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Abstract. Substrate Integrated Waveguide (SIW) tech-
nology is the most promising candidate for the implemen-
tation of millimeter-wave (mm-wave) integrated circuits 
and systems for the next decade. Based on planar dielectric 
substrates with top and bottom metal layers perforated 
with metalized holes, SIW structures offer a compact, low 
loss, flexible, and cost-effective solution for integrating 
active circuits, passive components and radiating elements 
on the same substrate. This paper presents an overview of 
the current status and future trends of academic and in-
dustrial research on SIW technology. The historical devel-
opment of SIW components and circuits is briefly outlined, 
and the current research topics are discussed: they include 
the development of numerical techniques for the modeling 
and design of SIW components, the investigation of novel 
compact and broadband interconnects, the determination 
of design solutions for loss minimization. Future research 
trends are also discussed: they mainly aim at the imple-
mentation of SIW components at higher frequency (60-350 
GHz) and the integration of complete Systems-on-Substrate 
(SoS). 

Keywords 
Millimeter-waves, passive waveguide components, 
System-on-Substrate (SoS), Substrate Integrated 
Waveguide (SIW), Substrate Integrated Circuits 
(SICs). 

1. Introduction 
The deployment of millimeter-wave (mm-wave) inte-

gration technologies is critical for the evolution of wireless 
systems and applied electromagnetics in the next few years. 
In fact, a variety of applications has been recently proposed 
in the frequency range between 60 GHz and 94 GHz: they 
include wireless networks [1], automotive radars [2], 
imaging sensors [3], and biomedical devices [4]. In most of 
these systems, the success mainly depends on the avail-
ability of a cost-effective technology, suitable to the mass-
production of wireless systems. It is expected that high 
density integration techniques, combined with a low-cost 

fabrication process, should offer the widespread solution 
for mm-wave commercial applications. 
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Fig. 1. Substrate integrated waveguide. 

A promising candidate for developing this platform is 
the substrate integrated waveguide (SIW) technology [5]-
[9]. SIW are integrated waveguide-like structures fabri-
cated by using two periodic rows of metallic vias or slots 
connecting the top and bottom ground planes of a dielectric 
substrate (Fig. 1). The SIW scheme belongs to the family 
of substrate integrated circuits that include other substrate 
integrated structures such as substrate integrated image 
guides and substrate integrated non-radiative dielectric 
(SINRD) guides. In fact, any non-planar waveguiding 
structure including classical rectangular waveguide and 
coaxial lines can be synthesized into planar form, which 
can be seamlessly integrated with conventional printed 
planar circuits such as microstrip lines and coplanar 
waveguide. SIW components, which have been the most 
popular due to their easy design and fabrication, combine 
most of the advantages of planar printed circuits and me-
tallic waveguides. Similar to microstrip and coplanar lines, 
SIW components are compact, light, easy to fabricate, 
flexible, and cost effective. SIW structures also preserve 
most of the advantages of conventional metallic 
waveguides, namely, complete shielding, low loss, high 
quality-factor and high power-handling capability.  

One of the major advantages of SIW technology is 
the possibility to fabricate a complete circuit in planar form 
(including planar circuitry, transitions, rectangular wave-
guides, active components and antennas), using a standard 
printed circuit board or other planar processing techniques. 
Moreover, there is the possibility to mount one or more 
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chip-sets on the same substrate. There is no need of transi-
tions between elements fabricated with different technolo-
gies, thus reducing losses and parasitics. In this way, the 
concept of System-in-Package (SiP), widely adopted in the 
design of RF circuits, can be extended to the System-on-
Substrate (SoS) [10], [11]. SoS represents the ideal plat-
form for developing cost-effective, easy-to-fabricate and 
high-performance mm-wave systems. 

A significant effort has been devoted to the research 
and development of SIW technology in the last few years: 
this widespread research activity has produced novel 
modeling techniques for SIW components, a number of 
new technological solutions, as well as SIW circuits and 
systems with outstanding performance. The increasing 
number of scientific publications on SIW technology con-
firms the growing interest of the scientific community 
(Fig. 2). 
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Fig. 2. Number of publications on the SIW in IEEE journals 

(source: ieeexplore.ieee.org). 

