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Abstract: Folded-arms square open-loop resonator (FASOLR) is a variant of the conventional mi-
crostrip square open-loop resonator (SOLR) that facilitates further device size miniaturization by
having the two arms of the conventional SOLR folded inwards. This paper highlights the benefits
of this brand of compact SOLR by implementing a five-pole Chebyshev bandpass filter (BPF) using
compact FASOLR. The test BPF is presented, with centre frequency of 2.2 GHz, fractional bandwidth
of 10%, passband ripple of 0.04321 dB, and return loss of 20 dB. The design is implemented on a
Rogers RT/Duroid 6010LM substrate with a dielectric constant of 10.7 and thickness of 1.27 mm.
The filter device is manufactured and characterised, with the experimentation results being used
to justify the simulation results. The presented measurement and electromagnetic (EM) simulation
results demonstrate a good match. The EM simulation responses achieve a minimum insertion loss
of 0.8 dB and a very good channel return loss of 22.6 dB. The measurement results, on the other
hand, show a minimum insertion loss of 0.9 dB and a return loss of better than 19.2 dB. The filter
component has a footprint of 36.08 mm by 6.74 mm (that is, 0.26 λg × 0.05 λg), with λg indicating the
guided wavelength for the 50 Ohm microstrip line impedance at the centre frequency of the proposed
fifth-order bandpass filter.

Keywords: resonator; half-wavelength; square open-loop; folded-arms square open-loop; bandpass
filter; coupling; microstrip

1. Introduction

Conventional microstrip square open-loop resonators (SOLRs) evolved from the well-
known half-wavelength resonator shown in Figure 1a. SOLRs are attained by bending half
wavelength resonators to form a square shape, while leaving a small gap, as demonstrated
in Figure 1b. The SOLR is a very popular structure that finds widespread applications in
filter design. This is due to its small size of approximately 1/8 of a quarter-wavelength
along each side of the square [1]. The popularity and versatility of the SOLR in filter design
means that numerous researchers have used it in implementing their designed filtering
components [2–12].
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1. Introduction 
Conventional microstrip square open-loop resonators (SOLRs) evolved from the 

well-known half-wavelength resonator shown in Figure 1a. SOLRs are attained by 
bending half wavelength resonators to form a square shape, while leaving a small gap, as 
demonstrated in Figure 1b. The SOLR is a very popular structure that finds widespread 
applications in filter design. This is due to its small size of approximately 1/8 of a quarter-
wavelength along each side of the square [1]. The popularity and versatility of the SOLR 
in filter design means that numerous researchers have used it in implementing their 
designed filtering components [2–12]. 
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Figure 1. Microstrip resonator structure evolution: (a) Half-wavelength structure; (b) Square open-
loop structure; (c) Folded-arms square open-loop structure.
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The modern-day electromagnetic (EM) spectrum is becoming overcrowded and is
heavily crammed with a variety of wireless signals and other communication and sensing
circuits and components. EM waves of frequencies, varying from 300 MHz up to 300 GHz,
remain classified as microwaves. This frequency band matches the free space wavelengths
of 1 m to 1 mm, in that order. EM waves of frequencies varying from 30 GHz to 300 GHz
stay classified as millimetre-waves due to their wavelengths that fall directly over 1 mm
and directly under 10 mm. The radiofrequency (RF) band falls somewhere beneath the
microwave range, though the boundary that separates the radio frequency and microwave
bands is subjective and changes based on the method established for developing the band.
Due to the overcrowding of modern radio frequency and microwave communication
systems, researchers in this field have continuously worked on miniaturizing front-end
components to ensure compact size and improved performance. The compact folded-arms
square open-loop resonator (FASOLR) presented in this paper is one such research efforts
aimed to further reduce the footprint of communication systems components. Microstrip
folded-arms square open-loop resonators [13–15] are achieved by having the two arms
of the conventional SOLR [16] folded inwards, as shown in Figure 1c. This leads to a
further reduction of approximately 20% when compared to the conventional SOLR, which
is already popular for its compactness. Though the coupling scheme of the FASOLR is like
that of the SOLR reported in [16], the FASOLR has improved the physical device footprint
by about a 20% reduction. The length of each side of the FASOLR is measured about 1/10
of a guided wavelength, as indicated in Figure 1c, while that of the SOLR is about 1/8 of
the guided wavelength, as reported in [16] and shown in Figure 1b. The coupling between
the two folded arms of the FASOLR ensures that the size reduction is greater than the 20%
expected based on the resonator physical dimension [14].

