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ABSTRACT Multiband bandpass filters (BPFs) and multiplexers are essential front-end modules in the de-
velopment of multifunction, multistandard, and multiband wireless communication, sensing, and positioning
systems that are required in current and future intelligent electronics applications. In this paper, numerous
implementation schemes and topologies of multiband BPFs and multiplexers, which have been proposed,
studied, and developed so far, are holistically summarized and elaborated in terms of their merits and
drawbacks. Subsequently, various technical approaches and diverse design methodologies based on substrate
integrated waveguide (SIW) technology are thoroughly examined and reviewed with respect to technical fea-
tures, electrical performances, and practical applications. Finally, future research and development directions
and prospects of SIW multiband BPFs and multiplexers are briefly unraveled.

INDEX TERMS MTT 70th Anniversary Special Issue, implementation techniques, multiband bandpass
filters, multifunction, multiplexers, substrate integrated waveguide (SIW).

I. INTRODUCTION
With the rapid development and unfolding applications of
broadband and high-speed wireless systems as part of the cur-
rent revolutions of information technology in the science and
technology of global human society, intelligent wireless elec-
tronic systems with low profile, low latency, and low power
consumption are unprecedentedly required in either military
deployments or commercial products. As seen in the emerging
fields and activities of 5G/6G networks [1], internet of things
(IoT) [2], and artificial intelligence (AI) [3] as epitomized in
Fig. 1, current and future wireless applications are advancing
smoothly towards deep fusions of multitudinous demands and
diverse standards. Under such circumstances, the research and
development of multiband wireless systems and multifunction
intelligent apparatus becomes more and more stringent, in
which multiband bandpass filters (BPFs) or multiplexers are
critical and indispensable constituent modules.

Multiband BPFs and multiplexers are a sort of frequency
selective components that exhibit filtering characteristics in

all of the multiple channels or passbands. Generally, the
characters of the frequency responses, including response
types, orders, center frequencies (CFs), bandwidths, and re-
turn losses (RLs), must be flexibly designated, synthesized,
and designed for each channel while retaining acceptable
inter-channel isolations for co-channel operations. Apart from
the above-mentioned electrical properties, the circuit size is
also a vital figure-of-merit that must be accounted for in most
practical applications, needless to mention mechanical and
thermal aspects in connection with power handling capability
and other system design considerations. Fig. 2 demonstrates a
few types of classical multiband wireless system architectures
for radio communication links or radar sensing networks. As
can be seen, whether in the duplexing transceiver architectures
shown in Fig. 2(a) or in the multiband receiver architectures
presented in Fig. 2(b), multiband BPFs and multiplexers are
essential building blocks of these front-ends for multiband
operations. Such passive components are arranged either to
combine all individual channeled signals into an aggregated
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FIGURE 1. Multifunction and multistandard wireless application scenarios
including 5G/6G networks [1], IoT [2], and AI [3].

FIGURE 2. Wireless system architectures for radio communication links or
radar sensing networks using multiband BPFs and multiplexers.
(a) Duplexing transceiver architectures. (b) Multiband receiver
architectures.

signal portfolio or to separate the regrouped signal portfolio
into mutually and highly isolated multi-channelized signals.
Therefore, they are fundamentally conditioned by the number
of working channels as well as the input/output bands and
sources/loads. In Fig. 2(a), the dual-band BPF and diplexer
are mainly used to achieve the required filtering and isolating
channelization in both transmitters and receivers connected to
a shared dual-band antenna system. Whereas in Fig. 2(b), the
multiband BPFs and multiplexers are basically exploited to
implement the filtering functions of the illustrative multiple
receiving channels linked to a wideband antenna while guar-
anteeing proper inter-channel isolations. To this end, it can be
understood that multiband BPFs and multiplexers are indis-
pensable and critical in the development of multifunction and
multiband wireless systems for future intelligent electronics
applications.

Usually characterized by various key performance indexes
(KPIs) in connection with desired basic design metrics such as
cost-effectiveness, dimensional compactness, integration den-
sity, bandwidth allocation, performance reliability, and power
handling capability, multiband BPFs and multiplexers are
often designed and developed through various technologies
such as inexpensive and planar microstrip line or coplanar
waveguide (CPW) technologies, costly and bulky coaxial
line or metallic waveguide technologies, and so forth. As a
recently established and currently popular technological plat-
form for microwave, millimeter-wave (mmW), and terahertz
(THz) applications, substrate integrated waveguide (SIW)
technology has effectively regrouped the inherent advantages
of both planar transmission line and non-planar metallic
waveguide technologies, and has provided an attractive choice
in support of the development of cost-effective, self-packaged,
and high-quality multiband BPFs and multiplexers over
megahertz (MHz)-thorough-THz frequencies. Driven by its
superior merits of low-cost, low-loss, high-power handling
capability, and high-density integration among many other
properties [4], [5], [6], there have been a large volume of
diversified and scattered research archives and technical
reports on the development of SIW-based multiband BPFs
and multiplexers over the past two decades.

As depicted in Fig. 3(a), SIW can easily support the broad-
band propagation of TEn0 modes while in the absence of TM
modes. This attractiveness leads to its rapid development and
global popularity in both academia and end-user communities
since its synthesis and design theory can be easily and
directly transplanted from the matured and classical metallic
waveguide technology. As shown in Fig. 3(b), the concept and
practice of substrate integration can be seen through numerous
examples, which presents the three most popular non-TEM
mode substrate integration schemes, including SIW, substrate
integrated non-radiative dielectric (SINRD) guide, and
substrate integrated image guide (SIIG) [4]. Obviously, all
of them inherit the original metallic waveguide technologies
but can be processed as planar transmission lines. Fig. 3(c)
compares numerous impact factors among various microwave
resonators, which are the leading elements for constructing
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FIGURE 3. (a) Electric field propagation of TE10- and TE20-mode along an
SIW transmission line. (b) Three examples of substrate integrated
guided-wave structures in planar form that exhibit non-TEM mode
propagation as well as associated design and technology trade-offs with
reference to microstrip line, CPW, and rectangular waveguide in terms of
technical features, design considerations, and performance indicators [4].
(c) Relative losses, sizes, and costs of various microwave resonators [5].

multiband BPFs and multiplexers [5]. It should be reiterated
from Fig. 3(c) that SIW gathers the complementary
advantages of both planar microstrip/stripline technologies
and non-planar waveguide and dielectric technologies with
respect to cost, size, loss, power, and processing techniques.