This paper presents an overview of the current status 
and future trends of research on SIW technology. The 
paper is organized as follows: Sec. 2 describes the histori-
cal development of SIW components; Sec. 3 outlines the 
most significant current research topics; finally, the future 
research trends are discussed in Sec. 4. 

2. Historical Development 
One of the firstly developed embedded structures with 

the name of laminated waveguide [6] dates back to 1998. 
The SIW technology has been subsequently applied to 
several microwave and millimeter-wave components, 
including active circuits, passive components, and 
antennas. Note that the integrated waveguide techniques 
were proposed much earlier and it was filed as a patent [5] 
but rare attention was paid to this work until about 2000 
when this SIW scheme has been unified within the concept 
of SICs. Of course, a much earlier version of embedded 
resonators was also presented but it is debatable whether 
we should call those structures as part of substrate 
integrated circuits. 

2.1 Passive SIW Components 
Concerning the passive circuits, most of the classical 

microwave components have been implemented in SIW 
technology. This solution usually permits to obtain 
components with a substantial reduction in size if 
compared to classical waveguide components; moreover, 
their losses are lower than in the corresponding microstrip 
devices, especially in the millimeter-wave frequency range, 
and there are no radiation and packaging problems. Among 
the passive components, filters have received a particular 
attention. A variety of different filter topologies were 
proposed: among them, a filter with inductive-post 
operating at 28 GHz [7] and a filter with irises operating at 
60 GHz [12] were designed and fabricated. Subsequently, 
cavity filters with circular [13] and rectangular cavities 
[14] were developed: they permit a better design flexibility 
and exhibit higher selectivity, thanks to the cross-coupling 
that introduces transmission zeros. A multilayered structure 
was adopted in [15]: the use of a two-layer substrate 
permitted to design an elliptic filter with four cavities 
operating in C band. Compact and super-wide band-pass 
filters were presented in [16]: due to the use of an 
electromagnetic band-gap (EBG) structure in the ground 
plane, a band-pass filter covering the frequency range 8.5-
16.5 GHz was designed and tested. While most of these 
filters operate in the microwave range, filters operating at 
60 GHz [12] and up to 180 GHz [17] were also proposed.  

Besides filters, several other passive components have 
been developed in SIW technology. Among them, two 
configurations of directional couplers were proposed: the 
former, based on two adjacent SIW with apertures in the 
common wall, was used to design 3-dB, 6-dB, and 10-dB 
couplers [18]; the second configuration presents a cruci-
form shape, and was adopted to design a super-compact  
3-dB directional coupler [19]. Planar SIW diplexers operat-
ing at 5 GHz and 25 GHz were proposed [20,21]. A magic-
T [22], six-port circuits [23], [24], and circulators [25], 
[26] were also implemented and experimentally verified. 

2.2 Active SIW Components 
SIW technology was also used to implement several 

active components, thus exploiting the advantage of an 
easy integration of the active elements with the waveguide 
components. In particular, a feedback oscillator was pro-
posed in [27]: it operates at 12 GHz and is based on 
an SIW cavity that acts as a frequency selector as well as 
a feedback-coupling device. Another topology was adopted 
in the Ka-Band oscillator proposed in [28], where a Gunn 
diode is mounted in series with an SIW resonant cavity. 
An X-band single-balanced SIW mixer was presented in 
[29]: thanks to the use of an SIW hybrid coupler with ex-
cellent performance over a very broad band, the mixer 
exhibits an operation bandwidth from 8.5 to 12 GHz. 
A compact X-band single-transistor amplifier with SIW-
based input and output matching networks was proposed 
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in [30]. Conversely, four-device power amplifier operating 
at 35 GHz was presented in [31]: it exhibits good power-
combining efficiency along with a good heat sink. 

