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Abstract: The growing demand for multi-frequency wireless communication systems has significantly increased research
interest in multi-band radio frequency (RF) and microwave filters. Designing multi-band RF and microwave filters
that are efficient, affordable, compact, lightweight, and easy to fabricate presents a significant challenge. Multi-band
bandpass filters (BPFs), including dual-, tri-, and quad-band variants, are pivotal in simplifying RF systems by reducing
component count, particularly in multi-band transceivers. Creating compact and efficient dual-band filters is essential for
modern electronic devices operating in dual frequency bands. This article presents a thorough analysis of prior research
on microstrip dual-band bandpass filter designs, emphasizing current developments and the challenges encountered. A
detailed comparison of several design strategies is provided and discussed to offer researchers insights into the benefits
and drawbacks of each technique for specific applications. This article also outlines the challenges and future research
directions for dual-band microstrip BPFs to meet various performance goals in current and future wireless systems.

Keywords: dual-band bandpass filter, compactness, harmonics suppression, microstrip, review, selectivity, wireless
systems

1. Introduction

Dual-band bandpass filters exhibit remarkable versatility, seamlessly facilitating the transmission of two distinct
frequency bands while effectively suppressing interference from unwanted frequencies, offering unparalleled signal clarity
in wireless communication systems. With applications spanning from modern Wi-Fi routers including IEEE 802.16,
802.11, GSM, CDMA, etc. [1] to advanced radar systems, dual-band bandpass filters emerge as indispensable components,
enabling efficient spectrum utilization by selectively transmitting signals in two predetermined frequency ranges while
mitigating adjacent channel interference. Depending on the particular integration process, these filters can be implemented
using various techniques, such as lumped-element filters, distributed-element filters, by using various planar and non-planar
transmission lines. The first miniaturized monolithic dual-band filter for dual-mode portable telephones was proposed in [2],
using a ceramic lamination technique. This approach involves stacking multiple ceramic layers with precise geometrical
configurations to create a compact filter capable of selectively passing two distinct frequency bands. Since then, interest in
dual-band filters has increased greatly during the past two decades, and a lot of research has been carried out extensively.
In designing dual-band bandpass filters, the researchers have faced several challenges, including: (1) maintaining sufficient
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isolation between the two intended passbands while reducing crosstalk and interference, especially for closely separated
passbands, (2) obtaining exact control over both passband bandwidths to satisfy the demands of individual frequency
bands without compromising the filter’s overall performance, (3) maintaining minimal insertion loss in each passband to
guarantee effective signal transmission in both frequency bands and reduce signal attenuation, (4) ensuring high return
loss for the effective impedance matching and low signal reflection at the input and output ports, confirming ideal power
transfer and lower signal loss, (5) providing high stopband rejection to reduce signals outside of the passbands, such as
harmonics, spurious emissions, and interference from nearby frequency bands, (6) ensuring that components like resonators,
capacitors, and inductors are properly matched in order to minimize variances in insertion loss and return loss, (7) designing
tiny and compact filters that prevent electromagnetic interference (EMI) and preserve optimal performance, particularly
for space-constrained applications, (8) taking into account thermal impacts and temperature fluctuations to guarantee
consistent performance across a broad working temperature range, (9) ensuring reliable and cost-effective manufacturing
while maintaining high yield rates, considering factors such as component tolerances, fabrication processes, and material
characteristics, (10) ensuring frequency tunability or reconfigurability to adapt changing operational requirements or
frequency allocation regulations, and (11) controlling the fluctuations in phase and group delay in both passbands, especially
in communication and radio frequency (RF) front-end applications, to prevent distortion and preserve signal integrity.

To tackle such design constraints, various methods and materials have been studied by the researchers based on the
required specifications of the dual-band filters for different applications, as demonstrated in Table 1. The detail description
of some of the application areas of Table 1 is elaborated as follows:

* Wi-Fi (2.4/5 GHz, 5% FBW): Dual-band filters in Wi-Fi routers and access points must simultaneously support the
2.4 GHz (IEEE 802.11b/g/n) and 5 GHz (IEEE 802.11a/n/ac) bands. The 5% fractional bandwidth requirement reflects the
moderate selectivity needed to coexist with other nearby ISM-band signals [3].

* GSM/UMTS (900/2100 MHz, 3%—-8% FBW): Compact dual-band filters are necessary for GSM and UMTS
networks, which frequently run at 900 MHz and 2100 MHz, in order to accommodate both current data services and legacy
telephony within a single RF front-end [4].

* 5G NR (3.5/28 GHz, 5%-10% FBW): For 5G New Radio base stations and user equipment, dual-band filters
must bridge the sub-6 GHz (FR1) and millimeter-wave (FR2) bands. The significant frequency ratio (approximately 8:1)
between these bands makes this one of the most challenging dual-band filter design scenarios and directly motivates several
works reviewed in this survey [5].

* Satellite Communication (4/12 GHz): C-band uplink (5.925-6.425 GHz) and downlink (3.7-4.2 GHz) for
traditional geostationary satellites, combined with Ku-band (10.7-12.75 GHz) for direct broadcast and VSAT, create a
classical dual-band filtering requirement [6].

» Automotive Radar (24/77 GHz, 5%-10% FBW): Short-range radar (24 GHz) and long-range radar (77 GHz) are
both used in ADAS systems, requiring dual-band filters capable of operating at both mmWave frequencies simultaneously.
The extreme frequency ratio and mmWave operational requirements make this a frontier application for microstrip dual-band
filter research [7].

* JoT/WSN (868/2400 MHz or 915/2450 MHz, 2%—10% FBW): Wireless Sensor Network (WSN) [8] and Internet of
Things (IoT) [9] devices often use 2.4 GHz for high-data-rate communication and sub-GHz bands for long-range connectivity.
In resource-constrained sensor nodes, dual-band filters minimize size, power consumption, and electromagnetic interference
while enabling smooth multi-band operation.

* Military Communication (L-/S-Band, 5%—15% FBW): Multiple frequency bands are used by contemporary
military communication systems to provide safe, dependable, and jam-resistant transmission. In challenging electromagnetic
conditions, dual-band filters maintain high selectivity, resilience, and spectrum efficiency while enabling simultaneous
operation across tactical and strategic communication channels [10].

* Medical Implantable Devices (0.4/2.4 GHz, 5%—-10% FBW): Implantable devices such as pacemakers, cochlear
implants, and neurostimulators use the MICS band (402—405 MHz) for close-range telemetry and the ISM band (2.4
GHz) for higher-speed data transfer. Dual-band filters in this domain must also satisfy stringent size and biocompatibility
constraints [11].
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* Drone Communication (2.4/5.8 GHz, 5%-10% FBW): Unmanned aerial vehicles (UAVs) often employ 5.8 GHz
for high-definition video transmission and 2.4 GHz for command-and-control communications. Effective channel isolation,
interference reduction, and lightweight RF front-ends appropriate for aerial platforms all require compact dual-band filters
[12].

* Space-Based Communication (S-/X-Band or Ku-/Ka-Band, 2%-8% FBW): For telemetry, tracking, command,
and payload data transfer, satellite and space communication systems frequently use a variety of frequency bands. Dual-
band filters guarantee great durability, low insertion loss, and steady operation under harsh environmental conditions while
assisting in the reduction of payload size and weight [13].

* Smart Home (2.4/5 GHz, 5%-15% FBW): Dual-band Wi-Fi networks that operate at 2.4 GHz and 5 GHz are
essential to smart home ecosystems. Compact and affordable wireless modules with better coexistence, less interference,
and increased connectivity for networked smart devices are made possible by dual-band filters [14].

Table 1. Applications of dual-band bandpass filters

Area fo1/ fo2 (GHz) 3-dB FBW (%) Applications
Wi-Fi 2.4/5 5/5 Wi-Fi routers, access points [3]
GSM 0.9/1.8 As per the requirements of Cellular base stations, mobile devices, and
UMTS 1.92.1 the cellular network infrastructure supporting GSM and UMTS [4]
5G base stations, small cells, and User Equipment
5GNR 3.5/28 5-10 i 2
(UE) [5]
Satellite 4/12 vary based on standards and Satellite ground stations, satellite communication
Communication requirements terminals, and satellite modems [6]
Advanced Driver Assistance Systems (ADAS) and
Automotive 24/77 510 autonomous vehicles for radar sensing applications
Radar such as adaptive cruise control, collision avoidance,
and blind spot detection [7]
Internet of Things 0.868/2.4 vary based on specific protocols Devices and sensors operating for long-range
(IoT) ' : and applications communication and local area connectivity [9]
Military . Tactical radios, satellite terminals, and electronic
Communication 1/10 configurable based on requirements warfare (EW) systems [10]
Imeéfr:tcelalrl)le 0.4/2.4 5-10 Implantable medical devices like pacemakers and
Jgevices e neuro-stimulators [11]
Drone unmanned aerial vehicles (UAVs) or drones for
Communication 2.4/5.8 5-10 various purposes including aerial photography,
surveillance, mapping, and delivery [12]
Industrial vary based on specific ToT Industrial automation and monitoring systems
Wireless Sensor 0.868/2.4 rg}tlocols and ap lications utilizing WSN for collecting data from sensors and
Networks (WSN) P PP actuators [8]
Space-Based 28 Sa’igﬁgg‘éﬁ)ﬁﬁﬁﬁgﬁgﬁ zf:rftllglrc ds broadcasting, broadband internet access, remote
Communication and applications sensing, and scientific missions [13]
Smart Home 2.4/5 for Wi-Fi, 0.9 for 510 Home automation systems, smart thermostats,

