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ABSTRACT This review provides an overview of the technological advancements and miniaturization
trends in Substrate Integrated Waveguide (SIW) filters. SIW is an emerging planar waveguide structure
for the transmission of electromagnetic (EM) waves. SIW structure consists of two parallel copper plates
which are connected by a series of vias or continuous perfect electric conductor (PEC) channels. SIW
is a suitable choice for designing and developing the microwave and millimetre-wave (mm-Wave) radio
frequency (RF) components: because it has compact dimensions, low insertion loss, high-quality factor
(QF), and can easily integrate with planar RF components. SIW technology enjoys the advantages of the
classical bulky waveguides in a planar structure; thus is a promising choice for microwave and mm-Wave
RF components.

INDEX TERMS Coupling topology, filters, isolation, metallic via, substrate integrated waveguide (SIW),
transmission zero (TZ).

I. INTRODUCTION
RF communication components have gained tremendous
attention in recent times. Technology is getting advanced
with time and new applications are suggested, explored and
successfully deployed. Many applications such as microwave
imaging [1], biomedical implantable devices [2], [3], auto-
motive radar applications [4], [5], wearable sensors [6], [7],
microwave sensors [8], and wireless networks [9] are recently
reported.

The RF front-end of a communication system consists of
several active and passive components: it includes mixers,
power amplifiers, oscillators, filters, and antennas. Several
RF companies are trying to integrate all components into one
chip-set to reduce the cost of production and minimize the
dimensions [10]. However, there are few components (filters,
diplexers, and antennas) that are inconvenient in the chip-set.
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Because they have large dimensions or their performance
reduce when they are integrated into the chip-set. These
components exhibit additional space, apart from chip-set, in
the package. Normally, more than one chip-set is packed in
a single package to form the system-in-package [11]. Planar
microstrip technology or coplanar waveguides are used at the
lower frequencies; however, transmission and radiation losses
in the microstrip or coplanar waveguides limit their applica-
tions in the mm-Wave frequencies. Therefore, a promising
technology is required to develop the microwave and mm-
Wave components at a lower cost and high performance.

Substrate Integrated Waveguide (SIW) technology is con-
sidered as one of the suitable choices for developing RF com-
ponents [12]–[16]. SIWs are considered as quasi-waveguides,
developed by two parallel copper sheets with rows of shorting
pins on each side to connect the two plates, as shown in
Figure. 1. The advantages of a non-planar bulky waveg-
uide are achieved through a planar SIW technology; thus
making the non-planar component (waveguide) compatible
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for integration with planar circuits, such as a printed circuit
board (PCB) and low-temperature co-fired ceramic (LTCC)
technology. Dispersion characteristics and field patterns of
SIW structure are similar to classical non-planar waveguides.
Majority of the classical waveguide properties, such as high
power handling capability and high quality factor, exhibits in
SIW. One of the biggest advantages of SIW structures is its
planar structure and its integration with other planar circuits
[17]. Also, integration of more than one chip on one substrate
is possible and there is no requirement of transition between
the components, thus making the system less lossy. Mounting
different chips on one substrate extend the idea of SIP to the
system-on-substrate (SoS) [18], and thus is a suitable choice
for low-cost, less lossy, compact, and simple microwave and
mm-Wave systems.

SIWs were initially recognized as post-wall waveguides
[12] or laminated waveguides [13] and then a lot of devel-
opments were made to use them for antennas [19], [20],
filters [21], [22], couplers, mixers [23], diplexers [24], [25],
oscillators [26], [27], and circulators [28]. It is evident that
SIW technology is used for all classical waveguide compo-
nents [19], [28]. The majority of the aforementioned RF com-
ponents, which are based on SIW technology, work below
30 GHz and few at above 30 GHz [29]–[32]. The limited
usage of SIW technology in mm-Wave range frequencies
is due to technological complexity in developing. Special
attention to material selection is required to develop mm-
Wave range components due to its low profile and high losses.
Currently, many research groups are trying to overcome these
problems to develop high performance SIW RF front-ends at
the mm-Wave range.

II. SUBSTRATE INTEGRATED WAVEGUIDE (SIW)
STRUCTURES
A. DESIGN GUIDELINES OF SIW STRUCTURES
As discussed in the beginning that SIW is an advanced
form of a classical waveguide that can be integrated with
a planar dielectric substrate, such as PCB. This emerging
SIW structure can be designed with a dielectric material, two
parallel metal plates, and a series of vias. The parallel plates
cover the dielectric material from top and bottom while the
metallic vias are arranged in a series to connect the lower and
upper metal plates from the side of the dielectric material,
as shown in Figure. 1. The SIW structure is basically a
substrate integrated circuit (SIC). The SIC family consists
of planar circuits, designed from non-planar circuits such as
coaxial lines and classical waveguides. The SIW structures
only support the transverse-electric (TE) mode because of the
gaps between the metallic via on the side walls of the cavity.
The TE mode of the SIW cavity resonator is similar to the
classical rectangular waveguide, as shown in Figure. 2. In
the majority of scenarios, only TEm0 is considered because
thickness (h) of the laminate is negligible as compared to the
width of SIW.

The authors of [14] and [16] did a detailed discussion on
leakage characteristics and wave guidance. The designer of

FIGURE 1. The geometry of rectangular SIW structure (top, 3D, and
exploded view).

FIGURE 2. Electric fields distribution of the fundamental mode (TE10) of
the SIW cavity resonator.

SIW structure must ensure that the SIW cavity resonator is
operating at an adequate frequency band and bandgap and
leakage losses are negligible. It is known that the top and
bottom metal plates are connected through metallic vias from
the sides in the SIW components and are always subjected
to bandgap losses. If the gap between the two adjacent vias
(p) is increased, the majority of the EM fields will no longer
remain inside the SIW cavity resonator. As as result, they
will propagate through vias and will cause leakage losses.
The same phenomenon can be seen if the size of metallic
via is reduced. Hence, the SIW structure is not a perfect
waveguide and metallic vias dimensions and the gap between
adjacent vias may affect the return loss. The following design
rules need to be considered to minimize leakage and radiation
losses [16].

p > d, (1a)

p/λc < 0.25, (1b)

l/k◦ < 1× 10−4, (1c)

p/λc > 70.05 (1d)

where p is the gap between the adjacent vias, d is the diameter
of via, λc is the cutoff wavelength, l is the total loss, and k◦
is the wave number in a vacuum. The condition in Equation.
(1a) suggests that diameter (d) of the via must be less than the
gap between the adjacent vias (p), so that the SIW structure

223288 VOLUME 8, 2020



A. Iqbal et al.: Miniaturization Trends in SIW Filters: A Review

FIGURE 3. Region of interest for the SIW structures as a function of d/λc
and p/λc [16].

is practically designable. Equation. (1b) suggests that the
ratio of the gap between the adjacent vias (p) and the cutoff
wavelength (λc) must be less than 0.25 to avoid bandgap. The
leakage loss can be avoided by following the rules suggested
in Equation. (1c). Equation. (1d) is desirable but not an essen-
tial condition which states that no more than 20 via can be
placed per wavelength. Figure. 3 shows the region of interest
of the SIW as a function of d/λc and p/λc [16].

