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A B S T R A C T

In this work, we study the dispersion characteristics of the first modes of four periodic structures implemented
in Substrate Integrated Waveguide (SIW) technology. Two kind of topologies (based on inductive irises and
on rectangular air holes) and two kind of symmetries (normal reflection and glide symmetry) are studied by
using electromagnetic simulation software. The obtained results show relevant differences in the characteristics
of passbands and stopbands between glide-symmetric and non-glide-symmetric structures. The dispersion
characteristics of the first propagating mode are analyzed for finite implementations of all the studied
structures. Furthermore, the finite implementations of the structures based on inductive irises have been
fabricated and measured, showing good agreement with the simulation results.
1. Introduction

Periodic media have found many applications in microwave devices
associated to the frequency-selective behavior of electromagnetic waves
in such media [1–3]. By properly choosing the geometrical and elec-
trical properties of the periodic medium, transverse and longitudinal
periodic structures can adapt the electromagnetic properties of waveg-
uides and antennas for specific purposes. Periodicity in the transverse
direction of propagation has been used in the last decades in many
applications as frequency selective surfaces (FSS) [4], reflect/transmit-
arrays [5,6] or metasurfaces [7,8]. On the other hand, periodicity
in the direction of propagation of the medium comparable to the
operation wavelength results in the presence of permitted and forbid-
den frequency bands [9,10], which has been widely used in different
applications as waveguide filters [11], artificial transmission lines [12],
or periodic leaky-wave antennas [13].

In the last two decades, an increasing interest has emerged to
describe the dispersion characteristics of wave propagation in peri-
odic structures, both dielectric or metallic, with different frequency-
dependent propagation performances. Among them, we can find the
frequency stopband feature in electromagnetic band-gap (EBG) struc-
tures [14–17], emergence of propagating, nonpropagating and com-
plex Floquet modes in periodic dielectric-based structures [18,19],
artificial negative refractive index metamaterials (NRIM) [20–24], or
miniaturized slow-wave structures [25].

Recently, higher symmetries (glide and screw symmetries) have
been proposed for periodic structures in the form of corrugations for de-
signing lenses [26], to increase the stopbands for use in gap waveguide
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technology [27,28], to design band-pass periodic filters in Substrate
Integrated Waveguide (SIW) technology based on complementary split-
ring resonators [29], and also for increasing the operational bandwidth
of mushroom-type EBG structures [30].

The purpose of this work is to analyze the dispersion characteristics
of waves propagating in periodic Substrate Integrated Waveguides
with different periodic configurations, highlighting the dispersive na-
ture of the propagating modes of the unit cell when approaching the
stopbands, and showing the effect of introducing glide symmetry.

The paper is organized as follows. Section 2 describes the unit cells
of the different geometries studied in this analysis. In Section 3, the
dispersion diagram of the different periodic propagation media is ana-
lyzed, and we focus on the dispersive properties of the first propagating
mode of the unit cell within the first passband. In Section 4, we present
finite implementations of the different periodic geometries analyzed,
and the obtained scattering parameters and group delay of the trun-
cated topologies have been used to check the dispersion behavior of
the fundamental mode of the different infinitely periodic geometries
analyzed. Two prototypes of the periodic structures analyzed have been
fabricated and measured for validating purposes. Finally, a summary of
our main conclusions is reported in Section 5.

2. Geometries of the periodic media considered in the analysis

Fig. 1 shows the unit cells of the different periodic media that are
considered in the analysis. Following the design rules of [31], the vias
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Fig. 1. Unit cell of the periodic SIW with the following inserts: (a) two symmetrical thick inductive irises (conventional structure); (b) two thick inductive irises with a translation
of 𝑝∕2 in the longitudinal direction of one of the irises in each pair (glide symmetry); (c) two symmetrical rectangular air holes (conventional structure); (d) rectangular air holes
with a translation of 𝑝∕2 in the longitudinal direction of one of the rectangular air holes in each pair with respect to the other one (glide symmetry).
defining the lateral walls of the analyzed SIW structures have diameter
𝑑𝑣 = 0.7 mm and separation 𝑠𝑣 = 1 mm (see Fig. 1(a)), which guarantees
negligible radiation losses.