Zigbee 0.9/2.4 for Z-Wave

security cameras, and other IoT devices [14]

Popular methodologies for designing dual-band bandpass filters include (1) frequency transformation method [8, 15—
27], (2) coupled resonator-based designs [28—65], (3) multi-mode resonator-based designs [5, 66—109], (4) fractal-based
designs [110-119], (5) defected ground structures (DGS)-based designs [120—132] and metamaterial-based tunable filter
designs [133—141]. All such techniques provide various methodologies to create microstrip dual-band bandpass filters, each
with pros and cons of their own. The specifications of the filters, such as frequency ranges, bandwidths, size restrictions,
and manufacturing technologies, are some of the elements that influence the approach choice. However, two types of
studies have been carried out for all techniques: some of them are primarily focused on the compactness of the filters’ sizes
and the improvement of the passband characteristics, such as low insertion loss, high return loss, good isolation between the
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passbands, and high skirt selectivity, and others have exhibited superior stopband rejection in addition to the improvement
of the passbands characteristics and compactness. In the subsequent sections, all such studies are reviewed, along with
their novelties and limitations. Finally, the present article ends with a summary in the conclusion section, highlighting the
effectiveness of dual-band filters for modern wireless communication systems.

2. Frequency transformation method

To create a prototype filter with the appropriate frequency characteristics, the frequency transformation method (FTM)
is employed in filter design. Such an approach has also been used to design dual-band filters. There are six successive steps
to be followed in this method: (1) determining the filter order and transfer function such as Butterworth, Chebyshev, or
Elliptic type compliance with predetermined criteria; (2) designing a prototype filter with the desired frequency response
characteristics for a single bandpass filter; (3) synthesizing the network and coupling matrix; (4) scaling and shifting the
frequency axis of the prototype filter to match the desired passbands of the dual-band filter; (5) adjusting the separation
between the passbands by manipulating the parameters of the prototype filter, and (6) physically realizing the filter to
ensure that it meets the desired specifications for both passbands, including characteristics such as bandwidth, insertion
loss, return loss, and stopband attenuation. The pioneering filter design within this category was introduced in reference
[15], tailored specifically for GSM mobile communication systems. Later, many dual-band filters were designed, as
reported in [8, 16-27]. For all such filters, high selectivity (110-330 dB/GHz), good isolation of passbands (30-50 dB),
low insertion loss (0.2—1.04 dB), and high return loss (18-23 dB) were obtained. In addition, a good upper stopband
rejection level (30-50 dB) has also been reported for some of the filters. For instance, in [20], by utilizing the out-of-phase
property of two back-to-back E-shaped resonators, a wide stopband with a rejection level of 50 dB up to 2.35fy; was
obtained, where fy; is the center frequency of the first passband of the dual-band filter. However, the size of the filter in
[20] is quite large. Later, in [22] (Figure 1), a modified Richard’s transformation (MRT) has been introduced for designing
asymmetrical-response dual-band bandpass filters with a compact size of 0.044, x 0.542, (A, is the guided wavelength at
the center frequency of the first passband), allowing independent adjustment of bandwidths and center frequencies through
the use of eighth-wavelength transmission lines. Such a novel approach enhances filter performance and simplifies the
design process, making it particularly beneficial for various communication applications. Meanwhile, in [23], the stopband
becomes wider up to 3.55 fo; with a poor rejection level of only 15 dB due to the employment of three-section coupled
lines and three short-circuit stubs in the filter’s structure. Table 2 explores the performance of some of these proposed
filters based on certain parameters.

It has been revealed from Table 2 that the filter in [22] has exhibited the best performance concerning the compact
size, middle stopband rejection level, upper stopband rejection level, and upper stopband rejection bandwidth. The design
of such types of filters has several advantages, such as: (1) they provide more flexibility and efficiency for the designers to
utilize the theoretical and practical knowledge of the existing Butterworth, Chebyshev, and elliptic prototype filter designs
[16]; (2) by properly scaling and adjusting the prototype filter’s frequency response, designers can adjust the dual-band
filter’s passband features, such as bandwidth, center frequency, and shape factor [17—19]; and (3) they provide ease of
implementation and integration with other components [19-23]. However, such filters also suffer from a few limitations,
such as (1) limited frequency range (500 MHz to 6 GHz); (2) poor sensitivity to transformation parameters [16, 17]; (3)
achieving desired characteristics in both passbands, trade-offs in other performance parameters, such as insertion loss,
return loss, and stopband attenuation, may require with increase design iterations [19, 20]; (4) for non-standard criteria,
such as stringent specifications on passband ripple or stopband attenuation, the complexity of the design process may
increase and additional techniques or adjustments may be needed [8, 23, 24]; (5) high dependency on the characteristics of
the prototype filter, restricting wide varieties of applications [25], and (6) the sizes of the filters are quite large due to the
use of straight resonators [20, 22, 23, 27]. Subsequently, the researchers investigated coupled resonator-based designs as
an alternative, as discussed in the next section.
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Figure 1. (a) Photograph of the fabricated filter with dimensions labeled; (b) Frequency responses of the theoretical, simulated and measured results [22]

Table 2. Comparative study of dual-band bandpass filters based on frequency transformation method (FTM)

Substrate specifications
Ref.  fo/fr  FBW MSRL Size USBRL  USBW
no.  (GHz) o) L@ RLEB) - Tggy TZs 00, @B)  (<fo1) f
- tan &
(mm)

[18] 393408 2525 4045 1213 >32 3 036, >30 115 22 1574 0.0009
[20] 163228 92/66 0912  18/16 40 2 B 50 235 102 0635 00021
[22] 058131 39.6/183 03/09  21/23 >50 1 oo >30 3.45 108 0635  0.0023
[23] 0705137 41.1/19 055104  13/15 >22 3 33 >15 3.55 366 0762 00037
[26] 2426 3232 205246 2020 >23 2 ><Oi)2? s >40 1.67 22 0508  0.0009
[27] 05020 412556  02/0/7  10/11 20 3 o >10 6.0 2.65 20 0.003

In Table 2, fo1 and fi» = center frequencies of the passbands, 3-dB FBW = fractional bandwidth, /L = Insertion loss,
RL = Return loss, MSRL = Middle stopband rejection level, 7Zs = no. of transmission zeros between two passbands,
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USBRL = Upper stopband rejection level, USBW = Upper stopband width, &, = Dielectric constant, # = thickness and tan o
= loss tangent of the substrate material, NR: Not reported in the article (same for all tables).

3. Coupled resonators based designs

Coupled resonator structures are employed to create dual-band passbands with controlled bandwidths and frequency
separation. This method is based on the following steps: (1) defining specifications of the filter, (2) selecting the appropriate
filter topology such as parallel-coupled resonators, cross-coupled resonators, or a combination of both, (3) calculating
resonator parameters such as resonant frequency, coupling coefficient, and quality factor (Q-factor), (4) optimizing
performance metrics of the filter by performing EM simulation, and (5) finally, fabricating the prototype filter to measure
different parameters of the filters as per the specifications. In general, two types of resonators are utilized in this type of
dual-band filter design such as parallel-coupled and cross-coupled resonators.

3.1 Parallel-coupled resonators (PCR) based filters

Two types of configurations have been studied by the researchers for the design of these types of dual-band filters
by cascading (1) uniform parallel-coupled resonators and (2) stepped impedance-coupled resonators in an appropriate
arrangement. The first filter in category 1 was proposed in [28], where a double-transmission-line resonator consisting of
two open-ended edge-coupled half-wavelength transmission-line segments has been employed. Although the proposed
filter exhibits good isolation between the passbands (more than 32 dB), the size of the filter is quite large (1.1, x 0.284,),
and the contribution of such a resonator to the suppression of spurious harmonics is not studied in [28]. Accordingly, both
the passband and stopband characteristics of the dual-band filters have been investigated in [29, 30] by proposing different
coupling configurations of the parallel resonators. For instance, in [29], coupled-line and coupled three-line resonators
are employed to obtain a wide stopband up to 4.3 fy; with a rejection level of 28.9 dB. A split-type dual-band filter with
quarter-wavelength hook-type coupled-resonators is designed in [30] to obtain a stopband up to 2.8 fp; with a moderate
attenuation level of 28 dB. However, both the filters in [29, 30] have quite large sizes, restricting their applications in
modern wireless systems.