B. OPERATION PRINCIPLES
SIW shows dispersion characteristics and field properties
similar to classical non-planar bulky waveguide if the metal-
lic vias are tightly placed with neglected radiation leakage.
Classical waveguide supports transverse-electric (TE) and
transverse-magnetic (TM) modes while SIW supports only
TE mode. The TM mode wave in SIW cannot efficiently
transmit because of its inability to form a stable current
at sides of metallic vias due to gaps between the metallic
vias on the side walls. The electric field distribution of the
fundamental SIW mode (TE10) is shown in Figure. 2. It can
be noted that the fundamental mode of the SIW structure and
the classical waveguide is similar.

As obvious from Figure. 1 that the SIW structure consists
of a series of metallic vias at the edges of the structure.
The empirical relations between the via’s dimensions, SIW’s
dimensions, and effective width (weff ) of the waveguide are
developed in [33], keeping in mind similarities between the
classical waveguides and SIW structures. The initial dimen-
sions of the SIW components can be obtained using the equa-
tions developed in [33] without the need for rigorous full-
wave simulations. The effective with (weff ) of a waveguide is
related to the SIW structure parameters in Equation. (2).

weff = w−
d2

0.95p
(2)

where (weff ) is the effective width of waveguide, w is the
width of SIW, d = 2r is the diameter of metallic via, and p

is the spacing between the adjacent vias (here p is considered
as enough small).

Equation. (2) is further refined in [14] by including d/w
ratio because this relation become invalid for larger value of
diameter d.

weff = w− 1.08
d2

p
+ 0.1

d2

w
(3)

The relation in Equation (3) is valid for p/d < 3 and
d/w < 0.5. Similar type of relation is given as Equation. (4)
[34].

w =
2weff
π

cot−1
(
πp
4weff

ln
p
2d

)
(4)

A more accurate calculation of dispersion characteristics
and field properties can be performed with the help of elec-
tromagnetic (EM) wave simulator such as High-Frequency
Structure Simulator (HFSS) and CST Microwave Studio.

C. LOSS MECHANISM
One of the major concerns of the SIW components is to
minimize the overall losses, which become more severe
at mm-Wave range frequencies. These losses emerge due
to conductors (conductor losses), dielectrics (dielectric
losses), and gaps between the adjacent vias (leakage losses)
[35]–[36]. The losses due to conductors and dielectric mate-
rial in the SIW components are similar to the correspond-
ing losses in the classical waveguides. Using the classical
waveguide equations, the conductor losses can be reduced
by increasing the thickness of the substrate because the
attenuation constant in a waveguide is inversely related to
the thickness of the substrate. The other parameters of SIW
component have almost null impact on the conductor losses.
The dielectric losses can be minimized by selecting good
dielectric material because no other SIW parameter (size and
geometry) can affect dielectric loss. The leakage losses which
are due to the gaps between the adjacent vias can be mini-
mized by following the rules suggested in Equation (1a-1d).
Apart from dielectric, conductor, and leakage losses, surface
roughness in the conductors may generate losses in SIW. The
surface roughness consideration may be seriously taken into
account at higher frequencies. The Quality factors (Q-factors)
of SIW, classical non-planar waveguide, andmicrostrip line is
compared in Table. 1. We see from Table. 1 that the classical
bulky waveguide has a higher Q-factor followed by SIW
and Microstrip line. We know that SIW is made of a low-
cost dielectric substrate and the classical bulky waveguide is
costly. Thus, SIW shows significant Q-factor at a lower cost
and is a suitable choice for low-cost and high Q-factor RF
components.

D. BANDWIDTH CONSIDERATIONS
The size of SIW structure and its operational bandwidth is
an important part to be considered. The size and bandwidth
of SIW structures are limited like classical bulky waveg-
uides. Many approaches have been adopted to enhance the
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TABLE 1. Comparison of SIW, Microstrip and Waveguide in terms of
Q-factor [37].

FIGURE 4. Air-filled holes based SIW unit structure and filter [38].

operational bandwidth of the SIW structures. The authors
of [38] achieved 40% bandwidth enhancement by loading
air-filled holes in the SIW structure. The air-filled holes are
periodically distributed over the SIW structure, as shown
in Figure. 4. Another approach to increase the bandwidth
and reduce the bandgap effects is the ridge SIW [39]. In
the ridged SIW structures, the metallic vias are connected
with one metallic plate of the SIW while another side of the
vias remain open, as shown in Figure. 5. A 37% bandwidth
enhancement is achieved by using ridged posts in [39]. The
authors of [40] further modified the ridged SIW by intro-
ducing the metal sheet below the ridged posts, as shown in
Figure. 5. A wide bandwidth of 17 % at a centre frequency of
25 GHz is achieved. The concept of SIW structure with the
air-filled holes and the ridged SIW with metal plate is further
modified in [41]. The authors of [41] used the SIW with
air-filled holes and the ridged SIW with metal plates in one
structure to achieve super wideband. The authors successfully
achieved a wide bandwidth from 7.1 to 30.7 GHz with the
bandwidth improvement of 232 %. The last technique not
only increases the operational bandwidth but also reduces the
component size. The component with the later technique has
a 40 % smaller size than the standard SIW with extremely
wide bandwidth.

III. MINIATURIZATION TRENDS IN SIW COMPONENTS
The dimensions of SIW structures are important to be consid-
ered in modern compact systems. SIW is still considered as a
bulky structure as compared to themicrostrip technology. The
resonant frequency of TEmnp mode of an SIW having dimen-
sions of a×b×c can be calculated using Equation. (5) [42].

fmnp =
1

2
√
µε

√(
m
a

)2

+

(
n
c

)2

+

(
p
b

)2

(5)

FIGURE 5. SIW with the air-filled holes [38], ridged SIW [39], ridged SIW
with the metal sheet [40], and ridged SIW with the air-filled holes for
bandwidth enhancement.