In this paper, the design techniques and implementation
topologies of multiband BPFs and multiplexers are summa-
rized and discussed in a comprehensive way in terms of
their inherent merits and technical issues in connection with
design and application requirements. This holistic review
will cover a multitude of implementation schemes including
shunting, coupled multimode-resonator, hybrid multimode-
shunting, splitting, hybrid multimode-splitting, and single
multimode-resonator solutions, which extends our prior dis-
cussions in [7] and [8]. Various technical approaches, design
methodologies, and practical demonstrations using SIW tech-
niques are examined on many aspects of importance. With the
extrapolation of our current knowledge on this topic, future
prospects and research orientations regarding the development
of SIW-based multiband BPFs and multiplexers are also pre-
dicted and unraveled in the final section.

FIGURE 4. Implementation schemes of multiband BPFs and multiplexers.
(a) Shunting scheme. (b) Coupled multimode-resonator scheme.
(c) Multimode-shunting hybrid scheme. (d) Splitting scheme.
(e) Multimode-splitting hybrid scheme. (f) Single multimode-resonator
scheme.

II. DESIGN TECHNIQUES AND IMPLEMENTATION
TOPOLOGIES OF MULTIBAND BPFS AND MULTIPLEXERS
As suggested by the conceptual illustrations shown in Fig. 4
and the comparisons of their merits and drawbacks tubu-
lated in Table 1, the design techniques and implementation
topologies of multiband BPFs and multiplexers can generally
be classified into six categories according to our thorough
literature review. It is worth noting that the physical imple-
mentations of these different sorts of multiband BPFs and
multiplexers are completely independent of the realization
or processing technologies even though each category might
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TABLE 1. Comparisons of Merits and Drawbacks Among Various Schemes

have a preferable technology of choice for its best achievable
performances. In the following subsections, those schemes
and topologies would be described and commented one by
one in detail.

A. SHUNTING SCHEME
As depicted in Fig. 4(a), the most intuitive and straight-
forward approach to implementing multiband BPFs and
multiplexers is to arrange a shunting connection of
multiple individual single-band BPFs characterized using CFs
of f1–fn via specifically designed matching networks, includ-
ing multiport T-junctions, circulators, manifolds, switches,
apertures, and so forth. Since each channel is composed of an
independent BPF, and then all those BPFs are incorporated
using the matching networks, the generated passbands are
completely independent of each other. In this way, they are
much easier to design, tune, and optimize compared to other
schemes. Additionally, it is also easier to realize any number
of channels using this scheme only if the entire passbands can
be covered by the wideband matching networks. Nevertheless,
the devices using this scheme usually suffer from large circuit
sizes and high insertion losses (ILs) in most practical applica-
tions because of the employment of extra matching networks
as well as multiple individual single-band BPFs, as described
in Table 1.

B. COUPLED MULTIMODE-RESONATOR SCHEME
As elaborated in Fig. 4(b), the most commonly used scheme
for the design of miniaturized multiband BPFs and multiplex-
ers is to couple multiple multimode resonators in sequence
or in other advanced topologies. In Fig. 4(b), nodes 1–k rep-
resent multimode resonators R1–Rk, superscripts I–N denote
multiple modes 1–n, S and L mean the source and load, Qei

and Qeo are the input and output external quality factors in the
design. As explained in Table 1, much fewer resonators would
be counted for this scheme compared to the shunting scheme,
so this scheme highlights its distinct characteristic of minia-
turization. Nevertheless, the created passbands are usually
dependent on each other because of the shared resonators and

coupling paths denoted by different colored curves. Therefore,
it is always a challenging task to control the underlying mul-
timode frequencies and couplings in practice, resulting in that
the bandwidth of each passband cannot be allocated flexibly,
so that the realizable bandwidth ratios of the multiple channels
are often limited.

C. MULTIMODE-SHUNTING HYBRID SCHEME
To ease the control of the bandwidths of multiple passbands as
well as their ratios, the coupled multimode-resonator scheme
can be combined with the shunting scheme, leading to a
typical hybrid architecture, as interpreted by the illustration
of Fig. 4(c). Multiple single-mode resonators RI

i –RN
i oper-

ating at each different channel can be added up into the
multimode multiband BPFs and multiplexers to enlarge the
realizable bandwidth ratios at the expense of a small increase
in circuit size. Under this circumstance, the realizable band-
width ratios of those passbands are merely determined by the
multimode Qes since all the internal couplings become single-
mode couplings due to the addition of single-mode resonators
RI

i –RN
i . Generally, the merits of flexibly controlled passbands

of the shunting scheme and small circuit sizes of the coupled
multimode-resonator scheme can be preserved for this kind
of hybrid scheme while circumventing their respective draw-
backs.

D. SPLITTING SCHEME
As demonstrated in Fig. 4(d), another scheme to implement
multiband BPFs and multiplexers is to split a broad passband
into multiple sub-passbands with CFs of f1–fn using several in-
serted stopbands 1–(n-1) based on multiband coupling matrix
synthesis techniques including the frequency transformations
using prototype synthesis [9], [10], [11] or the optimization
techniques [12] using gradient algorithm [13]. The features of
closely spaced passbands as well as relatively smaller sizes
and lower ILs can be characterized for the circuits using this
scheme compared to the shunting scheme. However, the split
multiple passbands are usually dependent on each other, so
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FIGURE 5. General overview of technical approaches and design highlights of SIW multiband BPFs and multiplexers.

