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Abstract: The design of single- and quad-band Bandpass Filter (BPF)
topology has been presented in this paper for next-generation Internet of
Things (IoT) devices. The main topology is constructed using the Split Ring
Resonator (SRR), separated by the Anti-Parallel Coupled Line Structure
(APCLS). A detailed analysis of APCLS has been presented, which is further
used to construct the single- and quad-band BPF. The single-band BPF
design consists of SRR loaded with APCLS. The developed single-band BPF
displays a dual-mode response with a center frequency of 2.65 GHz and a
measured fractional bandwidth of 17.17%. Moreover, a quad-band bandpass
filter has been achieved using the same topology with minor modification
in the SRR and APCLS electrical parameters. The developed quad-band
BPF generates a dual-mode response having center frequencies of 1.2, 2.4,
3.5, and 4.7 GHz with the measured fractional bandwidth of 13%, 26%,
16%, and 5%, respectively. Two prototypes have been fabricated on the high-
frequency substrate to validate the proposed topologies. Very high rejection in
the stopbands region, little in-band insertion loss, and very selective passband
have been measured for single- and quad-band BPFs. The measured and
simulated results are well correlated.

Keywords: Single-band BPF; quad-band BPF; anti-parallel coupled line
structure; split ring resonator; internet of things

1 Introduction

Modern IoT wireless communication systems, like Bluetooth, Zonal Intercommunication Global-
standard (ZigBee), Long Range Radio (LoRa), NarrowBand (NB)-I1oT, and Wireless Fidelity (WiFi)
demand multiband frequency response. Moreover, the IoT wireless communication nodes required
low-powered miniaturized designed components. Therefore, the RF front end of an IoT device
must have a compact design while maintaining good electrical performance. Over the last few
years, many researchers have provided the design topologies of single and multiband BPF for low-
powered compact IoT devices. In [1], the proposed structure involves two sections of three-quarter
wavelength coupled lines separated by a non-uniform transmission line to obtain a wideband BPF
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filter response. Moreover, a dual-path structure that involves an inter-digital coupled line in parallel
with the transmission line is presented in [2] to realize a wide BPF response. Another coupled step
impedance resonator (SIR) technique in [3] is used to realize the single and dual-band BPF response.
The measured result shows little discrepancies at the upper stopband for both single and dual BPF
filters. Furthermore, three pairs of coupled lines structures and two pairs of transmission lines are
integrated in such a way to obtain a highly selective BPF response [4]. The ideal response consists of
eight transmission zeros (TZs) and five transmission poles (TPs) within the 2fc; however, the microstrip
and fabricated results show less TZs at the upper stopband. The cross-shaped resonator having three
coupled line structures is integrated to achieve the wide BPF filter response [5]. The resonator having
a parallel-coupled line as feed is replaced with three coupled line feed to achieve strong coupling that
helped in obtaining better out of band rejection and reducing the return loss in the passband.

The wide BPF response using the ring embedded ring resonator technique is realized in [6]. The
embedded rings helped reduce the size of the filter and produce a wider upper stopband. However,
the measured result shows high discrepancies in the upper stopband region compared to the simulated
results. The structure having two coupled SIR and a ring resonator in the ground plane is implemented
to achieve a better wide BSF response [7]. The presence of the ring resonator in the ground plane
enhanced the coupling of the overall structure and extracted a better passband response. The Stub-
loaded Square ring resonator technique achieves single and dual-band BPF response [8]. A single
BPF response is obtained by implementing a simple stub-loaded square ring resonator separated by an
interdigital coupled line feed. Whereas the dual BPF response is achieved using two stub-loaded square
ring resonators in the overall structure separated through coupled feeds. The measured result for the
dual-band BPF filter shows high discrepancies in the upper passband compared to the simulated result.