The first case under analysis is defined by periodically inserting
pairs of symmetrical thick inductive irises inside a SIW (see Fig. 1(a)).
The irises are characterized by their thickness 𝑠1 and they are separated
a distance 𝑠2 in the 𝑥-axis. Besides, 𝑝 represents the periodicity in the
direction of propagation. The second structure analyzed is obtained by
applying a translation of 𝑝∕2 in the longitudinal direction of one of
the irises in each pair (see Fig. 1(b)), resulting in a glide symmetry
(i.e., a translation of 𝑝∕2 and a reflection with respect to the 𝑤∕2 plane
from one iris to the other). The third case under study (see (Fig. 1(c))
is defined by periodically removing the dielectric substrate to form
pairs of rectangular air holes symmetrically with respect to the 𝑤∕2
symmetry plane of a SIW, characterized by their width 𝑡1 and separated
𝑡2. The last case is obtained by a translation in the longitudinal direction
of 𝑝∕2 of one of the rectangular air holes in each pair with respect to
the other one (see Fig. 1(d)), resulting again in a glide symmetry. Fig. 2
shows a finite section of the different periodic SIW structures under
study.

In order to compare the dispersion characteristics of the structures
under analysis, the spatial period has been fixed to 𝑝 = 16 mm for all
cases. In addition, the parameters of the basis SIW waveguide have been
set to the following values: width 𝑤 = 15.8 mm, height 𝑏 = 0.63 mm
(referred to the 𝑦-axis depicted in Fig. 1) and relative permittivity of
the substrate equal to 10. The influence of these parameters, which are
directly related to the bandwidth and location of the different permitted
and forbidden bands, has been extensively analyzed in the technical
literature [1,32]. It is important to mention that, as a consequence of
the linearity of the field equations, the results can be directly scaled to
any desired frequency range.
2

Fig. 2. Finite size representations of the periodic structures under study. (a) SIW based
on thick inductive irises; (b) SIW based on thick inductive irises with glide symmetry;
(c) SIW based on rectangular air holes; (d) SIW based on rectangular air holes glide
symmetry.

3. Analysis of the dispersion diagrams

Simulations of the dispersion diagram of the unit cell of the different
periodic media have been carried out using the commercial software
Ansys HFSS, which is based on the Finite Element Method [33]. Alter-
native methodologies for calculating the dispersion diagram of periodic
propagation media have been presented in [19,34–36].
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Fig. 3. Dispersion diagram of the first two modes of the periodic structure depicted
in Fig. 1(a), consisting of a SIW periodically loaded with pairs of symmetric thick
inductive irises of thickness 𝑠1 = 2.85 mm, and separated a distance 𝑠2 = 9.9 mm in the
𝑥-axis. The dispersion diagram of the uniform SIW is also represented in dashed lines
for comparison.

In all the analyzed cases, the dispersion diagram of the first two
modes of the periodic propagation media (a SIW with periodic inserts
along the direction of propagation) has been represented with solid
line, using different colors (black for the first mode and blue for the
second mode). The dispersion diagram of the same SIW without the
periodic inserts is also represented in dashed lines for comparison.
All these guiding media are characterized by the existence of a cutoff
frequency below which the fields cannot propagate, and also by a
dispersive nature of the field propagation which will be shown next.

The first case in the study (see Fig. 1(a)) corresponds to a SIW
where pairs of symmetric thick inductive irises of thickness 𝑠1 = 2.85
mm and separated a distance 𝑠2 = 9.9 mm in the 𝑥-axis have been
periodically inserted. Fig. 3 shows the dispersion diagram of the first
two modes (solid lines). It can be seen that the normalized cutoff
frequency of the first mode (𝜔𝑐𝑝∕𝑐 = 1.23) has increased with respect
to that of the uniform SIW (𝜔𝑐𝑝∕𝑐 = 1.04), because, somehow, we
have a lower mean width of the SIW in this case. Additionally, a first
stopband appears between [1.45 − 1.70]𝜔𝑝∕𝑐. Thus, a first passband is
defined between the cutoff frequency of the fundamental mode and
the lowest edge of the first stopband. This fact makes this periodic
structure suitable for filtering applications, where the period can be
properly selected for adjusting the upper limit of the passband and the
bandwidth of the rejection band. However, it can be checked in Fig. 3
that the fundamental mode becomes more dispersive in the vicinity of
the stopband, i.e., the curve flattens as it approaches the 𝛽𝑧𝑝 = 𝜋 line.
This behavior, added to the fact that the mode is also highly dispersive
near the cutoff frequency, could make it difficult to use this topology as
a filtering structure, since, in a practical implementation, the frequency
range within the passband with acceptable group delay flatness will be
very reduced.