2.3 SIW Antennas 
In the last years, there is a growing interest for SIW-

based antennas. Several configurations have been pro-
posed: the first SIW antenna was based on a four-by-four 
slotted SIW array operating at 10 GHz, obtained by etching 
longitudinal slots in the top metal surface of an SIW [32]. 
Another topology was the leaky-wave antennas [33]: this 
antenna makes use of one of the fundamental characteris-
tics of this synthetic waveguide, namely, its property to 
generate leakage loss when the longitudinal spacing of the 
metal vias is sufficiently large. A modified Vivaldi radiator 
was also proposed [34]: it consists in a dual V-type linearly 
tapered slot antenna, with center frequency at 36 GHz.  

3. Current Research Topics 
Hot topics in the current research on SIW components 

are related to the development of efficient full-wave analy-
sis techniques for the modeling and design of SIW compo-
nents including multilayered topologies, to the design of 
compact, broadband and low-loss interconnects, and to the 
modeling and minimization of losses.  

3.1 Modeling and Design 
The modeling of SIW components is typically per-

formed by using full-wave numerical techniques. Both 
commercial electromagnetic software and specifically 
developed numerical techniques have been adopted. Elec-
tromagnetic codes based on integral-equation, finite-ele-
ment or finite difference methods have been implemented 
[35]-[39].  

A particularly efficient numerical technique for the 
modeling of arbitrarily shaped SIW components is based 
on the Boundary Integral-Resonant Mode Expansion (BI-
RME) method [38], [39]. The BI-RME method, developed 
for the modeling of classical waveguide components, was 
originally applied to the modeling of SIW components in 
the lossless case. Under the hypothesis of negligible radia-
tion loss, the components can be laterally closed by ficti-
tious metal walls without modifying their physical behav-
ior (Fig. 3a). The BI-RME method allows characterizing 
SIW components through their generalized admittance 
matrix Y expressed in the form of a pole expansion in the 
frequency domain, relating modal currents and voltages of 
the port modes. The generic element of matrix Y is given 
by  
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where k0=ω/c is the wave-number at the frequency of in-
terest, c is the speed of light in vacuum, η0 is the charac-

teristic impedance in vacuum, and εr is the relative dielec-
tric permittivity of the substrate. The terms Aij and Bij are 
related to the low-frequency behavior of the admittance 
matrix, kp is the resonance wave-number of the p-th mode 
of the cavity obtained by short-circuiting the ports, and Cip 
is related to the coupling between the i-th port mode and 
the p-th cavity mode. The quantities Aij, Bij, Cip, and kp in 
(1) are frequency independent and are calculated very 
efficiently by the BI-RME method [40]. Once these quan-
tities are known, the admittance parameters of the SIW 
component can be computed at any frequency by using (1) 
in a negligible time. 
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Fig. 3. Geometry of an SIW structure considered in the BI-
RME analysis: (a) lossless case, with fictitious metal 
side-walls; (b) lossy case, with additional side-
radiation absorbing ports. 

Therefore, the major advantage of the BI-RME 
method is the possibility to determine in one shot the wide-
band expression of the frequency response of SIW compo-
nents, thus avoiding repeated frequency-by-frequency elec-
tromagnetic analyses. Consequently, the BI-RME modeling 
of SIW components typically requires few seconds on 
a tandard personal computer. 

The formulation of the BI-RME method for the 
modeling of SIW components has been recently extended 
to include the effect of dielectric, conductor, and radiation 
losses [39]. Conductor and dielectric losses have been 
incorporated by adding the quality factor of the cavity 
modes in expression (1), which thus results:  
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where Qp is the quality factor of the p-th cavity mode, 
depending on both the conductivity σd of the dielectric 
medium and the conductivity σc of the metal. Conversely, 
radiation loss are included by defining additional side ports 
(Fig. 3b), which are then closed with matched loads. 

Another significant advantage of the BI-RME method 
is the possibility to directly determine equivalent circuit 
models of SIW discontinuities [41]. Due to the particular 
representation of the admittance matrix given in (1), the 
generic element Yij of matrix Y directly represents the par-
allel of an inductance, a capacitance, and P LC-series reso-
nators (Fig. 4). Moreover, the values of the lumped ele-
ments are analytically derived from Aij, Bij, Cip, and kp. 
Equivalent circuit models including losses can be derived 
from (2): in this case, the generic element Yij represents the 
parallel of an inductance, a capacitance, a resistance, and P 
RLC-series resonators [42]. 
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Fig. 4. Equivalent circuit model directly derived from the BI-
RME analysis: (a) equivalent model of Yij; (b) topol-
ogy of the generic π-type equivalent circuit model, in 
the case of a two-port component. 