FIGURE 6. Illustration of technical approaches for developing SIW
multiband BPFs and multiplexers using shunting scheme.

that they generally require strenuous efforts for tuning and op-
timization in simulation process, just as elaborated in Table 1.

E. MULTIMODE-SPLITTING HYBRID SCHEME
Generally, at most three to four bands can be produced and
managed using the multimode-shunting hybrid scheme be-
cause of the difficulty in effectively controlling more resonant
modes in the multimode resonators and the related multimode
external couplings. By combining the coupled multimode-
resonator scheme and the splitting scheme, more passbands
can usually be generated, just as delineated in Fig. 4(e). In this
case, each passband composed of each resonant mode 1–m in
the multimode resonators can be split into multiple sub-bands,
so that up to two or three times of the passbands denoted
by CFs of f1–fn in Fig. 4(e) can be created compared to the
coupled multimode-resonator scheme, but the split sub-bands
are also dependent on each other and often limited in a close
adjacency.

F. SINGLE MULTIMODE-RESONATOR SCHEME
If the circuit sizes using the aforementioned schemes are still
too large in practical applications, single multimode-resonator
scheme can be considered for enabling further circuit minia-
turizations. As depicted in Fig. 4(f), multiple resonant modes
1–m in a single multimode resonator can be grouped into n
sets to construct n passbands represented by CFs of f1–fn.
Compared to the multiple resonators used in other schemes,
the smallest footprints can be obtained and characterized
for circuits using this scheme because of the employment
of only one resonator, as stated in Table 1. Meanwhile, the

drawbacks of this scheme are that the realizable number of
passbands is rather limited, and the frequency responses of
generated passbands, including CFs, bandwidths, and RLs,
are generally uncontrollable and electromagnetically intercor-
related owing to the obvious difficulty in freely controlling
each resonant mode in the single multimode resonator. This
scheme generally requires a substantial knowledge and effort
in electromagnetic modeling and simulation regarding modal
behaviors.

III. RESEARCH ACTIVITIES OF MULTIBAND BPFS AND
MULTIPLEXERS BASED ON SIW TECHNOLOGY
As observed and clarified from the elaborations presented
in Section II and the technical comparisons listed in
Table 1, each implementation scheme has its own merits and
drawbacks, so that overall design considerations including
footprints, number of passbands, CF ratios, bandwidth ra-
tios, and selectivity, must be taken into account in practical
applications. Focused on the evolvements and advancements
of specific implementation topologies and design techniques
on the basis of SIW platform, various technical approaches,
design methodologies, and practical demonstrations of SIW
multiband BPFs and multiplexers are examined and reviewed
with elaborated technical details to appreciate their technical
features in this Section. To begin with, a general overview of
the already exploited approaches, methodologies, and high-
lights is summarized in Fig. 5, which will be discussed below
in detail.

A. ACTIVITIES BASED ON SHUNTING SCHEME
The primary technical approaches and design techniques of
the shunting scheme are first illustrated in Fig. 6. As can be
seen, various matching networks can be exploited and com-
bined with diverse SIW single-band BPFs to develop SIW
multiband BPFs and multiplexers based on this scheme, em-
bracing multiport wideband T-junctions based on SIW [14],
[15], [16], [17], [18], [19], [20], [21], [22], [23], [24], [25],
[26], [27], [28], [29], [30], [31], [32], [33], [34], [35], [36],
[37], [38] or microstrip [39], [40], [41], [42], [43], [44], [45],
[46], [47], [48], [49], [50], [51], [52], [53] technologies, cir-
culators [31], manifolds [32], coupling apertures [54], [55],
switches [56], shared feeding ports [57], [58], [59] or cou-
pling paths [60], [61], and so forth. Besides the feature of
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FIGURE 7. SIW T-junction-based SIW multiband BPFs and multiplexers
using shunting scheme. (a) Diplexers. (b) Multiplexers based on circulator,
manifold, and T-junctions. (c) CSRRs-loaded techniques.

completely independent passbands characterized by free CFs
and bandwidths, the other technical highlight of this scheme
is that it can usually provide the best in-between attenua-
tions for multiband BPFs and best inter-channel isolations for
multiplexers compared to the other schemes or topologies.
This is because the isolating channel between any pair of
channels/passbands is the longest to sufficiently attenuate the
energy of one channel to the other.

Multiport T-junctions are the most commonly used match-
ing networks to shunt multiple branches of SIW single-band
BPFs to construct SIW multiband BPFs and multiplexers. As
the circuit prototypes shown in Fig. 7(a), based on three-port
SIW T-junctions, diplexers can be readily developed with their
two branches either established by SIW single-mode BPFs
with miscellaneous coupling topologies, frequency responses,
geometric configurations, and multilayered structures [14],
[15], [16], [17], [18], [19], [20], [21], [22], [23], [24], [25],
or built by SIW dual-mode BPFs using dual-mode coupled
circular [26] or square [27] cavities for circuit miniaturiza-
tions, or even created by SIW BPFs using mixed single-mode
and dual-mode coupled cavities for generating multiple finite
transmission zeros (TZs) [28]. As demonstrated in Fig. 7(b),
an advanced SIW triplexer [29] and a quadruplexer [30] were
developed and reported with very large-scale and high-density
configurations based on multiport SIW T-junctions. Addition-
ally, circulator and manifold were also employed to design a
higher-order diplexer [31] and a THz triplexer [32], respec-
tively, which can also be regrouped into the SIW T-junction

FIGURE 8. Microstrip T-junction-based SIW multiband BPFs and
multiplexers using shunting scheme. (a) Based on single-mode coupled
cavities. (b) Based on dual-mode or mixed-mode coupled cavities. (c) SIW
loading techniques.

