the dual-wideband BPF at
2.14 GHz; (f) The simulated electric fields distributions of the dual-wideband BPF at 2.68 GHz; (g) The
simulated electric fields distributions of the dual-wideband BPF at 3.5 GHz.

3.2. Tri-Wideband BPF Design

To construct a tri-wideband BPF with little increase in the physical size of the filter, a pair of
FUIRs are folded into a suitable structure and placed inside the dual-wideband BPF. The FUIRs are
fed by FOLSIRs to generate the required resonant frequency of 4.9 GHz. In the dual-wideband BPF,
the second spurious resonant frequency of the FOLSIR is suppressed by a TZ to increase the width
of the upper stopband. However, the second spurious resonant frequency of the FOLSIR is used to
enlarge the bandwidth of the third passband because it is near 4.9 GHz [12]. The schematic diagram of
the tri-wideband BPF is shown in Figure 5.
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In order to place another pair of resonators and ensure that the structure of the FOLSIRs do
not change, the size of L22 is decreased while L21 is increased. Therefore, the TZ produced by the
electrical coupling path of FOLSIRs disappears. The CF of the second passband can still be tuned by
adjusting the size of W3; as shown in Figure 6a, when W3 is increased, the CF of the second passband
is decreased. In addition, by optimizing the tapping position t, length of L11 and L21, and width of the
folded portion W3, the three passbands are adjusted to the expected position. After optimization, the
full-wave EM simulation result of the tri-wideband BPF is shown in Figure 6b. The simulated |S21, S11|

response exhibits three TZs, low insertion loss, high return loss, steep passband edges, and three wide
passbands covering 2.035–2.305/3.31–3.71/4.54–5.18 GHz.
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Figure 6. Simulation of a tri-wideband BPF. (a) The simulated |S21| response of the filter for various
values of W3; (b) Simulated |S21, S11| response of the tri-wideband BPF; (c) The simulated electric fields
distributions of a tri-wideband BPF at 2.14 GHz; (d) The simulated electric fields distributions of a
tri-wideband BPF at 3.5 GHz; (e) The simulated electric fields distributions of a tri-wideband BPF at
4.9 GHz; (f) The simulated electric fields distributions of a tri-wideband BPF at 4 GHz.

The simulated electric fields distributions of a tri-wideband BPF at 2.14 GHz, 3.5 GHz, 4.9 GHz,
and 4 GHz are shown in Figure 6c, Figure 6d, Figure 6e, and Figure 6f, respectively. In the passbands,
signals at 2.14 GHz, 3.5 GHz, and 4.9 GHz can pass through the tri-wideband BPF with little loss.
On the other hand, the signal at 4 GHz is suppressed in the transmission line, for in the stopband.
The simulation results of the electric fields’ distributions show that the tri-wideband BPF has effective
signal selection performance for the propagated signal.
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4. Manufacture and Measurement

4.1. Dual-Wideband BPF Manufacture and Measurement

The proposed dual-wideband BPF without defective ground structures (DGSs) or vias is produced
by laser engraving [41], and two SMA connectors are used to connect the I/O lines and ground,
as shown in Figure 7a. Measurement of the fabricated dual-wideband BPF shows a compact size of
0.214λg × 0.22λg (or 21.9 mm × 22.5 mm), λg is the guided wavelength at the CF of the first passband.
Through SMA connectors, the fabricated dual-wideband BPF is connected to the network analyzer
(PNA, Agilent N5247A) to measure the S-parameters.
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Figure 7. Manufacture and measurement of the dual-wideband BPF. (a) Photograph of the
dual-wideband BPF; (b) Simulated and measured |S21, S11| response of the dual-wideband BPF.

Figure 7b shows the very closed simulated and measured |S21, S11| response of the dual-wideband
BPF. The measured result shows that the fabricated dual-wideband BPF has two passbands with CFs
of 2.13 GHz and 3.47 GHz, a 3 dB fractional bandwidth (FBW) of 14% and 11.2%. What’s more, the two
passbands have an insertion loss of 0.73 dB and 0.9 dB, and a return loss of 32 dB and 33 dB at CFs,
respectively. Among two passbands, four TZs that are located at 1.72, 2.71, 3.97, and 4.69 GHz can
be observed to improve the band-to-band isolation and out-of-band rejection level. The fabricated
dual-wideband BPF has a 20 dB rejection upper stopband from 3.85 GHz to 7.39 GHz, which made the
second harmonic suppression level of both passbands larger than 20 dB.

Table 1 shows a performance comparison of the proposed dual-wideband BPF in this paper with
some referenced dual-band BPFs. It is seen that our filters tend to show better bandwidth performance
that the filters in the references with the same size level. In addition, the insertion losses remain the
lowest value among the counterparts. After the comparison, it can be proved that the dual-wideband
BPF proposed in this work shows better bandwidth and insertion loss. Some research studies in the
literature have proposed filters covering sub-6 GHz bands of 5G [19,32,33,37], but they all have smaller
bandwidth and larger insertion loss. In [32], a dual-band BPF covering two 5G bands was proposed.
The tri-wideband BPF proposed in this paper operates the same two bands, comparing with which, the
dual-band BPF proposed in [32] has a larger size and shows smaller bandwidths. Moreover, using the
laser-engraving to process microstrip devices without DGSs or vias can effectively reduce the process
cost and improve the production efficiency.
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Table 1. Performance comparison with other dual-band BPFs. CF: center frequencies, DGS: defective
ground structures, FBW: fractional bandwidth. IL: insertion loss. RL: return loss.