The most important application of the proposed 
method is the determination of parametric multimodal 
equivalent circuit models, where the values of the lumped 
elements depend on the geometrical dimensions of the 
component [41]. In fact, once a library of equivalent circuit 
models is available, the direct synthesis of a component 
can be performed in a short time by using conventional 
circuit CAD tools, with no need of electromagnetic full–
wave analysis codes. 

3.2 Compact and Wideband Interconnects 
SIW interconnects represent a valid alternative to 

microstrip lines and coplanar waveguides, as they reduce 
losses and radiation leakage, especially in the mm-wave 
range. Nevertheless, SIW structures are limited in com-
pactness and bandwidth. The width of the SIW is related to 
the cutoff frequency of the fundamental mode, and it is 
smaller of a factor εr

–1/2 compared to a hollow rectangular 

waveguide with the same cutoff frequency. The operation 
bandwidth is limited to one octave (from the cutoff fre-
quency f1 of the fundamental mode to cutoff frequency f2 = 

2 f1 of the second mode), corresponding to the mono-modal 
bandwidth of the waveguide. 

Different waveguide topologies have been recently 
proposed to improve the compactness of SIW structures. 
The substrate integrated folded waveguide (SIFW) was 
proposed in [43]: a metal septum permits to fold the 
waveguide, thus reducing the size by a factor of more than 
two at the cost of slightly larger losses. The half-mode 
substrate integrated waveguide (HMSIW) was introduced 
in [44]: based on the approximation of the vertical cut of 
the waveguide as a virtual magnetic wall, it permits a size 
reduction of nearly 50%. A combination of the two tech-
niques was also proposed [45], resulting in the folded half-
mode substrate integrated waveguide (FHMSIW), which 
leads to a further size reduction.  

To improve the bandwidth performance, some 
waveguide configurations have been developed. The sub-
strate integrated slab waveguide (SISW) was proposed in 
[46]: it consists of an SIW where the dielectric medium is 
periodically perforated with air-filled holes, located in the 
lateral portion of the waveguide. This approach allowed the 
design of a waveguide with a mono-modal band from 
7.5 Hz to 18 Hz, which should be extended further if geo-
metrical and material parameters are adequately selected. 
The implementation of the ridge waveguide in SIW tech-
nology was proposed in [47], where the ridge was imple-
mented through a row of thin, partial-height metal posts 
located in the center of the wider side of the waveguide. 
This structure allowed for achieving a 37% bandwidth 
enhancement. Nevertheless, the useful bandwidth of this 
structure is limited by a band-gap, which appears when the 
ridge posts are thick and long. 

A novel class of substrate integrated waveguides, 
based on the concept of the classical ridge rectangular 
waveguide, was proposed in [48]. The structure is 
integrated in a dielectric substrate with top and bottom 
metal layers, and comprises two sided rows of full-height 
metal cylinders and a central row of partial-height metal 
posts, connected at their bottom by a metal strip (Fig. 5a). 
Based on this structure, a prototype covering the frequency 
band from 6.8 GHz to 25 GHz was designed and tested 
(Fig. 5b). 
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Fig. 5. Ridge substrate integrated waveguide: (a) geometry of 
the structure; (b) simulated and measured propagation 
constant of the first two modes. 

The proposed structure exhibits a mono-modal bandwidth 
three times broader than classical rectangular waveguides 
or substrate integrated waveguides, and its size is half of 
a substrate integrated waveguide with the same cutoff 
frequency. 

3.3 Loss Minimization 
One of the major issues in the design of SIW compo-

nents is related to the minimization of losses, especially 
when operating in the mm-wave frequency range. There 
are three mechanisms of loss in the SIW structures [39], 
[49]. Due to their similarity to rectangular waveguides, 
SIW structures exhibit conductor losses due to the finite 
conductivity of metallic walls and dielectric losses due to 
the loss tangent of dielectric substrate. Moreover, the pres-
ence of gaps in the SIW structures along the side walls can 
determine a radiation loss, due to a possible leakage 
through the gaps.  