scheme. Because of the use of extra oversized T-junctions,
the circuit sizes for the above-mentioned SIW multiband
BPFs and multiplexers are still too large, another kind of
miniaturized solution that can be classified into the integrated
SIW T-junction scheme is the SIW loading techniques in-
cluding complementary split-ring resonators (CSRRs)-loaded
[33], [34], [35], [36], [37] or slotline resonators-loaded [38]
approaches, as demonstrated in Fig. 7(b). In this case, not only
dual-to-quad band SIW BPFs were implemented [33], [34],
[35], [38] but also SIW diplexers were developed [36], [37]
then successfully applied to the design of a low phase noise
oscillator [37]. In this kind of loading schemes, SIW not only
provides the impendence matching between the input/output
ports and the resonators but also supports an evanescent-
mode coupling between adjacent resonators as well as the
energy propagation of multiple paths. Because all the mul-
tiple passbands operate below the cut-off frequency of SIW
transmission structure, miniaturization can be achieved for
this kind of loading solutions. Nevertheless, it is usually dif-
ficult to realize cross-coupled topologies except conventional
inline topologies, and the self-packaged characteristic of SIW
structures would be destroyed due to the radiation property
of CSRRs, needless to say lowering their unloaded quality
factors Qus.

Microstrip T-junctions are the other type of frequently
used matching circuits in the development of SIW multiband
BPFs and multiplexers [39], [40], [41], [42], [43], [44], [45],
[46], [47], [48], [49], [50], [51], [52], [53] thanks to their
wideband matching characteristics and significant flexibili-
ties. The representative works using microstrip T-junctions
have been described in Fig. 8. In [39], an SIW dual-band
BPF using two dual-mode circular cavities was studied, de-
signed, and connected by a pair of microstrip T-junctions. As
demonstrated in Fig. 8(a), multiple types of SIW diplexers
were also exploited based on microstrip T-junctions with their
two branches constructed by SIW single-band BPFs either
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FIGURE 9. Other solutions-based SIW multiband BPFs and multiplexers
using shunting scheme. (a) Based on coupling apertures or switches.
(b) Based on shared feeding ports or coupling paths.

using multilayered coupled square cavities for the implemen-
tation of circuit miniaturizations [40] or for the realization
of wide-stopband performances [41], [42], or using coupled
circular cavities for the generation of finite TZs [43], or
using circular coaxial cavities for the implementation of triplet
combline BPFs [44]. To miniaturize the diplexers, the two
branches can also be formed by SIW single-band BPFs us-
ing dual-mode coupled-cavity schemes [45], [46], [47] or
mixed-mode coupled-resonator schemes using both SIW cav-
ities and grounded coplanar waveguide (GCPW) resonators
[48], as depicted in Fig. 8(b). For a further circuit minia-
turization, SIW loading techniques including CSRRs-loaded
SIW [49], composite right/left-handed (CRLH) cells-loaded
SIW [50], spoof surface plasmon polariton (SSPP) [51] and
SSPPs-loaded SIW [52], [53] schemes were applied to re-
alize at least one channel of the diplexers or triplexers, as
the two prototypes shown in Fig. 8(c). This kind of loading
schemes are usually introduced to develop ultra-wideband
(UWB) filtering components since a large quantity of resonat-
ing cells can be loaded on the top or bottom surfaces of SIW
structures.

Apart from the mainstream T-junctions mentioned above,
other joint interfaces have also been proposed and reported to
implement SIW multiband BPFs and multiplexers using the
shunting scheme. As demonstrated in Fig. 9(a), SIW dual-
/triple-band BPFs and one diplexer simultaneously working
at both 5G sub-6 GHz and mmW frequencies were proposed
and developed in [54] based on wideband coupling aper-
tures, with which waveguide mounted SIW technique was
also proposed and covered in [55] to develop a sophisticated
diplexer using a mode-matching technique. Besides the use
of apertures, another scheme to realize SIW dual-band BPFs
with ultra-large CF ratios operating at both microwave and
mmW bands is to employ the switches, with which three ex-
perimental prototypes were developed and presented in [56].
The other approaches belonging to the shunting scheme is the

shared feeding ports or coupling paths, as the design examples
shown in Fig. 9(b). In [57], [58], [59], the feeding ports were
shared by two channels either made of two independent SIW
single-band BPFs to realize a balanced diplexer [57], or one
microstrip and one SIW BPFs [58] even two coaxial SIW
doublets [59] to implement SIW dual-band BPFs. In [60]
and [61], balanced and single-ended SIW dual-band BPFs
were demonstrated with one of the passbands dominated by
fundamental SIW cavities and the other passband built by
coupled CSRRs [60] or combline resonators [61]. This type
of mixed-mode techniques can significantly reduce the circuit
sizes while adding additional design degrees of freedom to
ease the control of the CFs and bandwidths of multiple chan-
nels/passbands.

B. ACTIVITIES BASED ON COUPLED
MULTIMODE-RESONATOR SCHEME
As mentioned in Section II-B, illustrated in Fig. 4(b), and
tabulated in Table 1, circuit miniaturizations can generally be
achieved by using the coupled multimode-resonator scheme
compared to the shunting scheme thanks to significant res-
onator number reduction and matching network removal. The
miniaturization property is obtained at the expense of reduced
design degrees of freedom, so that the degrees for this scheme
are often limited to effectively control the multimode fre-
quencies and couplings in practice, and further it is hard to
implement freely designated CFs and bandwidths of multiple
passbands. Additionally, it is usually necessary to resort to
extra finite TZs for the realization of acceptable in-between
attenuations for multiband BPFs and inter-channel isolations
for multiplexers due to shared resonant cavities and coupling
paths. To begin with, the milestone works based on this
scheme are demonstrated in Fig. 10 together with the electric
field distributions in all the passbands to allow the readers
intuitively understand their operating principles.