FIGURE 6. Cross section of C- and T-type folded SIW [43]–[44].

where ε and µ are permittivity and permeability of the sub-
strate. m,n, and p are the indices of TE mode. a, b, and c
represent width, length and thickness of the SIW cavity.Many
techniques have been developed in recent times to operate
the SIW structures below their fundamental resonant modes.
Following are some of the miniaturization techniques.

A. FOLDED SIW
The folded SIW technique for miniaturization is very com-
mon in a thin substrate whose thickness is much smaller as
compared to its width. There are commonly two types of
the folded SIW components (C- and T-type) [43], [44]. This
technique sufficiently reduces the SIW dimensions but the
losses slightly increase. The cross-section view of both types
of folded SIW is shown in Figure. 6.
The authors of [45] used a doubly-folded SIW structures

using a low-temperature co-fired ceramic (LTCC) technol-
ogy. A multilayer structure is adopted to design a quasi-
elliptic and Chebyshev filter. Coupling between the vertically
SIW resonators is controlled using a U- and L-shaped slots
in the middle metallic layer, as shown in Figure. 7. Size
reduction of 74% and 88% are noted for quasi-elliptic and
Chebyshev filter, respectively.

The authors of [46] used a quadri-folded SIW (QFSIW) for
the first time to reduce the SIW dimensions by 89% of the
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FIGURE 7. Exploded view of the (a) quasi-elliptic, and (c) Chebyshev filter
[45].

conventional SIW structures. Figure. 8 shows the exploded
view of the QFSIW resonator, QFSIW with transition, and
multi-layer QFSIW filter. Coupling between the vertically
connected resonators is optimized using a C-shaped slot in
the middle copper layer. The concept of such coupling topol-
ogy and miniaturization technique is verified by designing a
fourth-order SIW bandpass filter [46].

B. SLOTS LOADED SIW
Inductive and capacitive loading in an SIW plays important
role in shifting the fundamental resonant mode to the lower
frequency side. Inductive and capacitive loading may be done
either with slots and stubs or adding lumped elements (induc-
tor and capacitor) and other passive components that may
induce reactive effects [47].

The authors of [48] reported stubs loaded planar SIW
cavity and filters. The purpose of the open-ended stub is to
resonate the cavity at the lower frequency than its funda-
mental resonant frequency. The stubs along with a C-shaped
slot is loaded to the SIW cavity in such a way to couple

FIGURE 8. Exploded view of the QFSIW resonator, QFSIW resonator with
transition, and multilayer QFSIW filter [46].

FIGURE 9. Stub-loaded vertically- and horizontally-coupled filters [48].

with the magnetic fields. Size reduction of around 61% is
achieved using this method. Here, the stubs show inductive
behaviour in the SIW cavity. The stub-loaded vertically- and
horizontally-coupled filters are shown in Figure. 9 [48].
The authors of [49] reported two frequency tunable multi-

mode filters on the SIW resonators. Each SIW resonator
is loaded with an H-shaped slot, as shown in Figure. 10.
The H-shaped slot induces capacitive effect on the SIW cav-
ity and hence, TE102 mode resonated at a lower frequency
than its fundamental frequency. The optimized miniaturized
SIW cavity resonator is used to design a horizontally- and
vertically-coupled bandpass filters. Frequency tunability in
the filters is realized by introducing a varactor diode in the
SIW cavity. The varactor diodes are placed to effect both
resonant modes to ensure tunabilty.

The authors of [50] designed three different miniaturized
dual-mode filters using the SIW technology. Pure rectangular,
H- and T-shaped cross-slots are used to induce capacitive
effect to the cavity and thus miniaturization is achieved in all
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FIGURE 10. H-shaped slot loaded SIW cavity and E-fields of the first two
resonant modes [49].

FIGURE 11. Fabricated prototypes of the miniaturized dual-mode SIW
filters with the rectangular cross-slots, T-shaped cross-slots, and
H-shaped cross-slots [50].

three filters. Size reduction of 22.15%, 30.56%, and 56.25%
is achieved by introducing rectangular cross-slots, T-slots,
and H-slots, respectively. The fabricated prototypes of all
types of the reported filters are shown in Figure. 11.
In [51], the authors reported an ultra-miniaturized SIW

cavity resonator for designing a series of bandpass filters.
Different techniques are applied to reduce the cavity size.
Initially, a square ring slot is introduced to achieve 37%
miniaturization. Then, a ramp-shaped slot is used to further
increase miniaturization (57% size reduction). Moreover, a
rectangular metallic patch is used in the middle layer to
further reduce the size. Size reduction of 66% is achieved by
introducing a metallic plate in the middle layer. The size of
SIW cavity is further reduced (73% miniaturization) by the
addition of disconnected vias. The disconnected via further
increases the equivalent capacitance of the SIW cavity, and
thus more miniaturization is achieved. The same miniaturiza-
tion techniques are introduced in HMSIW andQMSIWfilters
to achieve miniaturization of 90% and 95%, respectively. The
ultra-miniaturized SIW cavity resonators are used to design
multi-standard filters with controllable transmission zeros.
A two-pole filter, designed with an ultra-miniaturized SIW
cavity resonator, is shown in Figure. 12.

The authors of [52] reported a wideband bandpass filter
using the SIW cavity resonator for X-band applications. The
reported filter has a fractional bandwidth of 68.4%. It has
a centre frequency of 11.7 GHz with a miniaturized overall
dimensions of 28.5 × 16 mm2. Size reductions and wide-
band performances are achieved by using open-ended semi-
circular slots. The geometry and S-parameter response of the

FIGURE 12. The geometry of optimized QMSIW filter (WCO1 = 4, RC = 18,
LI02 = 10.9, WCO2 = 4.4, and LIO1 = 8.9 [unit = mm]) [51].

FIGURE 13. (a) The geometry of miniaturized wideband filter, and (b)
S-parameter response [52].

reported filter is shown in Fig. 13. Size reduction of around
70% is achieved using this technique.

The authors of [53] reported dual-band bandpass filters on
a miniaturized E-shaped slot-loaded SIW cavity resonator.
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FIGURE 14. Filter design using E-shaped slotted SIW cavity resonator
(a) one cavity, and (b) two cavities [53].