As an alternative method, stepped-impedance parallel-coupled lines have been employed by different researchers.
Basically, a stepped-impedance resonator (SIR) is made up of several portions of a transmission line with different
impedances. Resonant behavior at particular frequencies results from reflections and standing waves created during the
transition between these sections. SIRs are very popular in dual-band filters and impedance-matching networks. Due to
their inherent built-in dual-band functioning, fast frequency responses, compactness, design flexibility, enhanced selectivity,
reduced losses, simplicity of integration, and wideband capabilities, SIRs are appropriate for a broad range of dual-band
filtering applications [31]. They provide improved discrimination between desirable and undesired frequencies, low
insertion losses, and precise control over center frequencies and bandwidths.

In this context, compact-sized dual-band filters with high selectivity and good isolation between passbands have
been proposed in [32—40] by employing coupled SIRs. The lengths and widths of different sections of the SIRs have been
tuned optimally to achieve the desired characteristics of the filters. However, for all such filters, the effects of the SIRs
on the spurious harmonics have not been focused on. Additionally, filters designed in [36, 38, 40], exhibit considerably
large dimensions, and thereby impose limitations on their practical applications. Subsequently, a group of researchers has
investigated both the passband and stopband performances of the dual-band filters based on SIRs.

In [41] a dual-band filter with compact size (0.484, x 0.09A,), enhanced selectivity (370 dB/GHz) at the lower edge
and 62.5 dB/GHz at the upper edge), well-isolated passbands (more than 42 dB), and wide out-of-band rejection (8.3 fy;
with a rejection level of 30 dB) have been explored by utilizing stepped-impedance resonators with varying dimensions
(Figure 2). However, the sizes of the filters are quite large for [41-43, 45, 46] (0.67A, x 0.324,) except for the filter
proposed in [44] (0.45A, x 0.324,). Although the filter proposed in [44] is compact in size, the rejection level of the
spurious harmonics is only 20 dB and is extended up to 3.27 fp;. Table 3 highlights the comparative study of some of the best
filters proposed in this category to validate the effectiveness of parallel-coupled SIRs. It has been observed that the filter in
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[41] has exhibited the best performance. However, for dual-band bandpass filters, parallel-coupled stepped-impedance
resonators (SIRs) pose difficulties. These include the inability to achieve desirable features due to cross-coupling effects
[41], increased insertion losses (3.45-2.67 dB), complexity in fabrication [45], sensitivity to manufacturing changes [46],
and restricted tunability of the bandwidth [47]. Sophisticated design methods and careful thoughts are required to overcome
these obstacles and guarantee the best possible filter performance.
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Figure 2. (a) Photograph of the fabricated filter with dimensions labeled; (b) Frequency responses of the simulated and measured results [41]

Table 3. Comparative study of dual-band bandpass filters based on parallel-coupled UIRs and SIRs based

Substrate specifications

Ref.  fou/fx  3-dB MSRL Size  USBRL  USBW
no.  (GHz)  FBW (%) [L@B)  RLWB) — “apy”  TZs 352 (dB) (X for) i
& tan &
(mm)

28] 115143 7.83/49 152252 1497 >32 2 M >50 1.85 9.8 119 0.0025
[20]  0.9/1.575 3837 099132  22/23 >30 1 NR >28.9 3.97 102 127 0.0023
[30] 18245 55  LIYLIT  26/28 >32 2 O 28 25 108 127 0.002
[34] 16245 4555 146116 1212 >55 S, 25 2.06 615 0635  0.0027
[35]  24/52 10366 227288  8.88/9 40 2 NR >31 3625 615 0635 0.0027
[36] 265785 6218 0204  20/14 65 T 20 3.77 615 127 0.0027
[38] 245342 3715 102301  17/18 40 o M 35 1.63 255 0787 0.002
[30] 233436 657 2022 1617 28 2 0 >33 2.58 366 0508  0.0027
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Table 3. (cont.)

Substrate specifications

Ref.  fu/fx  3-dB MSRL  Size  USBRL  USBW
no. (GHz)  FBw (%) L@ RLUAB) gyt TZs 5%, (dB) < fo) f
& tan &
(mm)

[41]  24/52 64 249279  16/17 60 1 Ol >30 83 22 0508  0.0009
[43] 09249 3621 267465 1817 40 3 0o >35 5.56 338 0812 0.0027
[44] 249349 1568 1212 1212 >35 T 20 321 3 076 0.0013
[45] 224402 17.6/9.7 24521  11/12 >57 10 >21 424 102 0635 00023
[46]  2.4/4 8/39 1410  30/11 30 1o s 25 8.33 22 0787 0.0009

3.2 Cross-coupled resonators (CCR) based filters

Dual-band bandpass filters featuring cross-coupled resonators emerge as integral components within microwave and
radio frequency systems, playing a pivotal role in their functionality. They are made up of resonators that are tuned to
particular frequency ranges and are coupled to produce transmission zeros, which increase selectivity. These filters have
low insertion loss (0.2 dB) and strong selectivity (450 dB/GHz) [47] within each of the two separate frequency ranges in
which they operate. Resonator frequencies, coupling coefficients, and optimization for targeted performance metrics are
among the design factors to take into account. These filters are used in a variety of wireless communication systems, such
as software-defined radios (SDRs), frequency division duplexing (FDD) systems, and multi-band antennas, when it is
required to process signals in multiple frequency bands simultaneously. In this context, a four-pole cross-coupled dual-band
microstrip bandpass filter was proposed first in [47]. Subsequently, different cross-coupled resonators-based dual-band
filters have been investigated in [48—61]. Folded stepped-impedance resonators have been employed in [48-50, 52—58] to
improve skirt selectivity (470 dB/GHz) and isolation between the passbands (more than 48 dB). In addition, the size of the
filters becomes compact due to the cross-coupled configuration (0.14, x 0.24,).

As an alternative approach, stub-loaded open-loop resonators have been placed in a cross-coupled structure in [51] to
design a compact dual-band filter with a wide 40 dB isolation level between the two desired passbands (2.45/5.25 GHz).
However, the insertion losses (2.6 dB and 3.5 dB) and return losses (12 dB and 13 dB) are not satisfactory, as reported
in [51]. However, for all such filters, the main focus of investigation was the improvement of the in-band performances
and size reduction. The out-of-band performances have not been reported. Subsequently, in [59-64], different modified
cross-coupled resonators have been utilized in different orientations to obtain the suppression of spurious harmonics along
with improved in-band performances and compact sizes. For instance, a pair of L-shaped half-wavelength SIRs and an
inverted Z-shape with a pair of quarter-wavelength SIRs has been embedded in [59]. Later, spurline-embedded cross-
coupled resonators were employed in [60]. For both filters, the stopband bandwidth beyond the second passband becomes
more than 3.5 times the first center frequency. However, the rejection levels are restricted to 20 dB only. Subsequently,
an improved upper stopband rejection level of 38 dB up to 4.18 fy; has been achieved in [61] by folded SIRs, and those
of 30 dB up to 4.18 fy; have been reported in [62] using branch-line resonators. However, the size of the filter is quite
large in [62] over [61], and the design process is complex. Subsequently, multiple transmission zeros have been generated
in the stopband in [63, 64] by combining source-load cross-coupling and in [65] by employing two pairs of short-ended
resonators and semi-circular trisection stepped impedance resonators (SIRs) loaded by a trapezoidal stub (Figure 3). All
such filters have a broad stopband width (3.75 fy1—4.2 fo1 and), low 3 dB bandwidths (2.1% and 3.2%), sharp roll-off rates
(450-480 dB/GHz) in the two bands, large return losses (15-30 dB), low insertion losses (0.54—1.3 dB), and compact
sizes (0.2, x 0.244)). Table 4 highlights the comparative study of some of the best filters proposed in this category
to validate the effectiveness of cross-coupled SIRs. It has been explored that the filter in [65] has exhibited the best
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performance. Cross-coupled resonator-based dual-band filters suffer from some limitations, such as a larger footprint due
to cross-coupled resonators (four in [60]) resulting more complex circuitry, limited out-of-band rejection level (30 dB),
limited bandwidth tunability (4%—15%), higher insertion loss (more than 1.5 dB) due to increased cross-couplings, and
sensitivity to fabrication tolerances. However, continuous improvements in manufacturing and design processes are carried
out by different researchers to enhance the usefulness of this category of filters. Accordingly, an alternate topology based
on multi-mode resonators has been reviewed in the next section.

|S21| (dB)

=821 (measurement)
=821 (simulation)

0 1 2 3 4 5 6 7 8 9
Frequency (GHz)

Figure 3. (a) Photograph of the fabricated filter with dimensions labeled; (b) Frequency responses of the simulated and measured results [65]

Table 4. Comparative study of dual-band bandpass filters based on cross-coupled resonators based