To maximally shrink the footprints, the first dual-modes of
TE101 and TE201/TE102 are the most commonly used reso-
nant modes in the development of SIW dual-mode dual-band
BPFs [62], [63], [64], [65], [66], [67], [68] and dual-mode
diplexers [69] based on coupled SIW cavities of rectangu-
lar [62], [63], [69], half-mode rectangular [64], perturbed
square [65], [66], [67], or dual-capacitively loaded square
[68] shapes, as the classical design examples using coupled
TE101/TE201 dual-mode SIW rectangular cavities shown in
Fig. 10(a). However, the realizable CF ratios of two passbands
using the first dual-modes are usually moderate due to the lim-
itation of the aspect ratio of a rectangular cavity. To achieve
smaller CF ratios, the over-moded dual-modes of TE102 and
TE201 can be adopted to implement SIW dual-mode dual-band
BPFs [70], [71], [72] and dual-mode diplexers [69] with close
passbands based on coupled SIW rectangular cavities [69],
[70], [71] or perturbed SIW square cavities [72]. Higher-order
dual-modes of TE201 and TE301 in SIW rectangular cavities
were also employed in [73] to realize a Q-band SIW diplexer
using low-temperature co-fired ceramic (LTCC) technology.
Moreover, the TE102 and TE302 modes in SIW square cavities
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FIGURE 10. SIW multiband BPFs and multiplexers using coupled
multimode-resonator scheme. (a) Dual-mode dual-band BPFs.
(b) Triple-mode triple-band BPFs.

were utilized in [74] to design a balanced SIW dual-band
BPF with improved common-mode suppressions. In addition
to the aforementioned classical rectangular or square cavities,
the first dual-modes in the folded SIW cavities [75], fan-
shaped SIW cavities [76], patches-loaded SIW square cavities
[77], isosceles right-angled SIW triangular cavities [78], and
patches-loaded SIW resonators [79] were exploited as well to
implement advanced SIW dual-mode dual-band BPFs. These
techniques are usually deployed for circuit miniaturizations or
other technical purposes.

Apart from the dual-mode dual-band BPFs described
above, SIW triple-mode triple-band BPFs have also been
developed and reported in the literature. Two synthesis and
design examples are shown in Fig. 10(b). To successfully
implement this kind of advanced filtering devices, the first
three modes were fully exploited and utilized based on var-
ious triple-mode coupled cavities, such as perturbed SIW
square [80] or circular [81] cavities, slots-loaded quarter-
mode SIW circular cavities [82], fan-shaped SIW cavities
[83], patches-loaded SIW evanescent-mode cavities [84],
isosceles right-angled SIW triangular cavities [85], and so
forth. Nevertheless, it is generally a tough task to freely
control the multimode frequencies and couplings in practice,
leading to inflexible CFs and bandwidths of the multiple
channels/passbands. Furthermore, it is very difficult to de-
velop more-mode more-band BPFs because of the challenges
in effectively controlling the underlying multimode resonant
frequencies and mutual couplings.

C. ACTIVITIES BASED ON MULTIMODE-SHUNTING HYBRID
SCHEME
As pointed out in Section II-B, the drawbacks of the cou-
pled multimode-resonator scheme are that the realizable CF

ratios and bandwidth ratios of multiple passbands are limited
for developed SIW multimode multiband BPFs and multi-
plexers because of the challenges in flexibly controlling the
multimode frequencies and couplings. To mitigate this issue,
the multimode-shunting hybrid scheme can be adopted to
facilitate the control of the bandwidth ratios to some extent.
By replacing all or alternate intermediate multimode coupled
cavities with multiple single-mode cavities operating in each
passband, all of the internal couplings would become single-
mode couplings and then they can be controlled independently
and flexibly. In this case, the bandwidth ratios of the pass-
bands are only determined by multimode Qes following the
“Cannikin Law.”1 Although the realizable CF ratios are still
limited by multimode frequencies of the common multimode
resonators, the realizable bandwidth ratios are enlarged by the
internal single-mode couplings. In addition, more diverse cou-
pling topologies can be exploited in this case to realize more
advanced frequency responses, and the extra TZs produced by
input/output multimode cavities can be preserved as well to
improve the in-between attenuations for multiband BPFs and
inter-channel isolations for multiplexers.

To realize moderate CF ratios, multiple single-mode cav-
ities were coupled into SIW dual-mode dual-band BPFs
constructed by TE101 and TE201 modes in rectangular cavi-
ties based on this kind of multimode-shunting hybrid scheme
[86], [87], [88]. Moreover, the single-mode SIW cavities can
also be replaced by microstrip resonators to miniaturize the
footprints [89]. To implement large CF ratios, half-mode dual-
mode SIW rectangular cavities were systematically analyzed
and successfully applied to the development of miniaturized
SIW dual-band BPFs with widely separated passbands [90].
Additionally, the over-moded dual-modes of TE102 and TE201

were used in [70] to produce a quasi-elliptical SIW dual-band
BPF with a small CF ratio. Some of the state-of-the-art works
are demonstrated in Fig. 11(a) along with the electric field
distributions in the two channels to clearly show their working
mechanisms.

For SIW diplexers, dual-mode cavities operating with
TE101 and TE201 modes can be considered to replace SIW
T-junctions in the shunting scheme for circuit miniaturizations
and loss reductions [88], [91], [92]. The first dual-modes
in perturbed SIW circular cavities were also exploited in
[93] to realize single-ended and balanced SIW diplexers with
moderate CF ratios. Moreover, besides the use of the half-
mode dual-mode SIW rectangular cavities to implement SIW
diplexers with large CF ratios [94], the dual-modes of TE101

and TE301 were employed in [95] to develop an SIW diplexer
with a large CF ratio as well as wide-stopband characteristic.
To implement SIW diplexers with small CF ratios, the TE102

and TE201 modes in perturbed SIW square cavities [96], [97]
or rectangular cavities [98], [99] are the most commonly used
dual-modes to replace the T-junctions. A scheme using two
dual-mode rectangular cavities operating with the TE102 and
TE201 modes coupled with multiple single-mode cavities was

1Cannikin Law: A bucket’s capacity is determined by its shortest stave.
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FIGURE 11. SIW multiband BPFs and multiplexers using multimode-
shunting hybrid scheme. (a) Dual-band BPFs. (b) Diplexers.
(c) Triple-band BPFs and triplexers.

developed and presented in [100] to generate a balanced SIW
diplexer with closely spaced channels. Alternatively, patches-
loaded SIW square cavities were introduced in [77] to produce
an SIW diplexer with a small CF ratio. Additionally, SIW
triple-band BPFs and triplexers have also been developed and
reported in [101] based on this sort of multimode-shunting
hybrid scheme using the perturbed SIW triple-mode cavities
proposed in [80]. The experimental prototypes along with the
electric field distributions in the multiple channels have been
demonstrated in Fig. 11(b) and (c), respectively.