CF(GHz) FBW(%) IL(dB) RL(dB) Size
(λg × λg) DGSs or Vias

[8] 2.38/4.87 6.7/8 2/1.4 - - No
[18] 1.84/2.9 8.1/6.8 1.7/1.6 >10 - No
[19] 2.4/3.5 9.6/6 1.4/1.35 15.3/16.2 0.0306 Yes
[31] 3/5.34 10/3.7 0.19/2.34 - 0.039 No
[32] 3.5/4.9 5.4/2.2 0.75/1.3 - 1.9803 Yes
[33] 3.4/6.7 4.8/4 3.8/3.7 18.7/14.6 - No
[37] 2.4/3.5 9.6/7.7 1.42/1.19 25/20.1 0.482 No
[42] 2.3/3.2 11.3/9.4 1.1/1.7 40/12.0 0.228 No

This Work 2.13/3.47 14/11.2 0.73/0.9 32/33 0.0471 No

The sizes listed in Tables 1 and 2 are dimensionless values, which are coefficients of λg × λg,
and they are the products of the ratios of the absolute sizes of the filters’ edges to λg.

Table 2. Performance comparison with other tri-band BPFs.

CF(GHz) FBW(%) IL(dB) RL(dB) Size
(λg × λg) DGSs or Vias

[6] 1.5/2.45/3.5 7.5/5.8/3.6 1.17/1.02/2.17 >17 0.0308 Yes
[10] 1.75/2.45/3.5 5.7/4.1/5.7 1.4/1.9/1.9 >12 0.036 Yes
[13] 1.57/2.4/3.5 12.9/8.1/4.6 0.6/1/2.4 13/50 0.0988 Yes
[17] 1.57/2.45/5.2 6.8/7.8/8.06 1.2/1.2/1.3 >17 0.0276 Yes
[24] 2.45/3.5/5.2 9.6/13.1/7.9 1.2/1.5/1.6 16.3/17.9/12.9 0.0486 Yes
[27] 1.8/3.5/5.8 7/5/3.5 0.88/1.33/1.77 21.3/15.84/15.72 0.0572 Yes
[29] 2.41/3.56/5.29 6.2/12.2/11.8 1.9/1.42/1.51 14.3/15/16.8 0.0255 Yes
[30] 2.5/3.6/5.1 4.0/4.0/6.0 2.9/2.7/2.3 >17 0.1716 No
[34] 1.8/2.4/5.8 8.9/12.5/5.3 1.5/0.9/2.9 15/23/19 0.0272 Yes

This Work 2.17/3.51/4.86 12.4/11.4/13.3 0.46/0.49/1.3 32/33/11.6 0.0508 No

4.2. Tri-Wideband BPF Manufacture and Measurement

The tri-wideband BPF produced by laser-engraving is shown in Figure 8a. The tri-wideband
BPF has a compact size of 0.225λg × 0.226λg (or 23.1 mm × 23.2 mm) and a simple structure without
DGSs or vias to reduce the production cost. Two SMA connectors are used to connect the I/O lines
and ground. Figure 8b shows the simulated and measured |S21, S11| response of the tri-wideband
BPF, which are quite consistent with each other. The measured result shows that the three passbands
centered at 2.17, 3.51, and 4.86 GHz and with 3 dB FBWs of 12.4%, 11.4%, and 13.3%. The passbands
have measured insertion losses of 0.46, 0.49, and 1.3 dB and return losses of 32.3, 33, and 11.6 dB at the
CF, respectively. Among two passbands, three TZs located at 1.72, 2.71, and 4 GHz can be observed,
which can improve the band-to-band isolation and out-of-band rejection.

Table 2 gives the performance comparison results of the tri-wideband BPF proposed in this
paper and tri-band BPFs in the references. It can be easily seen from the comparison results that the
tri-wideband BPF proposed in this paper has better bandwidth and insertion loss than the counterparts
with same dimensions. A compact tri-band BPF proposed in [29] has a competitive bandwidth
performance; however, all its three passbands show large insertion loss. Furthermore, the tri-wideband
BPF still has a simple structure without DGSs or vias, which is processed with low cost and high
production efficiency by laser engraving.
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5. Conclusions

This work proposed a FOLSIR with a higher degree of resonant frequency tuning freedom,
a controllable TZ, and compact structure, based on which a dual-wideband BPF has been designed.
By adding a pair of resonators inside the dual-wideband BPF, a tri-wideband BPF is obtained with
almost no increase in the physical size of the filter. Both the dual-wideband BPF and tri-wideband
BPF operate wide passbands adapted to 5G mobile communications. A novel passband adjustment
method is proposed, which can freely increase or decrease the CF of the adjusted passband, and solve
the limitation of the traditional adjustment method of loading stubs. Cross-coupling of the resonators
generates more TZs to improve the band-to-band isolation and out-of-band rejection level. By adjusting
the position of a TZ to suppress the spurious response, the second harmonic suppression level of
both passbands of the dual-wideband BPF is larger than 20 dB. The two multi-wideband BPFs with
the advantages of low insertion loss, steep passband edges, high out-of-band rejection, and compact
size cover the sub-6 GHz bands of 5G mobile communications and the commonly used spectrum,
which demonstrate that this research has great significance to 5G mobile communications.
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