Substrate specifications

Ref.  for/fn 3-dB MSRL Size USBRL  USBW
no. (GHz)  FBw (%) 'L@B)  RLUAB)  “gpyt TZs 5 % @B)  (<fo1) p

& tan &

(mm)

[49] 235315  4/3 1.83.0 25430 45 1 018" 22 1.91 2.65 10 0002
[52]  24/52 532 1923 2505 >40 1 0(-)116; >23 333 22 0787 0.0009
[53]  24/54 79315 1727 1211 >28 1 046x02 42 2.92 22 0787 0.0009
[54] 243523 3338 1519 1515 > 2 ose 28 2.8 338 0762 0.0027
[55] 1.66/1.92 5.1/28 075148  20/22 >50 1 xoi;‘gz >20 422 2.65 10 0.002
[56] 1535 11798 09212 1920 >30 30 01x012 =20 43 102 0635  0.0023
[57] 243547 153/124  1.0/1.1 113 38 2 04x019  >20 2.67 102 127 00023
[59] 245/52  77/609 226223  35/38 ) 2 02x022  >20 1.67 102 0635  0.0023
[60] 245525 12676 1618 25028 >35 2 B 28 24 102 0635  0.0023
[61] 157524  6/4 0.9/1.1 3020 >55 1 05x035  >38 337 22 0787 0.0009
[62]  2.4/52 8/8 26268  26/16 >38 2 04x031  >29 417 355 0508 0.0027
[63] 245/525 48 1308 1322 25 3 030" 20 42 2.55 08  0.0029
[64] 242/58 58328 1317  30/16 30 4 02x02  >20 3.75 22 0508  0.0009
[65] 15727 3.17209 05408  22/25 >58 1 03 40 427 615 079  0.0009
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4. Multi-mode resonators based designs

Structures that enable the simultaneous propagation of two or more resonant modes, each with a resonance frequency
that is unrelated harmonically, are known as multi-mode resonators (MMRs). Using multi-mode resonators in dual-band
bandpass filters has several benefits. Compact filter designs are made possible by these resonators, which also simplify
the overall structure and improve selectivity. They are ideal for many RF and microwave applications because of their
adaptable frequency tuning, enhanced band isolation, and decreased complexity, all of which enhance system efficiency
and performance [66]. Mainly, three types of multi-mode resonators are investigated to design dual-band filters, such as
resonators with perturbation, stepped impedance resonators, and stub-loaded resonators.

4.1 Dual-mode resonators with perturbation

Dual-bandpass filter design relies heavily on dual-mode resonators (DMRs). Dual-mode resonators facilitate the
propagation of two degenerate modes with the same resonant frequency but orthogonal field distributions. DMRs can
establish distinct passbands for various frequencies by carefully designing and fine-tuning them. Coupling elements offer
control over passband properties by connecting numerous DMRs to build the filter. Overall, DMRs provide a flexible
foundation for the construction of dual-bandpass filters that are appropriate for a variety of RF/microwave and wireless
communication applications due to their small size, excellent performance, and customizable properties. In this context,
a variety of filters have been proposed in [66—74] by the researchers based on DMRs with perturbation. For instance,
a dual-mode square patch resonator with a cross-shaped perturbation has been utilized in [66]. However, the proposed
filter suffers from poor selectivity (220 dB/GHz for the first passband and 170 dB/GHz for the second passband), and a
large size (14.2 mm x 14.2 mm). As a solution, an improved ring resonator with periodic loading of open-circuited stubs
is utilized in [67, 68] to design a dual-band filter (Figure 4) with compact size (a size reduction of 22%) and adjustable
spacing between the two passbands (more than 4 GHz with isolation level of 50 dB). Subsequently, the selectivity of the
dual-band filter has been improved (470 dB/GHz) in [69] by embedding two slits in a square patch of similar structure as
the previous design. Later, a stub-loaded patch resonator and a capacitance-loaded square loop resonator are employed in
[70] and [71], respectively, to improve the selectivity (more than 400 dB/GHz) and isolation between the desired passbands
(more than 45 dB). However, the size of the filter proposed in [71] is quite large (830 mm?). As an alternative structure, a
single-slotted circular patch resonator has been proposed in [72], which exhibits a sharp out-of-band rejection skirt (475
dB/GHz) and good rejection between the dual passbands (more than 22 dB) for a dual-band bandpass filter. Subsequently,
a compact and highly selective dual-band filter has been proposed in [73] by employing a square loop with folded arms and
mitered bends. In addition, the isolation between the two passbands has been improved by connecting the open-circuited
stubs to the end of the feed lines (more than 25 dB).
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Figure 4. (a) Layout of the proposed filter with dimensions labeled; (b) Frequency responses of the simulated and measured results [67]
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Such a study has been extended in [74] further by utilizing a dual-mode meandered loop resonator with internally located
square loop loading elements. For all such filters of [66—74], the main research issues are compactness (0.3, x 0.34,),
enhancement of skirt selectivity (more than 400 dB/GHz), and improving the isolation between the passbands (more than
20 dB). However, the ability of spurious harmonic suppression by the structures has not been addressed. Accordingly,
upper-stopband rejection levels of 26 dB and 15 dB up to 3.17fy; and 5.17fy; have been reported in [75] and [76],
respectively, by loading open-circuited stubs in a square loop and by source/load coupling in a ring-loaded resonator.
In addition, the size of the filter in [76] has a very compact size of 0.14, x 0.11A,. Table 5 highlights the comparative
study of some of the best filters reported by dual-mode resonators with perturbation. It has been revealed that the filter in
[67] has exhibited the best performance. In summary, dual-mode resonator (DMR)-based dual-band bandpass filters with
perturbation offer advantages like compactness (0.14, x 0.114,), large isolation level between the passbands (more than
30 dB), and enhanced upper stopband bandwidth (more than 3 fy;) with an improved rejection level of 40 dB. However,
they also come with several limitations, such as limited bandwidth (5% to 12%), complexity in design due to the need
for precise perturbations and coupling adjustments [76], sensitivity to fabrication tolerances [73], cross-coupling effects
between resonant modes [74], challenges in achieving sufficient frequency separation between dual passbands, sensitivity
to temperature variations, impact stability, size constraints imposed by resonator structures [66], and perturbation elements.
Despite these limitations, DMR-based filters are valuable in specific applications, requiring careful consideration during
design and implementation.

Table 5. Comparative study of dual-band bandpass filters based on dual-mode resonators with perturbation

Substrate specifications

N gy way man G Sm v v h

& (mm) tan
[67]  24/58 12112 1432 2028 >10 2 035" >50 2.92 108 127 0002
[69] 221281 104/82 1116 1514 >60 1 et >40 1.81 102 127 0.0023
[70]  24/52  13.7/63  06/14  28/12 >10 2 o6 >10 2.33 102 127 0.0023
[72] 243373 4561 2513 27722 18 3 S 8 1.85 108 127 0.002
(73] 12319  44/52 3228  14/19 20 2 ol >15 1.95 615 127 0.0027
[75] 2341 1215 06510 2421 >33 2 0 26 3.17 108 127 0.002
[76]  24/52 106135 036/1.0 1722 25 2 xoi)l,(l)l >15 5 35 0508  0.0018

4.2 Dual-mode resonators with SIRs

The combination of dual-band functionality, compact size, design flexibility, low insertion loss, high selectivity, and
ease of fabrication makes dual-mode dual-band bandpass filters with stepped-impedance resonators a desirable choice
for various RF and microwave applications. In this context, different SIR structures have been investigated in [5, 77-87]
to design dual-mode dual-band filters with compact size (0.14A, x 0.16A,), high selectivity (480 dB/GHz), enhanced
isolation between passbands (more than 52 dB), and low insertion loss (0.2 dB). For instance, pseudo-interdigital SIRs
and meandering SIRs have been employed in [77] and [78], respectively. However, the isolation between the passbands
was poor in [78] (less than 38 dB) compared to [77] (more than 40 dB). Accordingly, a single short-stub-loaded stepped-
impedance resonator (SIR) has been utilized in [80] to improve the skirt selectivity (465 dB/GHz) and isolation between
the passbands (more than 32 dB) of the dual-band filter and achieve compact size (720 mm?). As an alternative structure,
two quarter-wavelength SIRs with a common short-ended stub have been employed in [84] to design a very compact
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dual-band filter (0.14A, x 0.16A,). However, the skirt selectivity for both passbands becomes poor with such a structure
(320 dB/GHz and 290 dB/GHz). Accordingly, a compact (0.3, x 0.34,) filter has been proposed in [85] based on a
dual-mode stepped impedance resonator (SIR). However, the skirt selectivity of the second passband (220 dB/GHz) is not
good compared to that of the first passband (410 dB/GHz).