D. ACTIVITIES BASED ON SPLITTING SCHEME
Closely spaced passbands are often required for multiband
BPFs and multiplexers in many practical applications [1], [2],
[3]. Besides considering using over-moded dual-modes such
as TE102 and TE201 to implement small CF ratios, another
solution to realize SIW multiband BPFs and multiplexers
with adjacent passbands is to employ the splitting scheme
based on multiband coupling matrix synthesis techniques [9],
[10], [11], [12]. As the experimental prototypes along with
some of the coupling topologies shown in Fig. 12, SIW
dual- and triple-band BPFs were thoroughly investigated and

FIGURE 12. SIW multiband BPFs and multiplexers using splitting scheme.

successfully developed using this scheme based on whole-
mode SIW cavities [102], [103], [104], as well as half-mode
[105], [106] and quarter-/eighth-mode [107] SIW cavities for
miniaturization purposes. SIW diplexers were also developed
and reported with finite TZs produced in-between the two
channels using single-mode [108] or dual-mode [109] cou-
pled cavity schemes, where the diplexer synthesis is basically
based on the all-resonator topological approach proposed in
[110]. Since the TZs are involved in the synthesis process
to split a broad passband into multiple sub-passbands, the
selectivity of the channels as well as in-between attenuations
for multiband BPFs and inter-channel isolations for multiplex-
ers can be guaranteed in most of the cases. Nevertheless, the
allocation flexibility of CFs and bandwidths of the passbands
are usually facing great challenges limited by the synthesis
theories, and the frequency responses are always difficult to
tune and optimize in post-tuning processes.

E. ACTIVITIES BASED ON MULTIMODE-SPLITTING HYBRID
SCHEME
Only two or three passbands can be readily produced using the
splitting scheme inferred from the design examples reported
in Section III-D. If more operating passbands are required,
the splitting scheme can usually be incorporated with the
coupled multimode-resonator scheme to double or even triple
the realizable number of passbands. For instance, by splitting
one of the two passbands of SIW dual-mode dual-band BPFs
into two sub-bands, SIW triple-band BPFs were implemented
and presented in [111], [112], [113], [114], [115]. Moreover,
SIW quad-/quint-/sext-band BPFs were also developed and
demonstrated in [115], [116], [117] by splitting both dual-
passbands into two or three sub-bands, just as the prototypes
and topologies shown in Fig. 13(a). Although much more
passbands can be easily implemented, the difficulty in flex-
ibly controlling the multimode frequencies and couplings in
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FIGURE 13. SIW multiband BPFs and multiplexers using multimode-
splitting hybrid scheme. (a) Tri-/quad-/quint-band BPFs.
(b) Tri-/quad-channel diplexers.

the coupled multimode-resonator scheme and the interactive
passbands in the splitting scheme are co-existing in this hybrid
scheme, leading to inflexible multiple channels.

Apparently, this sort of hybrid scheme can also be ap-
plied to implement and develop advanced multichannel SIW
diplexers, which are highly desired in the developments of
cost-effective and resource-saving multifunction and multi-
band systems. Apart from using the oversized T-junction
scheme [118], SIW triple- and quad-channel diplexers were
also implemented and reported in [119] and [120] by syn-
thesizing and designing one or both of the two duplexing
channels created by dual-modes in SIW cavities into two or
three sub-bands, as the topologies and prototypes presented
in Fig. 13(b). Although significant circuit miniaturizations
can be achieved for the demonstrations using the multimode-
splitting hybrid scheme [119], [120], the controllability of CFs
and bandwidths of the multiple channels are less flexible com-
pared to the T-junction scheme [118]. Additionally, since the
isolation performance of the circuits using this hybrid scheme
are basically conditioned by the orthogonal characteristic of
dual modes, the inter-channel isolations are also much worse
than those with the T-junction scheme because of shared trans-
mission paths of the two duplexing channels.

F. ACTIVITIES BASED ON SINGLE MULTIMODE-RESONATOR
SCHEME
As mentioned in Section II-F, the most compact circuit config-
urations can usually be implemented for multiband BPFs and
multiplexers using the single multimode-resonator scheme

FIGURE 14. SIW multiband BPFs and multiplexers using single
multimode-resonator scheme.

due to the employment of merely one resonator. As the elec-
tric field distributions of multiple resonant modes illustrated
in Fig. 14, single-ended or balanced SIW dual-band BPFs
[121], [122], [123], [124] were successfully developed based
on merely one perturbed SIW square [121] or circular [122],
[123], [124] cavity by grouping those modes into two clusters.
Two perturbed quintuple-mode SIW circular cavities were
also cascaded in [123] to produce a high-performance dual-
band BPF, and its coupling topology is shown in Fig. 14. In
addition, a sext-mode SIW cross-shaped cavity was exploited
in [125] to implement an SIW dual-band BPF with third-order
filtering responses for both passbands. It is worthwhile men-
tioning that multiple TZs must be generated in the vicinity
of the passbands to improve their selectivity and in-between
attenuations.