Miniaturization in the SIW cavity resonator is achieved by
loading an E-shaped slot on the edges of the SIW cavity
resonator. The position of an E-shaped slot is optimized so
as to couple with the magnetic fields of the resonant modes,
resulting in size reduction of the SIW cavity resonator. The
miniaturized SIW cavity resonator is verified by using it for
designing dual-band filters. Size reduction of around 33% is
achieved using this technique. The geometry of an E-shaped
slotted single-cavity filter and dual-cavity filter is shown in
Figure. 14.

In [54], a low-profile multi-layer filter is reported. The
reported filter is designed using dual-mode SIW cavity
resonators. The resonators are coupled vertically with one
another using two rectangular slots in the middle copper
layer. The rectangular slots control the electric and magnetic
coupling among the resonators. The proposed filter is not
much superior in miniaturization than the conventional dual-
resonator filters. However, it has exceptional control over the
transmission zeros and selectivity. The geometry (top and
middle copper layer) of the dual-resonator filter is shown in
Figure. 15.

The authors of [55] reported a dual-mode filter on a sin-
gle SIW cavity resonator. Miniaturization in the SIW cavity
resonator is achieved by designing a T-shaped open-ended
stub in the square-slot at the centre of the SIW cavity. The

FIGURE 15. The geometry of multilayer filter (a) top copper layer
(a1 = 13.75, b1 = 13.05, Lc = 3.96, Ls = 3.6, Lu = 2.75, I1 = 3.55, W◦ =
0.75, Ws = 0.3, Wu = 1.4, and I2 = 1.4 [unit = mm]), and (b) middle metal
layer (a2 = 13.5, b2 = 13.45, L12 = 2.05, and W12 = 0.5 [unit = mm]) [54].

FIGURE 16. Fabricated prototype of the dual-mode SIW cavity filter
loaded with two diagonal T-shaped stubs and one diagonal T-shaped
stub [55].

fundamental resonant frequency is lowered from 9.46 GHz
to 6.88 GHz by applying this technique, and thus 27% size
reduction is achieved. The fabricated prototype of the dual-
mode filters are designed on a Rogers 5880 laminate, as
shown in Figure. 16.

C. SLOW-WAVE TECHNIQUE
One of the major techniques for reducing the circuit size
of SIW components is slow-wave technique [56]. The slow-
wave technique in SIW components can be incorporated on
a double-layer topology. It requires two substrates, where
the metallic vias on the edge of the structure are connected
between the bottom copper layer of the lower substrate and
upper copper layer of the top substrate. Moreover, the internal
metallic vias are connected between the bottom copper layer
of the lower substrate and the top region of the lower sub-
strate. The 3-D and side view of the slow-wave SIW struc-
ture are shown in Figure. 17. The separation of the electric
and magnetic fields leads to a slow-wave effect, thus causes
miniaturization. It is demonstrated in [56] that the longitu-
dinal dimensions of the SIW cavity is reduced by >40% of
the conventional SIW cavity resonator. Moreover, more than
40% reduction in the phase velocity and traversal dimensions
is observed. All the comparisons are performed by designing
a classical SIW cavity resonator at 9.3 GHz and then the
slow-wave technique is implemented in the same SIW cavity
resonator.
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FIGURE 17. The geometry of the slow-wave SIW structures (a) 3-D view,
and (b) side view [56].

In [57], a slow-wave structure technique is applied for the
design of compact and miniaturize SIW inductive post and
iris filters. This technique is basically a dual-layer technique,
which maintains high isolation of the electric and magnetic
fields. Therefore miniaturization is maintained. By apply-
ing this technique, the insertion losses of both filters are
improved. The insertion loss is enhanced by 0.23% in the
inductive post filter and 7.53% in the iris filter. Moreover,
the circuit size of the inductive post filter is miniaturized
by 6.36%. In the same way, the circuit size of the iris filter
is miniatured by 72.72%. In addition, both filters maintain
high quality factors (918.5 in the iris slow-wave SIW filter
and 755.15 in the inductive post slow-wave SIW filter) in
miniaturized conditions. Therefore, the signal in these two
filters travel faster and thus the group delay is enhanced. A
comparison between the iris slow-wave SIW filter and the
inductive post slow-wave SIW filter is given in [57], which
shows that the iris slow-wave filter is better. The geometries
of the iris slow-wave SIWfilter and inductive post slow-wave
SIW filter is shown in Figure 18.

In [58], a miniaturized 5th-order SIW filter is designed
using slow-wave technique. The designed filter has a centre
frequency of 11 GHz, 3-dB bandwidth of 900MHz and return
loss lower than 12 dB. A two-layer structure is used to imple-
ment slow-wave technique. The internal metallic-via holes
are connected with the bottom copper-layer of the lower sub-
strate which tends the electric field to reside inside the upper
substrate. Moreover, using these metallic vias, the magnetic
field reside inside the lower substrate. Therefore the isolation

FIGURE 18. SIW Filters with slow-wave technique (a) inductive post filter,
and (b) iris filter [57].

FIGURE 19. The geometry of the slow-wave 5th-order SIW filter
[L1 = 4.97, W12 = 2.78, L2 = 5.5, W23 = 2.50, W = 5.7, Lslot = 1.1, and L3
= 5.66 (unit = mm)] [58].

between the electric and magnetic fields is maintained. As a
result, three times smaller dimensions (70% miniaturization
factor), as compared to conventional classical SIWs, are
achieved. Moreover, fractional bandwidth of the filter is
improved from 5.95% to 8%. It is observed that the insertion
loss of the slow-wave SIW filter is more than that of the
classical SIW filter. It is suggested to use a low-loss substrate
and air-filled cavities to maintain the lower insertion losses.
The geometry of the slow-wave 5th-order SIW filter is shown
in Figure. 19.

In [59], slow-wave technology is adopted in the SIW cav-
ity resonator to design miniaturized SIW filters. The slow-
wave effect is generated by periodic metallic vias in the SIW
cavity resonator. As a result, the cavity size is reduced, the
bandwidth and return loss is improved. A bandpass filter
with the centre frequency of 11 GHz and 3-dB bandwidth
of 1000 MHz is designed to verify the concept. In addi-
tion, the slow-wave SIW filter has 60% lower dimensions.
Moreover, the optimization time is significantly reduced by
segmentation and curve fitting techniques. The fabricated
prototype of the slow-wave SIW filter is shown in Figure. 20.