The different kinds of losses in substrate integrated 
waveguide interconnects can be minimized by modifying 
some geometrical parameters, namely the substrate thick-
ness h, the diameter d of the metal vias, and their longitu-
dinal spacing s (Fig. 3).  

The thickness h of the dielectric substrate plays an 
important role. Increasing h (while keeping the other di-
mensions unchanged) determines a significant reduction in 
the conductor loss but has no effect on the dielectric loss. 
In general, radiation loss is not affected by the substrate 
thickness (at least, as long as h is smaller than a half wave-
length). There is a simple physical explanation of these 
phenomena. With regard to the conductor loss, they depend 
on the surface integral of |J|2 on the metal surface, where J 
represents the electric current density flowing on the metal 
surface (more specifically, on the top and bottom metal 
layers and on the surface of the metal vias). Increasing h 
determines a reduction of |J| proportional to √h. Conse-
quently, the conductor loss on the top and bottom surfaces 
scales as 1/h. On the contrary, since the lateral surface of 

metal vias linearly increases with h, the increased integra-
tion surface compensates the reduction of |J|2, and there-
fore the contribution of the metal vias to conductor loss is 
unchanged with h. With regard to the dielectric loss, it 
depends on the volume integral of |E|2 (where E represents 
the electric field) over the whole volume of the substrate. 
Since increasing h determines a reduction of |E| propor-
tional to √h, but the volume of the substrate linearly in-
creases with h, the dielectric loss does not vary with h. It is 
finally noted that the same dependence of losses on the 
thickness h is encountered in the fundamental mode of 
classical rectangular waveguides and, in general, in any H-
plane waveguide circuit.  

Another important geometrical parameter is the 
diameter d of the metal vias. The variation of the conductor 
and dielectric losses versus d is limited. In particular, the 
conductor loss slightly decreases when increasing the 
diameter d of the vias: as already stated, the conductor loss 
depends on the surface integral of |J|2. In this case, the 
contribution from the top and bottom metal layers is 
practically unchanged, whereas the contribution from the 
metal vias varies. Assuming that the current flowing on the 
surface of each via is practically unchanged, the surface 
increases with d and therefore |J| scales as 1/d. Since the 
integration surface increases proportionally to d, the 
surface integral of |J|2 decreases as 1/d. Conversely, the 
dielectric loss is practically independent on the diameter d. 
This physical explanation is valid for most cases of 
practical interest: if the spacing between the metal vias is 
extremely small, a more sophisticated explanation is 
needed, to take into account the variation of the current 
distribution due to “proximity effects”. Finally, the 
radiation leakage becomes significant when the condition 
s/d < 2.5 is not met [8]. 

A similar behavior is observed when varying the lon-
gitudinal spacing s. When decreasing the value of s, the 
conductor loss decreases (because of the increased metal 
surface) and the dielectric loss practically remains un-
changed. With regards to the radiation loss, it remains 
small under the condition s/d < 2.5 [8]. 

Finally, it is important to remark that dielectric and 
conductor losses exhibit a different dependence on fre-
quency [49]: it results that the dielectric loss is typically the 
most significant contribution to losses in the mm-wave 
frequency range. For this reason, the optimization of the 
geometry has a marginal effect on the minimization of 
losses at mm-waves. In this case, a careful selection of the 
dielectric material is extremely important. 

4. Future Research Trends  
The future activities on SIW technology will be 

mainly devoted to the deployment of mm-wave compo-
nents in the frequency band between 60 and 350 GHz, to 
the investigation of new materials and fabrication tech-
nologies, and to the integration of complete systems in 
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SIW technology based on the System-on-Substrate ap-
proach. Of course, the integration of SIW components with 
other substrate integrated structures would be of great 
interest to design some innovative circuits and systems. 