Concerning the analysis of the glide-symmetric cases in Fig. 1, we
start with the structure represented in Fig. 1(b), i.e., a SIW periodically
loaded with thick inductive irises of thickness 𝑠1 and separated a
distance 𝑠2 in the 𝑥-axis, but with glide symmetry, which is obtained
from the previous case by applying a translation in the longitudinal
direction of 𝑝∕2 of one of the irises in each pair with respect to the
other one. Fig. 4 shows the dispersion diagram of the first two modes
of the iris-loaded glide-symmetric case. Comparing the results in this
figure with those of Fig. 3, it can be checked that the cutoff fre-
quency of the first mode has not been modified by the glide symmetry
operation. However, the most important difference is that, in the glide-
symmetric configuration, the previously observed stopband of the first
3

Fig. 4. Dispersion diagram of the periodic structure depicted in Fig. 1(b), i.e., the
glide-symmetric configuration obtained from the component in Fig. 1(a), resulting in
a translation of 𝑝∕2 and a reflection with respect to the 𝑤∕2 plane from one iris to
the next one. The dispersion diagram of the uniform SIW is also represented in dashed
lines for comparison.

Fig. 5. Effect of the variation of the parameter 𝑠2 on the dispersion diagram of the
periodic structure depicted in Fig. 1(b).

propagation mode has disappeared, as previously observed in other
glide-symmetric structures [27,36], and thus the curve of the first mode
becomes almost straight over a wide range of frequencies. Then, two
interesting consequences are derived by the glide-symmetric operation:
a substantial increase of the first passband, and an essentially non-
dispersive behavior in a much wider band. This fact, already reported
in [37–40], is one of the most relevant features of glide-symmetric
structures and is likely to find interesting applications in the near
future. Thus, this glide-symmetric structure is more suitable for filtering
applications, where the passband on one hand, and the frequency range
with nearly flat group delay, on the other hand, have been substantially
increased.

Note that there is a very narrow stopband of the first mode at the
𝛽𝑧𝑝 = 0 edge at higher frequencies for this particular configuration.
This stopband could be widened by properly modifying the structure
parameters. For instance, Fig. 5 shows how the width of the stopband
can be directly increased by reducing the 𝑠2 parameter, although this
leads to a reduction in the passband. However, a very wide stopband
can also be found in other type of glide-symmetric SIW structures [29].

The third case in the study (see the unit cell depicted in Fig. 1(c))
is defined by periodically etching pairs of rectangular air holes sym-
metrically with respect to the 𝑤∕2 plane of the SIW, characterized by
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Fig. 6. Dispersion diagram of the first two modes of the periodic structure depicted in
Fig. 1(c), consisting of a SIW where pairs of rectangular holes with parameters 𝑡1 = 5.46

m and 𝑡2 = 0.6 mm have been periodically etched symmetrically with respect to the
∕2 plane. The dispersion diagram of the uniform SIW is also represented in dashed

ines for comparison.

heir width 𝑡1 and separated 𝑡2, whose periodic nature again provides a
topband in the dispersion diagram. The dimensions of the rectangles
ave been properly chosen for obtaining a first passband similar to that
btained in the structure in Fig. 1(a), being 𝑡1 = 5.46 mm and 𝑡2 = 0.6

mm. Fig. 6 shows the dispersion diagram of the first two modes of
this periodic propagation medium (solid lines). The normalized cutoff
frequency of the first mode (𝜔𝑐𝑝∕𝑐 = 1.175) has increased with respect
to that of the uniform SIW (𝜔𝑐𝑝∕𝑐 = 1.04), because the mean relative
ermittivity of the dielectric is lower in this case. Additionally, the
topband, which falls between [1.45 − 1.84]𝜔𝑝∕𝑐, is wider in this case,
lthough the first passband of the structure, defined between the cutoff
requency of the fundamental mode and the lowest edge of the first
topband, is very similar to that obtained in the structure analyzed
n Fig. 1(a). This periodic structure may also be suitable for filtering
pplications, being the period a design parameter for adjusting the
assband and the rejection band. However, as in the previous periodic
ases, the highly dispersive character of the fundamental mode at the
assband edges will result in poor performance as a filtering structure
n terms of group delay.