The authors of [60] designed an SIW-based bandpass filter
at 12 GHz. The reported filter covers the X-band and has
a 3-dB operational bandwidth of 1000 MHz. Miniaturiza-
tion in the filter is achieved through the slow-wave tech-
nique. It is observed that the filter length (area) is reduced
by 22.79% (40.39%) as compared to the conventional SIW
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FIGURE 20. Fabricated prototype of the slow-wave SIW filter [59].

FIGURE 21. Schematic (bottom view) of the slow-wave SIW filter [60].

filter. Moreover, the selectivity and out-of-band rejection is
improved with increase in the order of filter. The schematic
(bottom view) of the filter is shown in Figure. 21.

D. STEPPED-IMPEDANCE METAMATERIAL STRUCTURES
Just like other miniaturization techniques, stepped-
impedance metamaterial structures (SIMMS) are also used
in SIW components for miniaturization [61]–[62]. The work-
ing principles of SIMMS are based on evanescent mode
propagation [63]. It states that an electric dipole (above
the waveguide) can be used to achieve a passband below the
cutoff frequency of the waveguide. By loading SIMMS on the
SIW components, a negative permittivity is expected. Based
on its negative permittivity, SIMMS can be consider as an
electric dipole [63]. Therefore, a passband below the cutoff
frequency is possible by loading SIMMS to the SIW cavity
resonator. The authors of [63] designed a HMSIW-based
filter and diplexer. The circuit size of the filter is reduced
by incorporating SIMMS in the HMSIW cavity resonator.
The geometry of the SIMMS based HMSIW filter is shown
in Figure. 22. Initially, an SIW filter is designed which is
converted to the HMSIW, achieving 50% miniaturization.
Then the filter dimensions are further reduced by incorpo-
rating SIMMS in it. It reduces the filter dimensions by more
than 50% of the HMSIW filter. In fact, the dimensions of
SIMMS-based HMSIWfilter is reduced by 75% as compared
to the conventional SIW cavity filter. Finally, a high-isolated
diplexer is developed by combining the two filters with
unique frequencies.

In [64], a HMSIW cavity resonator based bandpass filter
is designed. Then, miniaturization is achieved by loading a
uniform split-ring resonator (USRR) and SIMMS over the
resonator. In fact, the SIMMS increases the capacitance and
inductance value of the resonator. As a result, the centre fre-
quency shifts towards the lower frequency side and miniatur-
ization is achieved. It achieves miniaturization of around 33%
as compared to the conventional HMSIW filter. The reported

FIGURE 22. Schematic (bottom view) of the SIMMS-based HMSIW
filter [63].

FIGURE 23. Fabricated prototype of the SIMMS-based SIW filter [64].

FIGURE 24. (a) Conventional split-ring resonator, (b) type-1 SIMMS, and
(c) type-2 SIMMS [65].

filter has a centre frequency of 8.6 GHz, inter-resonator cou-
pling of 0.099 and fractional bandwidth of 10%. Furthermore,
it has a lower insertion loss value of 1.53 dB. Besides its
compactness, it also has a wide stop-band rejection. It has
a stop-band up to 24 GHz with a rejection level of 20 dB.

The authors of [65] reported two types of SIMMS to
miniaturize SIW-based filters. The SIMMS geometries are
obtained by modifying the conventional split-ring resonator,
as shown in Figure. 24. The uniform slots in the conven-
tional split-ring resonator are modified to design stepped-
impedance slots. Therefore, the electrical length of the slots
significantly increases. As a result, sufficient miniaturization
is achieved as compared to the conventional split-ring res-
onator. The concept of miniaturization is verified by design-
ing and developing different bandpass filters. All filters are
designed on a 0.508mm thick RO4003C laminate. Theminia-
turization factor of 63% and 60% is achieved for type-1 and
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FIGURE 25. SIW filters (a) conventional split-ring resonator (type-1),
(b) quasi-SIMMS (type-2), (c) G-shaped split-ring resonator (type-3), and
(d) G-shaped SIMMS (type-4) [66].

type-2 SIMMS-based SIW filters, respectively. It is observed
that the reported filters have suitable selectivity and have
multiple TZs on both sides of the passband. Both filters have
the fractional bandwidths of more than 9% with an insertion
loss of 1.2 dB (type-1) and 1.2 dB (type-2). The SIMMS
are implemented on the upper copper-layer of the SIW cav-
ity resonator. Therefore, radiation can be expected from the
upper copper-layer of the resonator. The forward radiation
loss is also calculated for all types of filters. It is shown that
those filters have radiation loss of less than 0.0012. Thus, it
confirms that the SIMMS has less impact on the radiation
loss. In addition, the in-band return loss is lower than 15 dB
in all filters.

In [66], different types of SIMMS geometries are reported
to develop miniaturized SIW-based filters and diplexers.
Figure. 25 shows different geometries (conventional split-
ring resonator [type-1], quasi-SIMMS [type-2], G-shaped
split-ring resonator [type-3], andG-shaped SIMMS [type-4]),
which can be used to develop miniaturized SIW components
(filters and diplexers). Initially, a conventional split-ring res-
onator is designed using uniform circular slots. Then, the
same split-ring resonator is modified to develop a G-shaped
SIMMS. It is observed that the G-shaped SIMMS reduces the
circuits (filters and diplexers) sizes by 69% as compared to
the conventional SIW circuits. A highly selective filter, hav-
ing multiple TZs on both sides of the passband, is designed
at 5.8 GHz for WLAN band. It has an insertion loss of 1.1 dB
and a fractional bandwidth of 7.8%. Furthermore, the in-
band return loss of the filter is lower than 21 dB. The filter
cover the overall circuit area of 0.169λg×0.08λg = 0.013 λ2g.
Moreover, the group delay in the passband is less than 2.2 ns.
There are several slots loaded on the upper copper-layer of

FIGURE 26. Diagram (top view) of the SIMMS-based HMSIW filter [67].