Over the last decade, multi-band BPFs have gained popularity in multi-band IoT wireless
communication systems. Substantial research has been done on dual- and tri-band BPFs. Nowadays,
researchers are more focused on developing miniaturized quad-, penta-, and sext-band BPFs. Different
design topologies have been adopted to develop quad-band BPF [9-23]. A popular method to design
a quad-band BPF is by using stub-loaded topology [9-13]. In [9], a quad-band BPF with only three
finite frequency transmission zeros using symmetrical stub-loaded topology has been presented. The
two upper passbands measured insertion loss is not up to the mark. Two open-ended stubs resonators
are loaded at the center of the two outer resonators [10] to achieve a quad-band BPF response. High
discrepancies between the simulated and measured results have been noted for the upper passbands.
A multi-stub-loaded resonator is presented in [11] to obtain a quad-band BPF response. Different
stubs configurations can independently control the frequencies. However, each band’s insertion loss
and selectivity are not good enough. In [12], another quad-band BPF has been presented using a
stub-loaded resonator. The even and odd mode method is used to analyze the symmetrical structure.
However, the insertion loss is very high for each passband; moreover, the return loss is not up to
the mark. Additionally, the quad-band BPF response has been realized using the multi-section stub-
loaded resonators [13]. Five transmission zeros have been obtained around the passband to enhance
the selectivity, whereas the insertion loss is quite high for each passband. Moreover, the SIR topology
has been utilized to obtain quad-band BPF response [14,15,20]. In [14], open-circuited SIR loaded
with short-circuited stubs is utilized to realize the quad-band BPF response with three transmission
zeros across the four passbands. The overall size of the circuit is compact, but the insertion loss is above
2.3 dB. A triangular loop open-circuited stub-loaded SIR is implemented to achieve a quad-band BPF
response [20]. The return loss is quite better, having six transmission zeros for better selectivity and
isolation, but the insertion loss is bad. Moreover, the step impedance ring resonator (SIRR) topology
is reported in [21] to obtain quad-band BPFs. The input/output coupled line structure is implemented



CMC, 2022, vol.73, no.3 4821

with the SIRR to generate four passbands. However, the insertion loss in the upper three passbands is
quite high.

In this paper, the single- and quad-band BPF is designed using the SRR loaded with the APCLS.
At first, the single-band BPF is designed using the proposed topology; afterward, little modification
in the electrical parameters of the topology is performed to obtain the quad-band BPF response.
The accomplished single- and quad-band BPF provides a dual-mode response with good electrical
performance having higher out-of-band rejection and selectivity. A total of three and seven finite
frequency transmission zeros are achieved for single and quad-band BPF filters, respectively. The finite
frequency transmission zeros and the band of both the filters can be controlled through the variation
in the dimensions of the SRR and APCLS. The prototypes are fabricated on RT/Duroid 5880 with
a relative dielectric constant of 2.2. The selected substrate is low-powered and rugged, providing a
suitable integration in a wireless IoT node RF front end. The measured results show good agreement
with the simulated results for both filters.

2 Design Methodology

Fig. 1 displays the ideal topology of the proposed single- and quad-band BPFE. The topology
consists of a split ring resonator separated through the anti-parallel coupled line structure.

Figure 1: Ideal topology of SRR loaded with APCLS

Four transmission lines that are part of SRR have the characteristic impedance of Z,, Z, and the
electrical length of 6,, 6, are connected with the APCLS . In order to extract the scattering parameter
of the overall structure, the analysis of the APCLS should be conducted first. The proposed APCLS
is shown in Fig. 2.
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2.1 Proposed Anti-parallel Coupled Line Structure

The APCLS is developed using the parallel-coupled line with the even and odd impedances Z,, Z,
and the electrical length 6, embedded at port 3 with an open-circuited stub that has the characteristic
impedance of Z; and electrical length of 6;.
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Figure 2: Proposed anti-parallel coupled line structure

In [24], the transfer matrix of the parallel-coupled line structure has already been discussed and
concluded in the form of equations Eqs. (1) and (2).
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An extra load at port 3 of the parallel-coupled line structure can be expressed in the form of an
open-circuited stub as given in Eq. (3).