Subsequently, the selectivity improvement has been achieved significantly in [86] (415 dB/GHz) by folding SIRs
with shorted coupled lines. Later, folded interlocked SIRs were employed in [5] to improve the selectivity (470 dB/GHz)
of the dual-band filter applicable for 5G new radio access technologies. However, the size of the proposed filter is quite
large (0.2424 x 0.25A,). Accordingly, size reduction (0.254, x 0.124,) has been achieved in [87] by employing a pair of
coupled SIRs and a pair of half-wavelength bent resonators. It has been revealed from [5, 77-87] that most of the filters
are compact in size (0.14A, x 0.164,), have enhanced selectivity (480 dB/GHz), and have well-isolated passbands with a
high attenuation level (more than 52 dB). However, the upper out-of-band performances of the filters are unaddressed. In
connection with this, both the passband and stopband performances have been investigated in [61, 88-91].

For instance, an average rejection level of 38 dB up to 3.37fy; has been reported in [61] in addition to enhanced
selectivity and good isolation between the passbands using asymmetric stepped-impedance resonators (SIRs) (Figure
5). Afterward, the upper stopband width has been extended up to 5.42fp; in [89] by two open-loop SIRs. However, the
rejection level is limited to only 15.5 dB. Subsequently, a very compact (size of 0.07A, x 0.09,) dual-band filter with
good selectivity (492 dB/GHz) along with a wide upper stopband (4.08 fo1) and a good rejection level of 32 dB, has
been proposed in [90]. However, the isolation level between the passbands is not so attractive (less than 25 dB). Table
6 highlights the comparative study of some of the best filters reported by dual-mode resonators with SIRs. It has been
explored that the filter in [61] has exhibited the best performance. In summary, dual-mode bandpass filters with SIRs
offer a compact (size of 0.07A, x 0.094,, [90]) and versatile solution for achieving dual-band functionality in RF and
microwave systems. However, they come with several limitations, such as limited bandwidth (4% to 25%) due to the
inherent narrow bandwidth of SIRs, complex design processes requiring careful optimization of resonator dimensions and
impedance ratios, sensitivity to fabrication tolerances, cross-coupling effects between resonant modes that may degrade
filter performance, challenges in achieving sufficient frequency separation between dual passbands (more than 30 dB),
possible compromise in insertion loss performance (more than 2 dB) compared to single-band filters, size constraints
imposed by resonator structures, and the need for adequate coupling.
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Figure 5. Photograph of the fabricated filter with dimensions labeled (inset figure) and frequency responses of the simulated and measured results [61]
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Table 6. Comparative study of dual-band bandpass filters based on dual-mode resonators with SIRs

Substrate specifications

N ni AR ne we W o S U o :

& (mm) tan &
[77]  24/52 2414 042007 732 >40 1 0 27 2.92 615 0635 00019
78]  24/57 1015 1218  19/16 >38 1 030" >12 25 2.55 08 0001
[79]  235/505 166/13.5 1.64291  18/12 52 3 B 20 2.98 9.2 10 0002
811 168299 327285 1010 2222 25 1 o >35 476 9.2 10 0.002
[82] 3.88/5.35 12.4/86 038103  24/19 20 1 203 >17 18 1.84 02 0.0004
[83] 2435 4114 1829 2022 >17 2 e 25 1.67 615 063  0.0023
[84]  09/1.75 4215  02/05 1825 30 1 B ~15 3 338 0.508  0.0027
[86] 15737 454 2523 1215 >15 2 3 >35 2.87 2.65 0.5 0.003
[5] 095147 125111 216133  17/10 >20 1 B 15 2.11 3.55 0.5 0.0027
[87]  34/52  S8/11.8 1214 2332 >30 2 2 15 2.35 355 08128 0.0022
[61] 157524 638 0911 3020 >50 1 05x035  >38 3.37 22 0787 0.0009
[88]  LO/LS 433 158154  16/15 >38 1 X0é§4 30 33 44 0.8 0018
[89] 24/52  83/48 053059  10/13 60 1 ol >18s 5.42 222 0381  0.0009
[00] 245525 75 196225  14/16 >25 2 0 25 4.08 366 0508 0.004

Accordingly, researchers have studied the stub-loaded dual-mode resonators as an alternative structure as reviewed in
the next section.

4.3 Stub-loaded dual-mode resonators (SLDMR)

The stub-loaded dual-mode resonators (SLDMRs) are essentially resonators that support two resonant modes. They
consist of a main transmission line coupled with stubs (short-circuited or open-circuited) at specific locations along the
main line. These stubs introduce additional resonant modes, allowing for the creation of dual-band responses. SLDMRs
enable the integration of multiple resonant modes in a compact structure (0.144, x 0.11A,), resulting in a smaller filter
size. They offer a simpler and more efficient design process compared to traditional approaches. Moreover, the resonant
frequencies can be adjusted by varying the dimensions of the stubs and transmission line, providing flexibility in meeting
different system requirements. Accordingly, they can exhibit higher selectivity (510 dB/GHz) and improved out-of-band
rejection (more than 35 dB) compared to single-band filters. In this context, different SLDMR-based compact filters
have been proposed in [91-101]. For instance, the filter proposed in [91] employs a stepped-impedance ring resonator
loaded with shorted stubs, achieving a remarkably wide upper stopband (> 40 dB up to 4.85 fp1) and excellent in-band
performance (IL < 0.28 dB, RL > 25 dB, isolation > 50 dB). However, the filter size is relatively large (0.50A, x 0.39A,)
due to the ring resonator structure. Meanwhile, the filter of [92] uses stub-loaded Open-Loop Resonators (OLRs) with a
focus on narrowband dual-band operation (2% and 3% FBW at 2.45 and 5.8 GHz). The compact size (0.44, x 0.44,) and
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moderate upper stopband rejection (> 20 dB up to 4.08 fp1) are its key attributes. The narrow fractional bandwidth is a
deliberate design choice suited to applications requiring high channel selectivity. Later, the work has been extended in [94],
where a compact dual-wideband bandpass filter (FBW: 9.42% and 7.76% at 3.5/5.5 GHz) using open-/short-circuited stubs
has been proposed. The moderate size (0.324, x 0.15A,), low insertion loss (0.7/1.1 dB), and good stopband rejection
(> 35 dB up to 2.29 f;) make it suitable for WLAN/5G sub-6 GHz applications.

Accordingly, some new types of stub-loaded coupled-line and ring resonator structures have been proposed in [95—104].
For instance, in [95], E-type hairpin resonators have been employed, which are basically the short-circuited stub-loaded
hairpin resonators. The passband frequencies have been controlled by adjusting the characteristic impedance and electrical
length of the hairpin and stub (Figure 6). Moreover, by incorporating a pseudo-interdigital coupling structure and a
hook feed line in the structure passband bandwidth has been greatly controlled. The designed filter provides exceptional
compactness (0.144, x 0.11A,) with good stopband suppression (> 35 dB up to 3.27fy1). The controllable bandwidth
feature via the pseudo-interdigital coupling structure is a key novelty. In this context, filter proposed in [96] achieves very
wide dual-band FBW (43.2%/16.5%) using folded short-circuited stubs with low insertion loss (0.33/0.74 dB), though the
upper stopband is limited (> 12 dB). In [97], open-/short-circuited stub-loaded A /4 resonators have been employed for a
compact filter design with moderate stopband rejection (> 20 dB up to 3.75 fp;). Meanwhile, ref. [98] demonstrates filter
design with broadly-separated passbands (1.8/5.8 GHz) and sharp rejection level (> 30 dB) using balanced coupled lines
loaded with folded open-circuited stubs. However, a wide-band filter is proposed in [99] with FBW (51.9%/23.3%) using
dual-mode folded resonators. The upper stopband rejection level has been achieved as better than 30 dB up to 3.33 ;.
Afterwards, a high selectivity dual-band filter has been proposed in [100], where a quadruple-mode multi-stub loaded ring
resonator was employed to achieve a size of 0.444, x 0.30A,. In this context, the filter of [101] combines stub-loaded
hairpin resonators with meandering UIRs for a balanced performance compromise.
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Figure 6. (a) Layout of the proposed filter with dimensions labeled; (b) frequency responses of the simulated and measured results [95]

For all such filters [95—101], the main investigation has been concentrated on the enhancement of skirt selectivity (475
dB/GHz), the achievement of good isolation between the passbands with a reasonable rejection level (more than 30 dB), the
generation of multiple transmission zeros (more than 7), the improvement of in-band performance like reduction of insertion
loss (0.2 dB) and increase of return loss (more than 25 dB), and the attainment of a compact filter size (0.284, x 0.24,).
However, for those filters, the performance beyond the second passband is limited to 3 fy with a rejection level limited
to 25 dB. Accordingly, the enhanced upper out-of-band rejection has been studied in [102—104] by employing different
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methodologies based on stub-loaded resonators. In [102], a wide upper stopband rejection bandwidth up to 5.7 fo; with a
rejection level of 30 dB has been achieved by simply tuning the length and impedance of the symmetrical open-circuited
stub-loaded resonators. Subsequently, dual-band filters with closely spaced narrow passbands (3.81 GHz/4.2 GHz) and
improved stopband rejection have been proposed by coupling shorted lines in a stub-loaded resonator in [103] (more than
20 dB up to 2fy;), and by a loop-type microstrip line loaded with four shorted stubs in [104]. However, the size of the
filter in [104] is quite large (0.39A, x 0.46A,) compared to those in [102] (0.474, x 0.334,) and [103] (0.3244 x 0.284,).
Table 7 highlights the comparative study of some of the best filters reported by dual-mode resonators loaded with stubs. It
has been observed that the filter in [95] (shaded by gray color) has provided the best performance.