FIGURE 27. CLRH structure based folded-SIW (a) 3D view, (b) top view,
and (c) equivalent circuit model [68].

the resonator. Therefore, radiation can be expected from the
upper copper-layer of the resonator. The forward radiation
loss can be be computed from Equation (6) [66]. It is shown
that the reported filter has a radiation loss of less than 0.0012.
Thus, it confirms that the SIMMS has a less impact on the
radiation loss. Finally, a two-channels diplexer is designed at
4.41 and 5.83 GHz. It has the insertion loss values of 2.2 dB
at 4.41 GHz and 2.5 dB at 5.83 GHz. The return loss values
are lower than 14 dB in both channels. Moreover, an isolation
of more than 30 dB is achieved.

Rloss = 1− |S11|2 − |S21|2 (6)

In the above equation [Equation (6)], Rloss is the forward
radiation loss due to the slots in the resonator, S11 is the
reflection coefficient of the filter and S21 is the transmission
coefficient of the filter.

The authors of [67] designed a novel and miniaturized
HMSIW filter. Dual-iris coupling topology is used to couple
the resonators together to form a bandpass filter. Miniaturiza-
tion (around 10% as compared to the conventional HMSIW
cavity resonator) in the HMSIW cavity resonator is achieved
by loading the nested SIMMS to the HMSIW cavity res-
onator. A second-order bandpass filter is realized using the
miniaturized cavity resonator. It is developed on a 0.508 mm
thick RT/duroid 5880 laminate. It has the centre frequency of
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FIGURE 28. Unit-geometry of CLRH-based SIW cavity resonator [72].

6.35 GHz and a 3-dB bandwidth of 690MHz. In addition, the
in-band return loss is lower than 14 dB. Moreover, a TZ on
the higher-frequency side of the passband is observed, which
improves selectivity of the filter. Diagram (top view) of the
SIMMS-based HMSIW filter is shown in Figure. 26.

E. COMPOSITE LEFT/RIGHT-HANDED STRUCTURES
In recent times, left-handed (LH) and right-handed (RH)
metamaterial or composite left/right-handed (CLRH) struc-
tures have received significant recognition because of their
numerous advantages [68]–[71]. The advantages include
lower losses, lower circuit dimensions and high quality factor.

In [68], a novel folded-SIW resonator is designed to incor-
porate CLRH structures. The CLRH structures are used to
shift the cut-off frequency of the resonator to the lower
frequency side. As a result, miniaturization is achieved. Ini-
tially, a folded-SIW cavity resonator was adopted to reduce
the circuit size by 50%. CLRH structure based folded-SIW
cavity resonator is shown in Figure. 27. Later on, CLRH
structures are introduced to reduce the circuit size by 80%
as compared to the folded-SIW cavity resonator. The concept
of CLRH structures is further verified by designing different
H-plane filters. A fourth-order filter is designed with a centre
frequency of 5.3 GHz and a fractional bandwidth of 6.2%.
H-plane slots are used to couple the four resonators together.
The in-band return loss of the filter (fourth-order filter) is
less than 15 dB. The simulated (measured) insertion loss
is 3.5 dB (4.3 dB). It has the quality factor of 176. The
optimized fourth-order filter is fabricated on a 0.508 mm
thick RT/duroid 5880 laminate.

In [72], a novel CLRH structure based SIW cavity res-
onator is reported, as shown in Figure. 28. The circuit size
of the SIW-based cavity resonator is reduced by loading the
CLRH structure. The CLRH structure behaves as a series
capacitance and shunt inductance, thus achieves CLRH func-
tionality. The CLRH structure generates the resonance below
the cutoff frequency of the SIW resonator. After optimizing

FIGURE 29. CLRH-based SIW cavity filter [73].

the unit-geometry of CLRH-based SIW cavity resonator,
low-sized first-order antennas are designed. Then, the same
resonators are used to design second-order and third-order
bandpass filters. A 1.27 mm thick RT/duroid 5880 laminate
is used to develop the antennas and bandpass filters. The
reported antenna has a resonance at 7.75 GHz with peak gain
(efficiency) of 4.5 dBi (91.3%). The circuit size of the antenna
is reduced by 31.41% as compared to the conventional SIW
antenna. A second-order bandpass filter is also designed
with a fractional bandwidth of 6.5% at a centre frequency
of 6.11 GHz. It has the insertion loss of 1.59 dB and return
loss of less than 17.2 dB. The in-band group delay is less than
1.2 ns. Furthermore, a third-order filter is also designed with
a centre frequency of 6.06 GHz and a fractional bandwidth
of 6.4%. It has the insertion loss of 1.86 dB and return loss
less than 15.4 dB. The in-band group delay is less than 1.9 ns.
The quality factor of 50 and 101 is noted for the second- and
third-order bandpass filter, respectively. The third-order filter
has a relatively good out-of-band rejection as compared to
the second-order filter. A miniaturization of around 45% is
achieved in both filters.

In [73], a CLRH-based SIW bandpass is reported. The
filter is designed by using CLRH structures in combination
with SIW technology. The geometry of CLRH-based SIW
filter is shown in Figure. 29. Miniaturization in the conven-
tional SIW cavity resonator is achieved through the addition
of CLRH structures. The reported filter has a centre frequency
of 5.8 GHz and 3-dB bandwidth of 200 MHz. It has an inser-
tion loss of 2.3 and overall circuit area of 0.19λ◦×0.14λ◦.
Moreover, the in-band return loss of the filter is lower than
10 dB and group delay is 0.77 ns.

In [74], a sawtooth CLRH-based SIW cavity resonator
is designed. Miniaturization is achieved by using a high
dielectric constant substrate (RT/duroid 6010 with a dielec-
tric constant of 10.2) and sawtooth-shaped slots instead of
conventional spiral CLRH structure. It is demonstrated that
the sawtooth slots provide about 50% increase in the capaci-
tance value as compared to the conventional CLRH structure.
These slots (sawtooth) enhance the left-handed and right-
handed properties of the CLRH structures. The lower-sized
resonator is used for a second-order bandpass filter. A second-
order bandpass filter is designed with a centre frequency of
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FIGURE 30. (a) The geometry of sawtooth CLRH-based SIW bandpass
filter, and (b) Lumped element equivalent circuit model [74].

3.35 GHz and 3-dB bandwidth of 200MHz. Furthermore, the
insertion loss of the filter is less than 2.4 dB in the passband.
Moreover, the in-band return loss of the filter is lower than
37 dB and group delay is 1.4 ns. The overall circuit area of the
filter is 0.12λ◦×0.09λ◦. The geometry and lumped element
equivalent circuit model is shown in Figure. 30.