Bandpass filters have been extensively researched and described in the literature [17–23].
This type of filter has wide applications in wireless communications, particularly in wireless
transmitters and receivers [19]. In the transmitter, this type of filter is used to restrict the
bandwidth of the output signal to the allocated channel for transmission. In the receiver,
conversely, bandpass filters are used to ensure that only the desired frequencies are allowed
at the receiving end of the wireless communication system. Most design requirements
of bandpass filters, such as selectivity, cost, size, sensitivity to environmental effects,
power handling capacity, and in-band and out-of-band performance metrics, are critical
specifications when it comes to the development of radio frequency (RF) and microwave
communication front ends. Filter design engineers and technicians are often required to
make compromises between numerous conflicting requirements, as it is rather difficult or
even physically and/or electrically impossible to simultaneously achieve all design criteria
and requirements. For example, achieving higher channel selectivity usually requires the
use of more resonators, which will then result in higher insertion loss along the transmission
path [1]. The filter reported in this paper is compact, with very good performances including
low return and insertion losses, high selectivity, and very sharp roll-off.

2. Circuit Modelling of Bandpass Filter

A fifth-order BPF circuit has been chosen as a case study in this paper. The circuit
model is formed by transforming a model normalized fifth-order Chebyshev lowpass
filter prototype into series and parallel LC resonators, as demonstrated in Figure 2. The
conversion relies on Equations (1) and (2) [1]; g1, g2, g3, g4 and g5 are the filter parameters;
Z0 and Z6 are the characteristics impedances at the input/output terminals; C1, C2, C3,
C4 and C5 are the calculated capacitance values; L1, L2, L3, L4 and L5 are the calculated
inductance values. The intended filter is composed with a center frequency, f 0 = 2.2 GHz, a
fractional bandwidth, FBW = 10%, a 0.04321 dB passband ripple, and a 20 dB passband
return loss.

Cp = gp/ω0Z0FBW ; Lp = Z0FBW/gpω0 ; p→ odd numbers (1)

Cs = FBW/gsω0Z0 ; Ls = gsZ0/ω0FBW ; s→ even numbers (2)
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pF, C2 = C4 = 0.1054 pF, C3 = 26.0638 pF). 
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Admittance inverters (also known as J-inverters) are used to further transform the 
filter circuit model by converting all the series LC components (that is, L2C2 and L4C4 in 
this case) to parallel LC elements. This conversion gives rise to a BPF circuit model with 
equal shunt-only LC resonators and admittance inverters (that is, J-inverters), as 
demonstrated in Figure 3. The J-inverter values are determined using Equation (3) [1]. The 
J-inverters in Figure 3 are then replaced with inductor-only networks, as demonstrated in 
Figure 4. This relies on the transformation procedure reported in [1]. The J-inverter 
transformation makes it possible for the circuit model to be simulated in the circuit 
simulator of advanced design software (ADS), and the simulation results are described in 
Figure 5. The inductance values of the inductor-only networks are determined using 
Equation (4).  
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Figure 2. Fifth-order bandpass filter transformation (g0 = g6 = 1.0, g1 = g5 = 0.9714,
g2 = g4 = 1.3721, g3 = 1.8014; Z0 = Z6 = 50 Ω, L1 = L5 = 0.3724 nH, L2 = L4 = 49.6310 nH, L3 = 0.2008 nH;
C1 = C5 = 14.0548 pF, C2 = C4 = 0.1054 pF, C3 = 26.0638 pF).

Admittance inverters (also known as J-inverters) are used to further transform the filter
circuit model by converting all the series LC components (that is, L2C2 and L4C4 in this
case) to parallel LC elements. This conversion gives rise to a BPF circuit model with equal
shunt-only LC resonators and admittance inverters (that is, J-inverters), as demonstrated in
Figure 3. The J-inverter values are determined using Equation (3) [1]. The J-inverters in
Figure 3 are then replaced with inductor-only networks, as demonstrated in Figure 4. This
relies on the transformation procedure reported in [1]. The J-inverter transformation makes
it possible for the circuit model to be simulated in the circuit simulator of advanced design
software (ADS), and the simulation results are described in Figure 5. The inductance values
of the inductor-only networks are determined using Equation (4).

J01 = g0/Z0 ; Jd,d+1 =
√

g2
1/gd gd+1/Z0 ; d = 1, 2, 3, . . . (3)

Li,i+1 = 1/Ji,i+1ω0 ; i = 0, 1, 2, . . . (4)
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Figure 4. Fifth–order BPF circuit model, with equal LC resonators and inductor-only networks
replacing J-inverters (L01 = 3.6172 nH, L12 = 4.2989 nH, L23 = 5.8542 nH).
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3. Microstrip Filter Design

This section reports on the fifth-order filter implementation using the proposed mi-
crostrip folded-arms square open-loop resonators. The section is divided into two sub-
sections (resonator dimension and coupling coefficient and external quality factor). Each
subsection discusses a stage in the microstrip filter design in detail and captures the
sub-circuit parameters that are later put together to achieve the complete bandpass filter
circuit results.