(7], = (1) _jZ3100t9{| 3)

The electrical length 8, = 6, = 6, = 6 is suggested for calculation, the S-parameter response shown
in Fig. 3a is plotted using Eq. (4). To validate the theoretical response, an ideal APCLS is designed
and simulated while keeping the center frequency of 1 GHz. Fig. 3b shows the simulated response,
which is well correlated with the theoretical response. Moreover, the electrical length and frequency
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Figure 3: Comparison of theoretical and simulated response of APCLS

2.2 Proposed Single-Band BPF Filter

The proposed single-band BPF filter is constructed using the SRR loaded with the APCLS. The
transfer matrix of the anti-parallel coupled line structure is already being extracted. It can be observed
from Fig. | that the path 1 and path 2 are in parallel; therefore, the extracted transfer matrix of
path 1, and path 2 is converted into their respective admittance matrix. The addition is performed
on the admittance matrix of both paths to calculate the final admittance matrix. Afterward, the final
admittance matrix is converted back into the transfer matrix to calculate the scattering parameter given
in Eq. (5). To avoid complexity the impedances Z, = Z, and the electrical length 6, = 6, is recommended
for calculations.

1S, = —u
S Zo(Lty) -

)

where,
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By using the synthesis procedure opted in [25,26], the coefficient values are extracted. Further-
more, the electrical parameters of the single-band bandpass filter shown in Fig. 4 are calculated using
the coefficient values. The obtained electrical parameter values are Z,, = 152.16,6,, = 0.83, Z, = Z,
=84.71 Q, 0, =6, =44.26, Z, = 7085 Q, Z, = 18.75 Q, 6. = 10, Z, = 17.03 @, 6, = 14.54. The
ideal results of the proposed filter is given in Fig. 5, it can be seen that the two transmission poles are
realized at f; = 2.52 GHz and f;, = 2.79 GHz. Moreover, there are three finite frequency transmission

zeros located at 1.9, 3.4, and 6.7 GHz, respectively.

Figure 4: Ideal design of the proposed single-band BPF

Through detailed analysis, it has been observed that the finite frequency transmission zeros are
controlled by the electrical length of SRR and APCLS. To provide the evidence, Fig. 6 shows the
tuning of transmission zeros. Fig. 6a reveals that by increasing the electrical length 6, only the TZ, is
changing and moving towards the lower frequency. The same kind of performance is observed for the
case of TZ, as shown in Fig. 6b. In actual fact, the TZ, and TZ, is dependent and determined by the
transmission lines of SRR having an electrical length of 6, and 6,.

Similarly, with the variation in the electrical length 6; it has been observed from Fig. 6¢ that the
TZ,, and TZ, is showing some deviations, however the 77, is not. This clearly indicates that the 77,
is independent of the electrical length 6;. Moreover, the electrical length of coupled line structure 6. is
involved in the band shifting, as can be seen from Fig. 6d.
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Figure 5: Ideal response of the proposed single-band BPF
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2.3 Proposed Quad-Band BPF Filter

The proposed quad-band BPF utilizes the same topology as of single-band BPF shown in Fig. 5;
however, little modification in the electrical parameters of SRR and APCLS has been realized to obtain
the dual-mode quad-band BPF response. Simulated results with tuning the electrical length

The extracted coefficient values are used to obtain the electrical parameters of the quad-band BPF.
The obtained electrical parameter values are Z,, = 84.7 ,60,, =90, Z, =7, = 1286 2,6, = 6, = 90,
Z,=2399Q,7,=108.8 2,0, =90, Z, = 216.1 2, 6; = 90. The theoretical result of the quad-band
BPF is given in Fig. 7, it can be seen that the eight transmission poles are achieved at f; = 1.29 GHz,
f,=135GHz, f; = 2.4 GHz, f, = 2.57 GHz, f; = 3.4 GHz, f; = 3.6 GHz, f; = 4.6 GHz, and f; = 4.7
GHz . Moreover, seven finite frequency transmission zeros are obtained close to the passbands.
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Figure 7: Ideal response of the proposed quad-band BPF

In order to further analyze the design topology, different electrical parameters are tuned, and
the corresponding results are shown in Fig. 8. By changing the electrical length 6,, 6,, 65, 6, the finite
frequency transmission zeros and frequency band can be varied. The variation in the electrical length
6., 6,, and 6, it is observed that the finite frequency transmission zeros can be varied toward the lower

frequency and vice versa. Moreover, by changing the electrical length of the coupled line structure 6,,
the whole frequency band is being shifted.