F. SUB MODES OF FULL-MODE SIW
Electric field patterns of the fundamental mode (TE101) in a
conventional full-mode circular-SIW cavity resonator, half-
mode SIW (HMSIW), quarter-mode SIW (QMSIW), eighth-
mode SIW (EMSIW), sixteenth-mode SIW (SMSIW), and
thirty-two-mode SIW (HMSIW) are shown in Figure. 31.
The solid line is considered as an electrical wall and the
dashed line as a magnetic wall, as shown in Figure. 31.
Symmetrical planes of A-A1, B-B1, C-C1, and D-D1 in
Figure. 31a are considered as magnetic walls. The full-mode
SIW cavity resonator can be realized as a half-mode SIW
(HMSIW) by cutting it along the symmetrical A-A1 line,
as shown in Figure. 31b. We see that the field pattern of
the fundamental mode remains unchanged and 50% size
reduction is achieved. The HMSIW cavity can be converted
to the quarter-mode SIW (QMSIW) by cutting the HMSIW
cavity along the O-B line, as shown in Figure. 31c. 50%
miniaturization can be achieved by the QMSIW cavity as
compared to the HMSIW. The QMSIW can be reduced to the

FIGURE 31. Field distribution of the circular SIW cavity resonator
(a) full-mode, (b) half-mode, (c) quarter-mode, (d) eighth-mode,
(e) sixteenth-mode, and (f) thirty-second-mode [75].

eighth-mode SIW (EMSIW) by cutting the QMSIW cavity
along the O-C line, as shown in Figure. 31d. The electric
field pattern of the fundamental SIW cavity mode and the
EMSIW cavity resonator remains identical with almost the
same resonant frequency. The EMSIW cavity can be con-
verted to sixteenth-mode SIW (SMSIW) and thirty-two-mode
(TMSIW) by cutting the EMSIW cavity along the O-E and
O-F line respectively, as shown in Figure. 31e-f. It is clear that
the SMSIW cavity can be reduced by a factor of 15/16 and the
TMSIW is reduced by a factor of 31/32. In the same way, the
TMSIW cavity resonator can be reduced to sixty-fourth mode
SIW (SFMSIW) by cutting along the O-G line. The SFMSIW
cavity can be reduced by a factor of 63/64. The resonant
frequency and electric field pattern of the fundamental mode
remains the same for all sub-modes of the conventional full-
mode SIW cavity resonator.

1) HALF-MODE SIW (HMSIW)
In [76], a dual-band HMSIW tunable filter is reported. Each
passband can be tuned independently (the first passband can
be tuned from 3.26 to 3.47 GHz, and the second passband can
be tuned from 5.47 to 6.13) using varactor diodes. The dual-
band filter is designed by coupling two dual-mode HMSIW
cavity resonators. The dual-mode HMSIW cavity resonators
are coupled using E-shaped slots. The coupling between two
cavities is adjusted using dimensions of the E-shaped slots, as
shown in Figure. 32a. The reported HMSIW cavity resonator
exhibits the same field distribution as the conventional full-
mode SIW cavity resonator for TE101 mode and TE102 mode.
A rectangular slot from an open-ended side of the HMSIW is
designed to further reduce the dimensions of the cavity res-
onator and to assist in the production of the second resonant
mode.

The authors of [77] reported a frequency-reconfigurable
multi-layer HMSIW filter with an improved upper stopband
performance. The passband, bandwidth and TZs can be tuned
by controlling the reverse bias voltage of the varactor diodes.
The passband can be tuned between 1.21 and 1.72 GHz
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FIGURE 32. (a) The geometry of dual-mode dual-band HMSIW filter, (b)
H-fields distribution of the TE101 mode, and (c) H-fields distribution of
the TE102 mode [76].

FIGURE 33. The geometry (layer layout and cross view) of tunable HMSIW
filter [77].

and a 3-dB bandwidth can be tuned from 62 to 101 MHz.
A semi-circle and rectangular slots are used to adjust the
coupling between the lower and upper HMSIW cavity res-
onators. A T-shaped slotted microstrip transmission line is
used to suppress the TE102 mode, thus achieving an improved
upper stopband performance. The reported filter has a 50%
lower size than a conventional SIW filter. The reported filter
has even less dimensions than the horizontally-coupled SIW
filters because of its vertical coupling. The geometry (layer
layout and cross view) of the tunable HMSIW filter is shown
in Figure. 33.

2) QUARTER-MODE SIW (QMSIW)
The authors of [78] reported a low profile comb-shaped slot-
ted QMSIW cavity resonator and its application in design-
ing a bandpass filter. The QMSIW has reduced dimensions
of 75% than the conventional full-mode SIW cavity res-
onators, and the majority of researchers stop achieving 75%
miniaturization. In the reported work, comb-shaped slots are
used to induce more capacitance effect to further reduce

FIGURE 34. The geometry and fabricated prototype of QMSIW filter
[L = 15, W = 0.3, L1 = 2.5, L2 = 2, r = 0.8, Lc1 = 1.7, Lc2 = 3, D = 0.6, and
d = 0.4 (unit = mm)] [78].

the dimensions (around 86% miniaturization as compared
to the conventional full-mode SIW cavity resonator). Four
miniaturized QMSIW cavity resonators are used to design a
bandpass filter. The coupling effect between the resonators is
controlled through the parameters Lc1, Lc2, and dimensions
of the S-shaped slot. Furthermore, the dimensions of the
S-shaped slot are optimized to improve out-of-band rejection.
The S-shaped slot is also responsible to generate source-
load coupling and thus produces TZs on either side of the
passband. The designed filter has four poles with two TZs
on both sides of the passband. The geometry and fabricated
prototype of the comb-shaped slotted QMSIW filter is shown
in Figure. 34.