3.1. Resonator Dimension

The folded-arms square open-loop resonator (FASOLR) is constructed to resonate
at the proposed bandpass filter center frequency, f 0, of 2.2 GHz. The substrate material
employed in the design is the Rogers RT/Duroid 6010LM with a relative permittivity, Er , of
10.7, a loss tangent, tan δ, of 0.0023, and a substrate thickness, h, of 1.27 mm. The microstrip
dimensions, the width (w) and the guided-wavelength (λg), are determined from [1] by
means of Equations (5) and (6), respectively. The substrate material’s effective permittivity
or effective dielectric constant in Equation (6) is represented by Eeff , while the speed of
light, c0, is a constant with a value of 3 × 108 m/s. Using the technique reported in [1], the
practical FASOLR dimensions were determined as shown in Figure 6.

w =
8h eA

e2A − 2
; A =

Z0

60

√
εr + 1

2
+

εr − 1
εr + 1

[
0.23 +

0.11
εr

]
(5)

λg =
c0

f0
√

εe f f
; εe f f =

εr + 1
2

+
εr − 1

2

(
1 + 12

h
w

)−0.5
(6)
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3.2. Coupling Coefficient and External Quality Factor Extraction

The arrangement for the fifth-order bandpass filter theoretical coupling coefficients
(k1,2, k2,3, k3,4, k4,5) between adjacent resonators (R1, R2, R3, R4, R5) is shown in Figure 7,
alongside the theoretical external quality factor (Qext) between each port and the corre-
sponding adjacent resonator. The theoretical coupling coefficient values are calculated
using Equation (7) [1], while the theoretical external quality factor value is determined
based on Equation (8) [1]. The practical filter coupling coefficients and the practical Qext are
determined using Equations (9) and (10), respectively, as well as the detailed techniques re-
ported in [1]. The resonator layouts and the electromagnetic (EM) simulation responses for
obtaining the practical coupling coefficients, k, and the practical Qext are shown in Figure 8.

kd,d+1 = FBW/√gd gd+1 ; d = 1, 2, 3, 2 . . . (7)

Qext = g0g1/FBW (8)

k =

(
f 2
2 − f 2

1

)/(
f 2
2 + f 2

1

)
(9)

Qext = f0/( f2 − f1) (10)

Micromachines 2023, 14, x FOR PEER REVIEW 5 of 10 
 

 

𝑤 = 8ℎ 𝑒𝑒 − 2 ;  𝐴 = 𝑍60 𝜀 + 12 + 𝜀 − 1𝜀 + 1 0.23 + 0.11𝜀  (5)

𝜆 = 𝑐𝑓 𝜀  ;  𝜀 = 𝜀 + 12 + 𝜀 − 12 1 + 12 ℎ𝑤 .
 (6)

 
Figure 6. Practical dimensions of the proposed folded-arms square open–loop resonator at 2.2 GHz 
and the EM simulation response (all dimensions in mm). 

3.2. Coupling Coefficient and External Quality Factor Extraction 
The arrangement for the fifth-order bandpass filter theoretical coupling coefficients 

(k1,2, k2,3, k3,4, k4,5) between adjacent resonators (R1, R2, R3, R4, R5) is shown in Figure 7, 
alongside the theoretical external quality factor (Qext) between each port and the 
corresponding adjacent resonator. The theoretical coupling coefficient values are calculated 
using Equation (7) [1], while the theoretical external quality factor value is determined based 
on Equation (8) [1]. The practical filter coupling coefficients and the practical Qext are 
determined using Equations (9) and (10), respectively, as well as the detailed techniques 
reported in [1]. The resonator layouts and the electromagnetic (EM) simulation responses 
for obtaining the practical coupling coefficients, k, and the practical Qext are shown in Figure 
8. 𝑘 , = 𝐹𝐵𝑊 𝑔 𝑔  ;  𝑑 = 1,2,3, 2 …  (7)

 𝑄 = 𝑔 𝑔 𝐹𝐵𝑊 (8)

 𝑘 = (𝑓 − 𝑓 ) (𝑓 + 𝑓 ) (9)𝑄 = 𝑓 (𝑓 − 𝑓 )  (10)

 
Figure 7. Fifth-order bandpass filter coupling coefficients and external quality factor arrangement
(k1,2 = k4,5 = 0.087, k2,3 = k3,4 = 0.064, Qext = 9.714).
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4. Filter Simulation

The proposed filter layout using the folded-arms square open-loop resonator is devel-
oped following the assembly in Figure 7. The bandpass filter layout electromagnetic (EM)
simulation is conducted on the Keysight Technologies USA, full-wave ADS EM simulator,
with the filter layout and simulation responses presented in Figure 9. Looking at the simula-
tion responses, the filter transmits at the expected centre frequency of 2.2 GHz, as expected.
The EM simulation return loss is better that 22.6 dB, with a minimum insertion loss of 0.8 dB.
The EM simulation uses a copper conductor with a cladding thickness of 35 micron (µm)
and conductivity of 5.8 × 107 S/m for the microstrip metals (top and bottom layers). The
EM simulation did not consider the thickness variation of the filter substrate material and
metal surface layer roughness.
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Figure 9. Fifth–order bandpass filter layout and the simulation responses for the folded-arms square
open-loop resonator (all dimensions in mm).