To sum up, although stub-loaded dual-mode resonators (SLDMRs) have several benefits, they do, however, have
several drawbacks, such as limited bandwidth (2%—30%) due to fixed resonant frequencies, complex design process
requiring precise control of dimensions, sensitivity to fabrication tolerances leading to performance variations, limited
scalability to higher frequencies or different applications, challenges in achieving adequate coupling and isolation between
resonators, limited reconfigurability or tunability once fabricated. SLDMRs are nonetheless useful for designing compact
multi-band filters in spite of these disadvantages; thus, considerable thought must be given to them both during the design
and optimization phases.

Table 7. Comparative study of dual-band bandpass filters based on stub-loaded dual-mode resonators

Substrate specifications

N Aty non mon G S v S
(mm)
[01] 18429 81/68 1716 2020 >55 1 0 >30 2.44 615 0635  0.0019
[92] 24558 23 187168  20/15 20 2 04x04  >20 4.08 22 0381 0.0009
[94]  3.5/55 942776 0711  21/14 >30 1 32 >35 2.29 338 0813 0.0027
[05] 245525 6851 1715 15720 25 1 o >35 3.27 95 0635  0.0004
[96] 248/6.63 43.2/165 033/0.74 1830 20 1 s >12 423 22 0508  0.0009
[97]  24/58 436536 135197  17/15 25 2 39 20 3.75 2.55 0.8 0.0029
(98]  1.8/58  89/45 1220 2425 >30 2 Sy >30 472 2.55 08  0.0029
[99]  24/52 519233  03/07 2221 25 2 B >30 3.33 2.55 0.8  0.0029
[100] 24/52 10555 137123  32/19 >14 2 230 >17 5.3 108 127 0.002
[101] 265484 60487 099139  16/15 >19 2 B >30 2.45 112 127 0.001
[102] 3.5/525 6543 187233 2221 40 2 B ~28 5.7 2.55 0.8 0.0029
[103] 3.81/42  32/57 105085  24/19 26 1 S 20 2.36 338 0508 0.0027
[104] 184245 1522 1613  20/22 30 2 Sy =20 1.43 2.55 0.8  0.0029

4.4 Dual-mode filter with combination of SIRs and stubs

A dual-mode dual-band bandpass filter based on Stepped-Impedance Stub-Loaded Resonators (SISLR) offers a
compact and efficient solution for filtering signals in two distinct frequency bands simultaneously, making it suitable
for various wireless communication and RF and microwave applications. With the attractive resonating features of both
stepped-impedance resonators and stubs, researchers have utilized both of them together in a single filter structure for
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their efficient performances. In this context, asymmetric stepped-impedance open-loop resonators loaded with stubs have
been employed in [105] to improve the selectivity of the passbands (540 dB/GHz). However, the passbands are widely
separated from each other in [105] (0.9 GHz/2.45 GHz). Later, dual-mode stepped-impedance stub resonators [83] and
stub-loaded stepped-impedance resonators [106] have been employed to design compact dual-band filters. However, the
size of the filter in [106] (0.474, x 0.47A,) has quite a large area compared to that of [83] (0.174, x 0.21A,). However,
for all such filters, the upper out-of-band performance has been unexplored. Subsequently, a combination of coupled
lines and tri-stepped impedance stubs [107], a multi-stub loaded resonator [109], a stepped-impedance ring resonator with
shorted stubs [91] (Figure 7), and a combination of pairs of step impedance stubs, and a pair of uniform open-circuit stubs
[109] are the novel structures investigated. In [91], a wide upper stopband (more than 40 dB up to 4.85 fp;) along with
overall improved passbands’ performance (insertion loss less than 0.28 dB, return loss more than 25 dB and isolation level
between the passbands more 50 dB) has been achieved. However, the sizes of the filters in [108] (0.934, x 0.264,) and
[91] (0.5A, x 0.39A,) are quite large compared to [109] (0.13A, x 0.1A4,). Table 8 highlights the comparative study of the
dual-mode dual-band bandpass filters loaded with stepped-impedance stubs. It has been revealed that the filter in [91] has
contributed the best performances.
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Figure 7. Photograph of the fabricated filter with dimensions labeled (inset figure) and frequency responses of the simulated and measured results [91]

Table 8. Comparative study of dual-band bandpass filters based on stub-loaded dual-mode resonators with SIRs

Substrate specifications

T T R T
(mm)
[105] 097245 648  LI/LO 1522 20 3 30, 20 3.89 294 0762 0.0025
[83] 1.84/2.65 20/10  043/0.65  14/16 25 1 M >25 2.17 2.65 10 0001
[106] 2455585 5746 1524 1213 >30 1 Brye 20 33 338 0813 0.0027
[107] 092152 380224  101/0.96  14/16 >30 1 o3 >15 3.26 2.33 16 0.0012
[108] 2435 83/514 2845 1513 50 2 Srch >50 2.29 2.55 08  0.0029
[01] 14/183  93/6.6  2483.6 28025 >28 1 0 >40 485 338 0813 0.0027
[109] 0947248 3927 0280092  25/12 >30 2 o >25 5 44 0.8 0.02
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The advantages of this category of filters are listed as follows:

+ Ultra-compact filter sizes: The combination of SIRs and stub-loading enables very compact designs. The filter
proposed in [109] achieves the smallest size in this category (0.134, x 0.104,), and those in [105] (0.20A, x 0.134,) and
in [83] (0.174,4 x 0.21A,) are also highly compact, demonstrating the superior miniaturization capability of this topology
compared to the PCR-based designs reviewed in Section 3.1.

* Very Low Insertion Loss: The filter proposed in [109] achieves the lowest insertion loss in this category (0.28/0.92
dB at 0.94/2.48 GHz), and that in [83] also reports competitive insertion loss (0.43/0.65 dB). This is attributed to the
reduced conductor length achievable with SIR stub-loading.

* Wide Fractional Bandwidth Capability: Unlike some other topologies reviewed, SISLR-based filters can
accommodate very wide fractional bandwidths. For example, the filter designed in [109] achieves 39%/27% of FBW, and
[107] achieves 38%/22.4% of FBW, enabling their use in wideband communication standards.

* Excellent Middle Stopband Rejection Level (MSRL): The filter proposed in [91] achieves MSRL of > 40 dB
and that in [108] achieves MSRL of > 50 dB, indicating very high isolation between the two passbands. It is a critical
requirement for multi-standard transceivers to prevent inter-band interference.

* Wide Upper Stopband: The filter designed in [91] achieves a wide upper stopband of > 40 dB up to 4.85 fy;, and
that in [109] achieves upper stopband of > 25 dB up to 5 fy1, both of which are competitive figures in the context of all
design categories reviewed.

The limitations of this category of filters are listed as follows:

* Higher Insertion Loss for Some Designs: The filter of [108] reports significant insertion losses (2.8/4.5 dB) and
that of [91] reports (2.48/3.6 dB), considerably higher than the best values in the PCR-SIR or metamaterial categories.
This is attributed to the combined losses of the SIR and stub elements in larger filter structures.

* Large Physical Size for Some Entries: Despite the category’s potential for compactness, the filters designed in
[91] (size: 0.504, x 0.39A,) and [108] (size: 0.934, x 0.26A,) are considerably large in size, indicating that incorporating
SIR ring resonators with stub-loading does not always guarantee miniaturization.

* Limited Return Loss for Some Designs: The filter proposed in [106] reports return losses (RL) of only 12/13
dB, and that in [105] reports 15/22 dB, indicating incomplete impedance matching and that passband quality may be
insufficient for stringent communication standards requiring RL > 20 dB.

* Fixed Resonant Frequencies (No Tunability): All designs in Table 8 are fixed-frequency, with resonant frequencies
entirely determined by physical dimensions. This contrasts with the metamaterial-based tunable filters reviewed in Section
7 and represents a fundamental limitation for reconfigurable or cognitive radio applications.

Other than these limitations as observed from Table 8, dual-mode dual-band bandpass filters loaded with SISLRs
have some more limitations, such as complex design process and fabrication complexity requiring precise control over
resonator and stub dimensions, limited bandwidth tunability due to fixed resonant frequencies determined by physical
dimensions, sensitivity to parasitic effects, limited scalability, difficulty in achieving adequate coupling and isolation
between resonators and challenges in scaling filters to different frequencies or applications. Despite these limitations,
SISLR-based DMDBBPFs remain valuable for applications requiring simultaneous filtering of signals at two distinct
frequency bands, with careful consideration during design and optimization.