In [79], a miniaturized quad-poles wideband filter is
designed on the QMSIW cavity resonators. The QMSIW
cavity resonator has a 75% size reduction as compared to
the conventional full-mode SIW. Further miniaturization in
the reported QMSIW cavity resonator is achieved by etch-
ing the meandered H-shaped slot. The wideband filter is
designed by coupling the four QMSIW cavity resonators.
The H-shaped slots on each cavity are designed to sup-
press the higher-order modes and thus enhance the upper
stopband performance. The quality factor can be controlled
by position and impedance of the microstrip transmission
line. Higher selectivity is ensured by sufficiently coupling
all resonators and enabling source-load coupling. Coupling
between the resonators can be controlled by area coverage of
the metallic via between the resonators. The centre frequency
and bandwidth of the filter are dependent on the length
of the H-shaped slot (l1). Moreover, the bandwidth is also
dependent on the position of the length of the H-shaped slot
(l1) without affecting the centre frequency. The optimized
dimensions are selected to balance the bandwidth, centre fre-
quency, and stopband suppression. The overall filter occupies
dimensions of 0.225λg×0.293λg×0.0027λg (where λg is the
guided wavelength at 3.25 GHz). The reported filter has the
FBW of 21.2% with the insertion loss of less than 1.02 dB
and return loss of less than 17 dB. The stopband suppression
from 4.02 GHz to 12.63 GHz is seen with a rejection level of
higher than 25 dB. The geometry (top and 3D view) of the
quad-pole wideband QMSIW filter is shown in Figure. 35.

G. EIGHTH-MODE SIW (EMSIW)
In [80], an ultra-miniaturized bandpass filter is designed.
The geometry of the reported filter is shown in Figure. 36.
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FIGURE 35. Top and 3D view of the quad-poles wideband QMSIW filter
[l3 = 3, ls = 1.3, w1 = 10.4, l2 = 0.8, wp = 0.78, p = 0.77, l1 = 8, and
d = 0.4 (unit = mm)] [79].

FIGURE 36. The geometry of the filter (a) top view and (b) bottom
view [80].

The bandpass filter is designed on a miniaturized EMSIW
cavity resonator. Inductive and capacitive sections are added
to the EMSIW cavity resonator to further reduce the physical
dimensions of the circuit. Aminiaturization factor of 98.8% is
achieved by combining couple of miniaturization techniques.
The miniaturization factor of 87.5% is achieved by adopting
the EMSIW cavity resonator instead of the full-mode cav-
ity resonator. The miniaturization factor is further enhanced
(98.8%) by the addition of inductive and capacitive sectors
to the EMSIW cavity resonator. Apart from miniaturization,
couple of techniques are applied to suppress the higher-
order modes. The suppression of the higher-order modes is
desirable to improve the upper stopband performance. Two
transmission zeros are generated in the stopband using the
CPW and circular ring as a feeding method.

A multi-layer and low-profile bandpass filter is reported
in [81]. The geometry and coupling topology of the filter is
shown in Figure. 37. The bandpass filter is composed of two
vertically coupled miniaturized EMSIW cavity resonators. A
large capacitance is added to the middle copper layer through
slot loading. The large capacitance in the middle copper layer
achieves additional miniaturization. The reported filter has
controllable transmission zeros. The reported circuit achieve
more than 87.5 %miniaturization as compared to the conven-
tional full-mode SIW cavity resonator.

H. SIXTEENTH-MODE SIW (SMSIW)
The authors of [82] reported a compact and dual-pole band-
pass filter using SMSIW cavity resonators. Each SMSIW
cavity resonator excites the fundamental TM01 mode. The
optimal coupling between the two resonators is achieved by

FIGURE 37. Capacitively-loaded EMSIW filter (a) 3D view, (b) coupling
topology, (c) top layer and (d) middle layer [81].

FIGURE 38. Top view of the reported dual-pole bandpass filter and
S-parameter results of the filter [82].

FIGURE 39. The geometry of the helical slot-loaded SMSIW cavity based
bandpass filter [83].

properly adjusting the gap between the cavity resonators. The
higher-order mode (TM02 mode) is suppressed by etching a
rectangular slot on the ground plane below the transmission
line. It can be noted from Figure. 38 that the rectangular slot is
responsible for suppressing the TM02 mode. The suppression
level of more than 18 dB is achieved from the passband to
8 GHz. The reported geometry achieved a miniaturization
factor of 93.75 % as compared to the conventional full-mode
SIW cavity.
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TABLE 2. Comparison of different miniaturization techniques in SIW filters (FBW = fractional bandwidth, NA = not available, and IL = insertion loss).

In [83], an ultra-compact bandpass filter is reported. The
geometry of the filter is shown in Figure. 39. The reported
filter consists of two SMSIW resonators. Each SMSIW
resonator is loaded with helical slots for additional minia-
turization. Using helical slots in the SMSIW resonators, a
miniaturization factor of 10 % is achieved as compared to the
SMSIW cavity resonators. The performance of the reported
filter is analysed with and without the helical slots. As a

results, the passband of the filter is shifted to 2.3 GHz from
2.5 GHz. It is worth noticing that the dominant mode of
the cavity (TM01 mode) remained the same in the ultra-
miniaturized cavity.

The authors of [84] reported a dual-resonator bandpass fil-
ter. The resonators of the bandpass filter are based on SMSIW
cavities. Miniaturization of around 93.75 % is achieved by
adopting the SMSIW cavity resonator as compared to the
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FIGURE 40. Top view of the reported complementary split-ring resonator
loaded SMSIW filter [84].

FIGURE 41. Top view of the filter (a) SMSIW and (b) TMSIW [75].

conventional full-mode SIW cavity resonator. A complemen-
tary split-ring resonator is loaded to each SMSIW cavity res-
onator to further reduce the dimensions. The optimal coupling
between the two resonators is achieved by properly adjusting
the gap between the cavity resonators. The reported filter
has the insertion loss of 0.9 dB and the return loss lower
than 10 dB.

I. THIRTY-SECOND-MODE SIW (TMSIW)
The authors of [75] reported SMSIW and TMSIW bandpass
filters.Miniaturization of 93.75% and 96.87% is achieved by
adopting the SMSIW and TMSIW cavity resonator instead of
the conventional full-mode SIW cavity resonator. In TMSIW
filter, both cavities are capacitively coupled.

To sum up, comparison of the different miniaturization
techniques in SIW filters is presented in Table. 2.

IV. CONCLUSION
This article presented a detailed review of the state-of-the-
art technological advancements and miniaturization tech-
niques in SIW filters. Differences and similarities between
the classical waveguides and the SIW structure are dis-
cussed. The advantages of SIW components concerning the
other technologies are presented. Detailed design guidelines,
operation principles, loss mechanism, and bandwidth con-
sideration for SIW cavity resonator are explained. Differ-
ent approaches to reduce the circuit sizes are explained in
details. It is observed that the hybrid miniaturization tech-
niques are preferable for compact devices. The hybrid tech-
niques include a combination of sub-modes with the other

miniaturization techniques, such as reactive loading (hybrid
technique = sub-modes+reactive loading).
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