5. Filter Experimentation

The radio frequency PCB milling procedure is employed in the manufacture of the
proposed bandpass filter. The substrate material employed for the filter circuit construction
is Rogers RT/Duroid 6010LM with a relative permittivity, Er, of 10.8, a loss tangent, tan δ,
of 0.0023, and a substrate thickness, h, of 1.27 mm. The images of the filter device and
the measurement results are shown in Figure 10. The entire footprint of the constructed
filter device is 36.08 mm by 6.74 mm, which corresponds to 0.26 λg × 0.05 λg, with λg
representing the guided wavelength of the 50 Ω microstrip line with the centre frequency
of 2.2 GHz. The filter measurement was conducted using a Keysight Technologies USA,
N5230A Vector Network Analyzer (VNA), and two 50 Ω sub-miniature version A (SMA)
connectors from RS Pro London UK, connected to each input/output port. The measure-
ment results indicate a minimum insertion loss of 0.9 dB and a return loss better than
19.2 dB, as shown in Figure 10.
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6. Results Discussion

The proposed fifth-order bandpass filter EM simulation results and practical filter
measurement results are jointly captured in Figure 11 for clear evaluation. The performance
comparison of the designed fifth-order bandpass filter, when contrasted with the current
state-of-the-art reported in some recently published related research, is presented in Table 1.
Based on the comparison in Table 1, the designed filter is of small size as its overall footprint
is relatively smaller than those reported in the other papers chosen for the comparison. The
practical filter performance also shows that it is relatively less susceptible to both the loss
factors compared (that is, the insertion and return loss factors). Looking at Figure 11, it
can be seen that the simulation and measurement results are closely matched. However,
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though the measurement return loss is about 19.2 dB, the simulation return loss is better
than 20 dB. Both the simulation and the measurement insertion losses are approximately
1.0 dB, with a slightly better simulation insertion loss of 0.9 dB. The simulated filter roll-off
is slightly sharper than the measured filter roll-off, as shown in Figure 11.
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7. Conclusions

A fifth-order (that is, 5-pole) bandpass filter, based on the compact microstrip folded-
arms square open-loop resonator, has been proposed, analysed, designed, implemented,
fabricated, and measured. The filter device has been characterised using a Vector Network
Analyzer, with the experimental responses used to validate the simulation responses.
The presented measurement and EM simulation results indicate decent agreement. The
EM simulation responses achieved a minimum insertion loss of 0.8 dB and a very good
channel return loss of 22.6 dB. The measurement results, on the other hand, show a
minimum insertion loss of 0.9 dB insertion loss and return loss of better than 19.2 dB.
The designed filter component footprint is 36.08 mm by 6.74 mm (i.e., 0.26 λg × 0.05 λg),
and λg is the guided wavelength of the 50 Ohm microstrip line at the centre frequency
of the proposed fifth-order bandpass filter. This type of filter has popular applications
in wireless transmitters and receivers. Its main function in the transmitter is to limit the
bandwidth of the output signal to the band assigned for the transmission. By this effect, the
transmitter is prevented from interfering with other stations. In the receiver, a bandpass
filter permits signals within a certain band of frequencies to be received and decoded,
while stopping signals at undesirable frequencies from getting through. The bandpass
filter, reported in this paper, achieved an additional 20% physical device size reduction
when compared to filters implemented using the conventional microstrip square open-loop
resonator. The size reduction is due to the folded-arms of the FASOLR. The proposed
compact filter would be very essential in radiofrequency (RF) front end of cellular radio
base station transceivers as it would ensure the overall miniaturization of an entire system.
Also, considering the fact that filters are used as building blocks for ubiquitous microwave
components including multiplexers (e.g., diplexers), filtering antennas, filtering power
dividers/combiners, etc., one can see the benefit of striving to make the filter design as
compact as possible. Therefore, our proposed filter design is of huge benefit in terms of
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footprint, being of great interest to RF and microwave engineers and technicians alike.
Practical technologies that would impact directly by the compactness of the proposed filter
design technique include wireless communication systems. Take space crafts for example,
and it may be seen that compact filters are employed in the design of diplexers used in the
satellite communication systems of space crafts. This is because space crafts are built to an
effective reduced mass and volume, as highlighted in [3]. Other receiver applications of
the proposed filter include radar, drones, Wi-Fi, etc. All these technologies need filters for
appropriate frequency selection.
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