5. Fractal based dual-band filters

Fractal curves provide the possibility of creating infinite-length lines on a finite substrate area. Fractals offer several
advantages in filter design, such as compactness due to the space-filling property, multi-band capability and consistent
performance across a wide range of frequencies due to the self-similarity property, flexibility in design parameters in
terms of bandwidth, center frequency, and stopband attenuation with greater precision, wideband performance, and ease of
fabrication and integration into various electronic devices and systems [110]. In this context, different fractal geometries
have been employed by the researchers in the design of compact high-selectivity dual-band bandpass filters, such as the
Koch fractal in [111] and the Minkowski fractal in [112—114]. For instance, Minkowski-Island-Based (MIB) fractal patch
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resonators have been proposed in [112] to design a compact dual-band filter with enhanced performance as shown in Figure
8a. Koch fractals offer several advantages for dual-band filter design, including compact size (0.23A, x 0.231,), tunability
of passband bandwidths (4.6%—15%), low losses (less than 0.25 dB), and enhanced frequency selectivity (470 dB/GHz) as
explored in Figure 8b. However, their design complexity, limited design flexibility, non-conventional structure, sensitivity
to manufacturing imperfections, and limited bandwidth coverage are notable challenges. Meanwhile, Minkowski fractals
provide special benefits such as flexibility in controlling the fractal dimensions, compactness (0.194, x 0.194,), and
adaptability for processing diverse types of signals.

----- Simulation
1|—— Measurement

T T T T T T
2 3 4 5
Frequency (GHz)

Figure 8. (a) Photograph of the fabricated filter with dimensions labeled; (b) Frequency responses of the simulated and measured results [112]

Despite many advantages, it also suffers from increased design complexity, the requirement of intensive computation
for fractal dimensions, and limited analytical understanding due to the finite boundary, especially when dealing with signals
or images with non-periodic characteristics. As an alternative, square-shaped Sierpinski fractal geometry has been utilized
in[115, 116] and triangular-shaped Sierpinski fractal geometry has been employed in [117]. As a result, dual-band filters
with the advantages of compactness (0.314, x 0.354,), fine-tuning of characteristics, and reduced cross-coupling between
the two frequency bands, enhanced selectivity (492 dB/GHz), and rejection of unwanted frequencies have been obtained
(rejection level more than 33 dB up to 3.26 fp1). However, like Minkowski fractals, Sierpinski fractal-based filters are also
suffering from complex design processes, manufacturing challenges, limited bandwidth (3.3%-45%), and sensitivity to
environmental factors such as temperature variations or substrate properties. Later, different types of fractal geometries
have also been investigated for dual-band filters, such as the T-square fractal [118] and the Hilbert fractal resonator [119] to
achieve more compactness (0.224, x 0.21A,) and a rejection level more than 20 dB up to 2.04 fo;. Table 9 highlights the
comparative study of the fractal-based dual-band bandpass filters. It has been observed that the filter in [112] (shaded by
gray color) has contributed the best performances. All such filters have the advantages of compactness (0.194, x 0.194,)
and high selectivity (more than 450 dB/GHz). However, such filters are also suffering from some limitations in terms of
limited bandwidth due to the inherent nature of fractal geometries, complex design and optimization processes to achieve
dual-band operation, sensitivity to fabrication tolerances, leading to performance variations, challenges in scaling filters to
different frequencies or applications, manufacturing complexities and cost considerations, and cross-coupling between
passbands, affecting filter performance.

In summary, it can be concluded that fractal geometries are quite effective in designing dual-band filters with compact
size, customizable characteristics, and reduced cross-coupling between frequency bands, making them attractive for
certain applications in communications. As an alternative approach, defected ground structures have been studied by the
researchers for the designing of dual-band filters as explored in the next section.
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Table 9. Comparative study of dual-band bandpass filters based on fractals

Substrate specifications

N ity e e M om0

» (mm) tan &
[111] 082217 1546 075185 25720 >22 1 B 26 427 102 0635  0.0023
[112] 255/527 29.821 035086  15/10 >23 2 xobl.?9 >42 2.94 102 127 00023
[114] 241329 7.3/44 056062 35/ >50 1 B >10 174 108 127 0002
[115] 43/86 4514  0.6/18 1215 38 2 3% >33 3.26 338 0508 0.0022
[116] 239345 5733  09/049 2320 >40 1 BN 20 1.88 108 127 0.002
[119] 24535 873.18 038253  19/10 >27 2 Xoﬁl 20 2.04 22 1575 0.0009

6. Defected ground structure based dual-band filters

Defected ground structures (DGS) are the most basic multi-layer structures realized in printed circuit board technology,
with two categories. DGS structures have some advantages, like enabling compact filter designs with high selectivity,
allowing simultaneous filtering at two distinct frequency bands within a single device, being well-suited for integration
into various RF and microwave circuits and systems, and achieving relatively low insertion loss. DGS structures with
resonators realized in both the ground layer and the conductive layer make up the first group. However, DGS filters, whose
resonators have only been realized in the ground layer, are included in the second category. Since resonators realized in
two layers are coupled over the whole area and not just through the edges, the first type of filter aims to reduce circuit size
while increasing coupling between the resonators. The first category of DGS structures has been employed in [120, 121].
A second category has been employed in [122]. However, both types of filters typically don’t show both good passband
performance (isolation is limited to only 25 dB) and compactness (0.38A, x 0.34A,) at the same time. Later, somewhat
more complicated structures with two distinct conductive layers positioned above the ground layer are proposed in [123].
Accordingly, passbands isolation level more than 20 dB and compactness of 0.324, x 0.32A, has been achieved.

Subsequently, many researchers have employed different types of DGS structures to design compact dual-band filters
with improved performance. In this context, tunability of the second passband has been achieved in [124] by employing a
stub-loaded resonator (SLR) with the help of a defected ground structure (DGS) transmission line and varactor diodes. Later,
composite right/left handed (CRLH) triangle mushroom structure and defected ground structure (DGS) were combined in
[125] to achieve low in-band insertion loss (1.13 dB), compact size (550 mm?), and enhanced out-band rejection (more
than 30 dB up to 3.26fp1) for the dual-band filter. Henceforth, in [126], by introducing a pair of coupling stubs in the
aperture of the DGS, narrow passbands (4% and 3.1%) has been achieved within a wide stopband (9.65 GHz to 12 GHz).
Subsequently, a single meander multimode DGS resonator in [127], a combination of SIR and DGS in [128], a combination
of a varactor- and stub-loaded Dumbbell-shaped resonator (VSDSR) with DGS in [129], stepped-impedance DGS and
embedded folded slot line on the ground structure [130], and hybrid microstrip/DGS dual-resonance cells in [131] have
been proposed. For instance, in [131] two filters have been proposed based on stepped-impedance DGS and embedded
folded slotline on the ground (Figure 9). Both the dual-band BPFs exhibit the ultra-wide upper stopband, extended up to
40 GHz (11.54 fy) with a high rejection level about 30 dB (Figure 10). Table 10 highlights the comparative study of the
DGS-based dual-band bandpass filters. It has been observed that the filter in [131] has exhibited the best performances.
However, they face limitations stemming from design complexity, as optimizing for dual-band operation can be intricate.
Additionally, achieving desired performance metrics at both bands often involves trade-offs, and the filters are sensitive to
fabrication variations, necessitating tight tolerances.
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Figure 9. Photograph of the developed dual-band BPF prototypes, (a) Top view and (b) bottom view of Type-I BPF; (c) Top view and (d) bottom view of
Type-11 BPF [131]
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Figure 10. (a) Wideband response of BPF-I; (b) Wideband response of BPF-II [131]
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Table 10. Comparative study of dual-band bandpass filters based on defected ground structures (DGSs)

Substrate specifications

N i we w8 Ut =

& (mm) tan 8
[120] 235315 473 1830 2028 >45 1 e >23 1.91 2.65 10 0.001
[121] 24/52  20/10  0.4/0/58 20120 >17 3 xob3.§ . >20 3.96 22 0787 0.0009
[122] 185235 5545 0510 1515 >30 1 oL >15 2.16 2.65 10 0.001
[123] 2445328 8142 12115 20120 45 1 D 30 3.69 338 0508  0.0027
[124] 17215 8/7 3548  15/15 20 2 032 25 176 9.6 08 0002
[125] 1.582.56 168/75 059144  15/14 >30 1 Xogéz 25 38 22 0787 0.0009
[126] 3.6888 5234 137113 1516 20 1 e >30 3.26 22 0508  0.0009
[127] 2.58/5.86 128147 LI1O 1517 >22 2 o >10 3.1 2.65 10 0.001
[129] 24535 5877 2022 2522 35 2 B 20 2.29 35 0508 0.0018
[131] 3.123.87 9.6/7.5 435452  21/14 >22 1 B 28 11.54 22 0508  0.0009

Their limited frequency agility may restrict adaptability to wideband applications, and the close proximity of bands
may result in crosstalk and unwanted coupling effects, affecting filter performance and isolation between bands.