As pointed out in Section II-F, it is always a challenge to
freely control the multimode resonances in a single multimode
cavity to realize the required CFs and bandwidths of multiple
passbands owing to the limited design degrees of freedom.
To ease the control of CFs and bandwidths, other types of res-
onators such as open loops [126], quarter-wavelength GCPWs
[127], [128], capacitively-loaded patches [127] can be intro-
duced as the extra degrees and embedded in the cavity to
couple with the multiple modes in the single whole-mode
[126], [127] or half-mode [128] cavity without increasing
the overall footprints. Meanwhile, the issue this technique
induced is that the self-packaged property of SIW structures
will be destroyed due to the embedded radiating resonators,
similar to the situations in the SIW loading schemes illustrated
in Figs. 7(c) and 8(c).

Besides the above-mentioned dual-band BPFs, a three-state
SIW diplexer with flexibly controlled CFs was proposed and
reported in [129] with three input/output ports fed at specific
positions of a single cavity operating with quadruple modes
of TE102/TE201/TE103/TE202 based on this kind of scheme.
Additionally, a higher-order SIW diplexer was also devel-
oped and presented in [130] based on a single slots-perturbed
quadruple-mode cavity, as the last circuit prototype shown in
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FIGURE 15. SIW multiplexers using other schemes. (a) All-resonator
topological diplexers. (b) Quadrature hybrid coupled diplexers.
(c) Spectral-spatial quasi-optical multiplexer.

Fig. 14. Because of sharing one resonant cavity, the inter-
channel isolations are difficult to guarantee for the proposed
diplexers. Additionally, it can be observed that only SIW dual-
band BPFs and diplexers were implemented and developed
using this scheme but there are no other multiband BPFs and
multiplexers reported because of the challenges in effectively
controlling more resonant modes.

G. ACTIVITIES BASED ON OTHER SCHEMES
Apart from the aforementioned implementation schemes and
topologies, some other solutions have also been proposed
and applied to develop sophisticated SIW multiplexers. Based
on all-resonator topological diplexer synthesis technique pro-
posed in [110], a few SIW diplexers were implemented
and developed using single-mode [108], [131] or dual-mode
[109], [132] coupled cavity schemes, as the two design exam-
ples shown in Fig. 15(a). No additional matching networks
are needed in the synthesis process of this technique and
the inter-channel isolations approximate to the levels of the
shunting scheme. Similar to the splitting scheme, the CFs
and bandwidths of generated passbands cannot be allocated
flexibly in this approach limited by the synthesis theories,
and the frequency responses are also difficult to synthesize,
design, and optimize.

Another solution to achieve Tx/Rx diplexers is to employ
the quadrature hybrid coupled diplexer scheme, with which
several high-quality SIW diplexers were developed and re-
ported at Ka-band [133], E-band [134], [135], and W-band
[136]. The schematic diagram of this technique and three
state-of-the-art works are illustrated in Fig. 15(b). Although

FIGURE 16. Five distinctions of future research perspectives and
orientations of SIW multiband BPFs and multiplexers.

the circuit sizes using this scheme would usually become
relatively large because of the employment of two extra
quadrature hybrids, the issue of the interaction between two
channel BPFs is mitigated.

Moreover, a type of broadband spectral-spatial quasi-
optical multiplexer providing an instantaneous spectral de-
composition was proposed in [137] based on SIW platform,
where an input SIW is modulated to couple the electromag-
netic energy to a near-field focused surface-waves inside the
hosting substrate while the focused signal can be extracted
for each frequency. A fabricated prototype and the elec-
tric field distributions in some of the channels are given in
Fig. 15(c). This kind of leaking-wave multiplexing technique
can be used to perform broadband quasi-instantaneous mmW
and THz spectral-spatial decomposition with application to
the high-throughput and low-latency UWB analog signal
processing.

IV. FUTURE PROSPECTS AND RESEARCH ORIENTATIONS
OF SIW MULTIBAND BPFS AND MULTIPLEXERS
Similar to the SIW technology developments and research
outlooks presented in [4], future developments and research
orientations of SIW multiband BPFs and multiplexers can
also be highlighted in Fig. 16 through five distinct di-
rections in our opinion, namely, controllability, tunability,
miniaturization, terahertz, and integration. Apparently, they
are closely dependent on the use of emerging and future
structural innovations, advanced materials, and processing
techniques. Additionally, it must be pointed out that some
of these aspects are often coupled with one another, which
can also be inferred from the following subsections provid-
ing a narrative discussion and future implication on each
direction.

A. CONTROLLABILITY
As observed from the overall literature review in Section III,
although a plenty of state-of-the-art implementation schemes,
technical approaches, and design techniques have been pro-
posed and developed to implement sophisticated SIW multi-
band BPFs and multiplexers, freely controlling the CF and
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FIGURE 17. Future research and development orientations of SIW
multiband BPFs and multiplexers. (a) Independent/flexible controllability
of multiple channels. (b) Tunability/reconfigurability of multiple
passbands.

bandwidth of each channel/passband is still challenging apart
from using the oversized shunting scheme. Consequently,
it is still a pressing issue to find or develop an innovative
approach to implement miniaturized SIW multiband BPFs
and multiplexers with all the channels/passbands indepen-
dently regulated, as the conceptual illustrations shown in
Fig. 17(a). Another topic outstretched from the controllability
orientation is how to develop SIW multiband BPFs, multi-
plexers, as well as multiband antennas operating over both
microwave and mmW frequency bands with ultra-large CF
ratios, which is still difficult but highly desired for simul-
taneous 5G sub-6 GHz and mmW communications [1] as
well as various applications such as IoT [2] although some
attempts have already been made on this topic [54], [56],
[138], [139].

B. TUNABILITY
The tunability or reconfigurability of electrical responses
presents significant opportunities for developing frequency
or structure-agile circuits and systems, which are usually of
particular interest for current urgently required multifunc-
tion, multiband, and multimode operations. SIW technique
can easily accommodate the desired tunable/reconfigurable
functions through field-circuit interactions in the electric and
magnetic tuning/switching using diodes or varactors [140].
Tunable/reconfigurable SIW filters or other filtering devices
are also highly demanded to replace the filter banks to de-
crease the volume, weight, and cost of microwave and mmW
electronics systems in many applications. Generally, four
types of tuning schemes can be used to realize the discrete or
continuous tuning, namely, mechanical tuning using screws
[141], electric tuning using RF MEMS switches [142] or
varactors [143], magnetic tuning using ferrites [144], and
simultaneous electric and magnetic 2-D tuning using both
capacitors and ferrite slabs [145] or functional materials.