S-Parameters (dB)
E883885883.

2 3 4
Frequency (GHz)
(a) Electrical length 6,

Figure 8: (Continued)
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Figure 8: Simulated results with tuning the electrical length

3 Results and Discussion

For validation, the proposed single and quad-band BPF topologies are fabricated on Rogers
Duroid 5880, and the measurements are done on Agilent N5242A PNA-X. The electrical parameters
of both BPF filters are converted into their respective physical parameters using a line calculator, and
the losses have been minimized using full-wave EM simulation.

The single-band BPF shown in Fig. 9 is labeled with optimized physical parameters at 2.65 GHz
center frequency. The optimized physical parameters are /, = 0.99 mm, /; = 11.01 mm, /, = 3.2 mm, /;
=8.61 mm, w, = 1.01 mm, w, = 0.41 mm, w, = w; = 0.88 mm, s = 0.2 mm, and the size of the filter
is 0.23 1, x 0.17 A,. The tapered line at the input and output are added to minimize the impedance
mismatching.

Two transmission poles are measured at 2.48 GHz, and 2.68 GHz, as shown in Fig. 10. The 3
dB fractional bandwidth is measured to be 17.7% . The insertion loss for the measured results is less
than 0.8 dB. Moreover, three finite frequency transmission zeros are measured at 2.2 GHz, 3.03 GHz,
and 6.89 GHz having the rejection level of 31 dB, 39 dB, and 60 dB, respectively. The out of band
rejection in the upper stopband region is above 16 dB up to 8 GHz. The little deviation of measured
results compared to the simulated one is due to the limitation in fabrication and parasitic behavior of
the SMA connectors. The measured group delay of the single band BPF is 1.9 ns at 2.65 GHz center
frequency, as shown in Fig. 11.
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Figure 9: Top view of the single-band BPF filter

o ] .
o i
= -304 ;
e ] b
@O
T 40+
e - .-
5 50 —S!mulated S, _.:;_(.\
o 1 —— Simulated S,
B €07 T2
= mesmess Measured S | 3
70+ mormres Measured S,
-80 —7r - 1 - 1 1 1 11 1
0 1 2 3 4 5 6 7 8

Frequency (GHz)

Figure 10: Simulated and measured results of fabricated single-band BPF

1000 91— Measured

w  B0nd Passband
£ 60ndg /
4.0n o

% 2.0n 4 [
©  00] - “l”’\h - ———_——%-vdﬂr
] -2.0n
o -4.0n
3 60
6 -8.0n

-10.0n T T T —

0 110" 200°  30° 400" sk10°  &a10® 70’ exiof
Frequency (GHz)

Figure 11: Measured group delay

The optimized electrical parameters of quad-band BPF filters is converted to physical parameters
using a line calculator. The tuning and optimization is done to minimise the substrate losses. The
optimized physical parameters labeled in Fig. 12 are [, = 17.24 mm, /, = 17.20 mm, /, = 20.04 mm, /;
=17.76 mm, w, = 1.17 mm, w, = 0.68 mm, w, = 0.43 mm, w; = 0.43 mm, s = 0.2 mm, and filter size
is calculated to be 0.33 &, x 0.36 A,.