7. Metamaterial based tunable dual-band filters-recent advances

Recently, metamaterial structures have been investigated by the researchers to achieve tunablity feature in dual-band
filters. Artificial materials designed to possess characteristics not present in naturally occurring materials are called
metamaterial. In order to control electromagnetic waves in novel ways, they are made up of sub-wavelength structures that
are frequently stacked in periodic arrays. Metamaterial structures have the advantages such as: (1) they resonate at specific
frequencies suitable for the design of bandpass filter; (2) they can enable the bandpass filter to achieve higher bandwidth
(more than 40%) and sharper selectivity (better than 500 dB/GHz); (3) they can exhibit switchable properties, allowing the
bandpass filter to dynamically switch between different frequency bands; and (4) they can achieve compact and light weight
designs, which is advantageous for integrating the bandpass filter into portable devices. Tunable dual-band bandpass filters
made of metamaterials are a fascinating area of research and development in the fields of microwave and RF engineering.
One approach for achieving tunable dual-band bandpass filters is by incorporating varactor diodes [132—137] and some
or other tunable elements into the metamaterial structure [138—140]. Varactor diodes are semiconductor devices whose
capacitance can be controlled by applying a voltage across them. By integrating varactors into the metamaterial structure,
the effective properties of the metamaterial can be dynamically modified, allowing for tunable filtering characteristics.
For instance, in [138], defected ground structures have been employed at input and output feeding lines to suppress the
harmonics to a rejection level more than 20 dB up to 10fy; (Figure 11). Another approach involves using reconfigurable
metamaterial structures, where the geometry or configuration of the metamaterial elements can be altered to change the
filtering behavior. This can be achieved using techniques such as liquid crystal-based tuning mechanisms [139] and
MEMS (Micro-Electro-Mechanical Systems) [140]. Table 11 highlights the comparative study of the metamaterial-based
dual-band bandpass filters. It has been revealed that a wide upper stopband bandwidth up to 10fy with a rejection level

Journal of Electronics and Electrical Engineering 398 | Tarun Kumar Das, et al.



of more than 20 dB has been achieved as an optimum result for the filter proposed in [138]. Moreover, the attenuation
level better than 30 dB between the passbands has been reported. The size of the filter is quite compact (0.184, < 0.19A,).
Metamaterial-based tunable dual-band bandpass filters provide unique capabilities but face many limitations.
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Figure 11. Photograph of fabricated filter I, (a) Top side; (b) Bottom side; (c) measured broadband harmonic suppression characteristics of filter II in
overall tuning range passbands [138]

Some of the limitations are such as requirement of costly and complex fabrication process, introduction of metallic
and dielectric losses, limited tuning range and tuning speed of the filter, nonlinear behavior and lower power handling
capacity, sensitivity to temperature variations, complexity for the integration into existing systems, and high production
costs and scalability issues. Moreover, the harmonics suppression level is limited to 20-25 dB, restricting applications in
mixers and frequency synthesizers. Ongoing research aims to overcome these limitations to fully harness the potential
of metamaterials in tunable filter design. Finally, Table 12 compares the performances of all the best designs for each
category of filter design discussed so far. It has been observed that Cross-Coupled Resonator (CCR) based and Dual-Mode
Stub-Loaded Stepped-Impedance Resonator (DM-SLSIR) based dual-band filters have exhibited compact sizes, more than
40 dB of upper stopband rejection level and extension of the upper stopband bandwidth greater than 4.2 fo;. The DGS
based filter exhibits higher insertion loss and poor isolation level between the passbands. Moreover, design complexity
is more for DGS based filter as both sides of the substrate are required to be perturbed. Out of all methods, only the
metamaterial-based filter provides the tunability facility of the passbands along with a very wide upper stopband rejection
bandwidth upto 10fy;, with a restriction of rejection level of only 20 dB. In summary, it is to be concluded that all the
methods have some advantages and some limitations. There are many research issues are still left to study in detail for the
designing of microstrip-line based dual-band pass filters to fulfill the demands in modern days wireless communication
systems.
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8. Challenges and future directions

The actual application and performance of microstrip dual-band bandpass filters in contemporary wireless systems are
affected by a number of significant obstacles. One major obstacle among these is sensitivity to manufacturing tolerances
and fabrication complexity. Particularly in filters incorporating linked resonators, dual-mode resonators, and stub-loaded
resonators, precise control over resonator size and coupling is crucial. Due to parasitic effects and cross-coupling, such
sensitivity might deteriorate filter performance, increasing the difficulty of the design and fabrication procedures. Even
slight variations in resonator dimensions, substrate thickness, or dielectric characteristics can result in frequency shifts,
degraded insertion loss, decreased isolation, and uneven return loss levels due to the compact and frequently complex
geometries involved, such as coupled resonators, dual-mode resonators, and defected ground structures (DGS). In systems
that demand great selectivity and sharp roll-offs, where exact control over coupling coefficients and transmission zeros is
crucial, this manufacturing sensitivity is made worse. The electrical performance of the dual-band filter is impacted by
these variances, which also make mass production more difficult because of lower yield and higher costs. Complexity is
increased by the use of sophisticated materials and multi-layer structures, necessitating strict process controls.

Numerous solutions have been investigated to deal with these issues. In order to determine which design parameters
are most susceptible to fabrication fluctuations, design procedures are increasingly using robust optimization techniques and
tolerance analysis during the simulation phase. Potential performance loss can be predicted and mitigated by using Monte
Carlo simulations and parameter sweeps. Additionally, using resonator architectures that are less sensitive to dimensional
changes, like folded resonators or specific fractal geometries, can improve fabrication robustness. Additionally, the choice
of materials is crucial. Temperature variations and manufacturing irregularities are lessened by low-loss, thermally stable
substrates with precisely regulated dielectric constants. Higher resolution photolithography and exact etching procedures
are examples of advanced fabrication techniques that increase dimensional accuracy, which improves filter performance
and repeatability.

Adding tunability using MEMS, varactor diodes, or reconfigurable metamaterial components is another intriguing
approach. Even with small dimensional errors, such adjustable components can correct for post-production frequency
changes caused by fabrication, allowing for dynamic passband adjustment and design target restoration. In the future,
combining dual-band filters with intelligent monitoring and adaptive control circuits may offer real-time compensation
against fabrication and environmental variations, enhancing filter performance and dependability even more. As the next
generation of dual-band BPFs must incorporate intricate electromagnetic design, precision fabrication processes, and
nonlinear component integration, interdisciplinary collaboration will become more crucial to addressing these issues.
Innovation and commercial adoption will also be accelerated by standardizing design procedures and performance indicators.
It is anticipated that future developments will concentrate on improving reconfigurability and power handling capabilities,
expanding stopband width without sacrificing insertion loss, and strengthening harmonic suppression. As demonstrated by
new research trends and device implementations, such advancements will greatly assist a variety of applications, such as
wireless communication, radar systems, and biomedical sensing. To address the demanding requirements of current and
future wireless communication systems, a synergistic strategy integrating robust design, accurate manufacturing, adaptive
tuning, and innovative materials is required.

Conventional microstrip filter topologies are facing more difficulties as wireless communication systems go toward
millimeter-wave and sub-terahertz frequencies. Resonator structures become more sensitive to fabrication tolerances due
to their downsizing, and their performance deteriorates when conductor and dielectric losses increase. Higher frequency
filter properties are also greatly impacted by radiation leakage, parasitic coupling, and packaging effects. Future studies
should concentrate on low-loss materials, sophisticated manufacturing processes, and substitute technologies such SIW,
gap-waveguide, and MMIC-based implementations in order to overcome these constraints. Compact, high-performance
filters for next-generation 6G and beyond wireless systems are anticipated to be made easier by the incorporation of
Al-assisted design and optimization techniques.
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9. Conclusion

In this article, the recent advances and challenges of designing dual-band bandpass filters have been reviewed. Different
topologies and structures for the dual-band filters have been revealed, highlighting their advantages and limitations. While
designing the dual-band filters, the designers are facing different challenges such as achieving wide bandwidth and high
selectivity simultaneously, ensuring wide tuning range and fast response times, minimizing insertion losses, maintaining
temperature stability, managing fabrication complexity, integrating filters into larger systems, handling high power levels,
and establishing standardization in design and performance metrics. Addressing these challenges requires interdisciplinary
collaboration, advancements in materials and fabrication techniques, and standardized testing procedures. Despite these
obstacles, ongoing research and development efforts aim to drive further progress in dual-band filter technology for various
applications in wireless communication, radar, and sensing systems. Novel materials like metamaterials and graphene,
along with advanced tuning mechanisms such as varactor diodes and MEMS, have enabled the development of compact
filters with enhanced dual-band functionality. These advancements promise to enhance wireless communication, radar, and
sensing applications, with ongoing research expected to further drive innovation in the field.
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