The implementation of SIW components in the mm-
wave frequency range will require the development of 
novel structures, with the aim to reduce the size, improve 
the bandwidth, and especially minimize the losses. These 
structures can be based on multilayered configurations, 
which provide more design flexibility while maintaining 
the advantage of the planar and low-cost fabrication tech-
nology. Of course, the availability of novel SIW structures 
will foster the development of more efficient components 
and circuits with advanced performance and/or able to 
integrate more functions in the same component. At the 
same time, it will require the design of novel wideband 
transitions (e.g., from microstrip and coplanar lines to 
multilayered SIW components). Moreover, technological 
constraints become more critical when increasing the fre-
quency: consequently, solutions based on metalized slots 
instead of metal vias could mitigate this issue.  

The availability of SIW components in the frequency 
band between 60 and 350 GHz will open interesting per-
spectives for novel applications and new markets. The 
technological development will permit to design novel 
compact and broadband components to meet the needs of 
UWB systems, scientific instrumentation, and low-cost 
commercial circuits for telecommunications. Among the 
possible components of practical interest, there are com-
pact, high-order, bimodal filters for space applications, 
band-pass filters with very broad pass band for application 
in measurement instrumentation, six-port circuits for appli-
cation to software-defined radio, circuits including active 
devices for radiometers at 35 and 94 GHz, diplexers and 
antennas for automotive radars at 77 and 94 GHz. 

Another research trend is related to the use of new 
materials and different technologies for the fabrication of 
SIW components: adopting LTCC (low-temperature co-
fired ceramic) or HTCC (high-temperature co-fired 
ceramic) will open completely new scenarios for the appli-
cability of SIW structures. The use of these technologies 
will permit the fabrication of 3D SIW components, which 
could add further design flexibility and lead to novel solu-
tions with better performance. On the contrary, the use of 
CMOS technology appears to be more critical, due to the 
extremely thin dielectric layers and the low-conductivity 
metal. Advanced materials including smart materials and 
electro-optical materials as well as nano-structured materi-
als will play critical roles in the design and development of 
innovative SIW circuits and systems. 

The most promising research trend is related to the 
System-on-Substrate approach. Currently, the production 
of RF or microwave circuits is based on the System-in-
Package concept: a portion of the circuit is integrated in 
a chip-set, which may include oscillators, mixers, low-
noise amplifiers; the remaining part is usually fabricated in 
printed planar technology (microstrip or coplanar 

waveguides) and comprises power amplifiers, selective 
filters, antennas. Finally, all the components are mounted 
on the same board. The use of microstrip or coplanar 
waveguides is particularly convenient below 30 GHz, but it 
becomes unpractical at higher frequency, due to prohibi-
tively high loss and interference between adjacent circuits, 
and therefore an alternative fabrication technology is 
needed for mm-wave systems. The use of the SIW tech-
nology for replacing microstrip or coplanar waveguides in 
mm-wave wireless systems appears very promising. In this 
way, the System-in-Package concept will be overcome by 
the System-on-Substrate approach, where all the compo-
nents not included in the chip-set are fabricated in SIW 
technology. This solution brings several advantages: SIW 
technology is cost-effective and permits to fabricate com-
ponents with low loss and complete shielding. Moreover, 
all components are fabricated on the same substrate, thus 
avoiding transitions and interconnections that increase 
losses and parasitics. Recently, complete circuits and front-
end in SIW technology have been proposed and experi-
mentally verified [11],[50]. This approach appears to be 
the most promising candidate for the implementation of 
mm-wave circuits and systems for the next decade. 

5. Conclusion 
This paper has presented an overview of substrate in-

tegrated waveguide technology, which represents a very 
promising candidate for the integration of mm-wave cir-
cuits and systems in the next decade.  

A significant effort has been devoted in past years to 
the development of active and passive SIW components as 
well as SIW antennas. Currently, the research is oriented to 
the investigation of novel SIW structures, which can oper-
ate at higher frequency with low losses and outstanding 
performance.  

The future trend is the integration of complete sys-
tems in SIW technology, according to the System-on-Sub-
strate concept. This approach could replace the current 
System-on-Chip and System-in-Package, and become the 
paradigm for mm-wave circuits and systems. 
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