The comparison of microstrip simulated and measured results are shown in Fig. 13. Four
passbands are measured, having center frequencies at 1.2 GHz, 2.4 GHz, 3.5 GHz, and 4.7 GHz,
respectively. The 3 dB fractional bandwidth is measured to be 13%, 26%, 16%, and 5%, respectively.
The measured insertion loss of all four passbands is less than 0.83 dB. The measured return loss for
each passband is greater than 20 dB. Here it is worth mentioning that the proposed filter displays a
dual-mode response for each passband. Moreover, seven transmission zeros around the four passbands
have been measured at frequencies 1.01, 1.41, 1.47,2.98,4.29, 4.35, and 4.94 GHz. The rejection level of
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all the transmission zeros is above 33 dB; whereas the rejection level of the transmission zeros between
1.4-1.6 GHz and 4.2-4.5 GHz is greater than 40 dB. The are some minor discrepancies seen in the
measured response that is due to the input/output connectors mismatch. Fig. 14 displays the measured
group delay of the four passbands. The maximum measured group delay at 1.2, 2.4, 3.5, and 4.7 GHz
are 2.25, 1.2, 1.29, and 3.1 ns, respectively.
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Figure 14: Measured group delay

Tab. 1 illustrates the comparison of the proposed single-band BPF with the previously reported
work in the literature.

Tab. 2 shows the comparison of the proposed quad-band BPF with the reported ones. It can be
seen from the table that the proposed filter provides better selectivity, low insertion loss, low to high
fractional bandwidth, and higher out of band rejection.
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Table 1: Comparison of the proposed single-band BPF with the reported filters

Ref. CFs (GHz) IL (dB) TZs RL FBW (%) (Ag X Ayp)
[ 3 1 2 >11 66 0.23 x 0.07
2] 3.9 0.85 4 >17 44 0.15 x 0.1
[5] 2.95 0.4 2 >20 77 0.12 x 0.23
[6] 5 1.87 2 >10 80 0.61 x 0.61
[ 6.3 2.1 2 >12 108 0.4 x 0.27
[£] 4.5 1.6 1 >12 60 0.28 x 0.09
This work 2.65 0.8 3 >17 17 0.23 x 0.17
Table 2: Comparison of the proposed quad-band BPF with the reported filters
Ref. CFs (GHz) IL (dB) TZs RL FBW (%) (g X hg)
[9] 1.5/2.5/3.6/4.6 1.98/1.74/3.58/3.4 3 >20/>17/>18/>20 5.5/12/11/4.3 0.3x0.3
[10] 1.57/1.8/2.5/2.65 1.1/1.3/1/1.2 7 >10/>10/>15/>12 7.6/8.3/5.7/3.7 0.3 x 0.25
[11] 1.46/2.6/4.5/5.25 1.5/1.9/1.7/2.0 4 >17/>20/>20/>19 8.6/4.5/5.2/4.2 0.14 x 0.12
[12] 0.94/2.27/3.55/5.66  0.41/2.06/1.77/1.73 6 >18/>14/>15/>15 40/15/22/13 0.13 x 0.1
[13] 2/2.7/3.45/4.55 1.6/1.6/1.3/1.5 5 >14/>12/>11/>15 7/7/6/6 0.18 x 0.28
[14] 1.9/2.8/4.3/5.2 2.3/3.6/3.5/3.4 3 >14/>20/>15/>19 5.3/3.4/3.5/3 0.44 x 0.25
[20] 2.4/3.5/5.2/5.8 1.8/1.5/2.1/2.9 6 >12/>20/>20/>20 6.8/6.1/3.1/1.4 0.23 x 0.23
[21] 1.57/2.45/3.5/5.2 0.78/1.45/2.3/1.42 2 >16/>12/>11/>13 6.9/3.4/2.9/4.7 0.2x0.3
This work 1.2/2.4/3.5/4.7 0.83/0.77/0.75/0.81 7 >21/>22/>23/>22 13/26/16/5 0.33 x 0.36

4 Conclusion

A split-ring resonator separated by an anti-parallel coupled line structure topology has been
proposed to achieve single- and quad-band BPF. The synthesis procedure has been adopted to obtain
the electrical parameters of the single and quad-band BPF. Moreover, the theory of the proposed
topologies has been validated through the measured results of the fabricated prototypes. The calculated
results of single- and quad-band BPF shows very low insertion loss in the passband and very high
rejection in the lower and upper stopband regions. The proposed structures are suitable candidates for
next-generation IoT wireless communication devices.
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