FIGURE 18. Miniaturization schemes of SIW guided-wave structures as
well as SIW multiband BPFs and multiplexers.

Since the tuning range of single-band BPFs is usually lim-
ited, combining multiple tunable channels of multiband BPFs
and multiplexers into a wide tunable passband to extend the
tuning range seems to be a superior approach. Several tunable
SIW dual-band BPFs [64] and diplexers [23], [41], [93] have
been reported so far based on some of the above-mentioned
tuning mechanisms. However, tuning or reconfiguring one
or all of the channels of SIW multiband BPFs and mul-
tiplexers is still tough amid the difficulty in independently
tuning or controlling the frequencies and couplings of mul-
tiple modes, as illustrated in Fig. 17(b). Anyway, the shunting
scheme seems to be the most viable solution for the devel-
opment of tunable/reconfigurable multiband BPFs and mul-
tiplexers with freely or flexibly tuned channels/passbands up
to date.

C. MINIATURIZATION
Miniaturization is always needed in the development of RF,
microwave, and mmW components, devices, and systems,
particularly in the design of gigahertz circuits and THz chips.
Since the first invention and latter developments of SIW
techniques [146], [147], [148], [149], [150], much efforts
have already been invested in the miniaturization arts of SIW
structures, basically embracing multilayered topologies using
LTCC technology [151], modal partition techniques using
half-/quarter- to 1/nth-mode SIW schemes based on modal
symmetry theory [152], [153], [154], [155], folded [156],
[157] and ridged [158], [159] SIW techniques, metamaterial
and metasurface structures-loaded SIW solutions through left-
handed and right-handed combinations [160], and slow-wave
effects [161], as the few examples listed in Fig. 18. Some of
these schemes have also been applied to design miniaturized
SIW multiband BPFs and multiplexers, such as using LTCC-
based multilayered configurations [40], [62], [69], [73], [75],
[111], [131], partial-mode techniques [53], [64], [82], [90],
[94], [105]–[107], [128], folded [25] and ridged [32] schemes,
and metamaterial cells-based solutions [33], [34], [35], [36],
[37], [49], [50], [51], [52], [53]. It is worthwhile mention-
ing that these miniaturization schemes would usually lead to
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FIGURE 19. Terahertz gap for a powerful applicability of SIW techniques in
the development of THz circuits, systems, and chips.

the increasing of transmission loss of an SIW transmission
structure or the lowering Qu of an SIW resonant cavity. Con-
sequently, a compromised solution through adequate choices
of structures, materials, and modes must be considered alto-
gether in most cases.

D. TERAHERTZ
Terahertz technologies have become more and more prevalent
with urgent requirements for higher-throughput and lower-
latency data transmissions, particularly for 6G and other
wireless systems. In this case, appropriate loss-efficient and
easy-to-integrate guided-wave structures become indispens-
able for the success of any THz circuit and system devel-
opments and deployments. Some endeavors and practices
have been made on the design strategies of THz guided-
wave transmission lines, transitions, and BPFs based on SIW
techniques, such as using the through-silicon via (TSV) tech-
nology [162], [163], [164], the micromachined silicon-core
at 220–330 GHz [165], and the cyclic etched silicon carbon
(SiC) process [166], as the works illustrated in Fig. 19. A few
sub-mmW and THz multiplexers have been developed based
on SIW platform, such as W-band diplexers using printed
circuit board process [20], [136], and 220–330 GHz mani-
fold triplexer using semi-additive microelectronics packaging
process [32]. Meanwhile, the hybrid metallic and dielec-
tric waveguides can naturally accommodate both electrical
and optical properties in a flexible manner, including the
aforementioned SINRD and SIIG solutions, which will form
a low-loss hybrid metal-dielectric structure for future THz
applications [4].

E. INTEGRATION
As the technology roadmap of microwave circuits and systems
shown in [4], the global development trend from genera-
tion to generation is fundamentally governed and navigated
by the needs for higher density integration, in addition to
a better integrated multifunctionality. Judging from the de-
mands of higher frequency development and cost-effective
assembling, a scalable high-density integration is always the
leading specification for productivity, efficiency, applicability,
and reliability. As proved by several representative wireless
electronics systems demonstrated in Fig. 20, SIW techniques

FIGURE 20. High-density integration of hybrid and monolithic microwave
circuits and systems integrating SIW transimission lines, antennas, or
BPFs.

definitely offer a self-packaging and easy-to-integrate solution
with any other planar structures to develop and implement
advanced mmW and THz transceiver systems [167], [168],
[169], [170], where the SIW structures are deployed not
only to design Tx/Rx antennas [167], [168] but also to re-
alize the transmissions, transitions, and BPFs [169], [170].
High-performance duplexing antenna systems have also been
developed and presented in [16] and [99] based on SIW tech-
nology. In the end, the SIW-driven integration will become an
ultimate design choice of hybrid and monolithic mmW and
THz systems for integrating antennas, circuits, and packages
altogether.

V. CONCLUSION
The design techniques and implementation schemes of multi-
band BPFs and multiplexers are systematically summarized
and classified as six categories with their own merits and
drawbacks elaborated in detail. Various technical approaches
and practical demonstrations based on SIW techniques are
comprehensively reviewed and elaborated in detail for each
scheme or topology. The future developments and research
directions are also forecasted and discussed with five distinct
aspects. It can be found that SIW techniques can offer a fas-
cinating perspective for future MHz-through-THz science and
engineering as well as for the development of multifunction,
multistandard, and multiband filtering devices and wireless
systems.
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