The last case to be analyzed is obtained by applying a glide-
ymmetric operation of the unit cell in Fig. 1(c), with a translation of
∕2 and a reflection with respect to the 𝑤∕2 plane from one rectangular
ir hole to the next one (see Fig. 1(d)). Fig. 7 shows the dispersion
iagram of the first two modes of this glide-symmetric structure. Com-
aring these results with those represented in Fig. 6, again, it can be
hecked that applying glide symmetry leaves the cutoff frequency of the
irst mode unchanged, and most importantly, that the stopband of the
irst propagation mode disappears, as already observed in the structure
nalyzed in Fig. 1(b), so the dispersion curve of the first mode becomes
lmost straight over a wide range of frequencies. As a consequence,
substantial increase of the first passband, and an essentially non-

ispersive behavior in a much wider band has been achieved. Besides,
stopband of the first mode at higher frequencies can be observed,
hich may be widened by a proper selection of the rectangular air holes
arameters for filtering applications [19]. Thus, this glide-symmetric
tructure is more suitable for wideband filtering applications, where the
assband on one hand, and the frequency range with flat group delay
4

n the other hand, have been greatly increased.
Fig. 7. Dispersion diagram of the first two modes of the periodic structure of Fig. 1(d),
i.e., by applying a glide-symmetric operation to the unit cell in Fig. 1(c), resulting in a
translation of 𝑝∕2 and a reflection with respect to the 𝑤∕2 plane from one rectangular
air hole to the next one. The dispersion diagram of the uniform SIW is also represented
in dashed lines for comparison.

4. Finite implementation of the periodic structures and experi-
mental validation

In order to check the dispersion characteristics of the analyzed EBG
structures studied in Section 3, we have analyzed finite implementa-
tions of such periodic propagation media, and the frequency behavior
of their scattering parameters and group delay have been obtained. A
sufficiently high number of periodic cells in the finite periodic struc-
tures has been chosen in order to achieve a deep enough rejection band
corresponding to the first stopband of the infinite periodic structures.
On the other hand, truncation of the infinite periodic propagation
media also degrades the passband performances of the obtained elec-
trical responses, due to the mismatch between the impedance of the
propagating mode in the periodic media and the impedance of the
access ports [41] which may result in unacceptable return loss levels,
and could degrade the group delay flatness. To overcome this problem,
input and output tapered transitions from microstrip to SIW [42] have
been designed and added to the truncated periodic SIW structures.

It is worth mentioning that in this periodic approach, differently
from a classical filter synthesis approach, a final optimization process
must always be performed related to the taper transitions from mi-
crostrip to SIW, with the aim of obtaining certain prescribed return
losses, which has led to the design of the electrical responses of the
different structures investigated in this work. In this final optimization
process, we used the Quasi Newton (Gradient) Optimizer provided by
Ansys HFSS commercial software. The optimized variables were the
width and length of the taper, and we selected as cost function a 𝑆11
dB) lower than −15 dB in the pass-band.

The simulated electrical response (scattering parameters and group
elay) of finite implementations of the periodic and glide-symmetric
IW structures (see Fig. 2) are shown next. Dielectric and conductor
osses have been considered in all simulations (tan 𝛿 = 0.0035 for the

substrate material and 𝜎𝐶𝑢 = 5.8 ⋅ 107 S m−1 for the metallization).
Additionally, two prototypes corresponding to the iris-loaded periodic
and glide-symmetric cases (structures represented in Fig. 2(a) and (b))
have been manufactured and measured for validation purposes. In the
following, the same parameters defined in Section 3 for the periodic
inserts (irises/rectangular air holes) and the periodicity have been used.

Fig. 8 shows the scheme of the finite periodic structure with the
same unit cell of Fig. 1(a), and whose dispersion diagram was analyzed
in Fig. 3, with 6 periodic cells, i.e., 6 pairs of thick inductive irises.

Fig. 9(a) represents the simulated and measured scattering parameters
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Fig. 8. Scheme of a finite periodic structure with the same unit cell represented in Fig. 1(a), with 6 periodic cells, i.e., 6 pairs of thick inductive irises.
Fig. 9. Simulated and measured frequency response of the finite periodic structure of Fig. 8. (a) Scattering parameters (left axis) and dispersion diagram of the first mode of the
structure in the pass-band (red line, right axis). (b) Group delay. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of
this article.)
of the structure (left axis), along with the dispersion curve of the first
mode of the infinite periodic structure in the passband (red line, right
axis), while the group delay is represented in Fig. 9(b). In Fig. 9(a), the
𝑆21 parameter of the original SIW is also represented in blue line for
comparison purposes.

Although this structure may be used as a bandpass filter at the sight
of the scattering parameters in Fig. 9(a), (b) reveals that an acceptable
group delay flatness in the passband is not achieved. Besides, a good
response in terms of return losses (𝑅𝐿𝑚𝑖𝑛 = 22 dB) has been obtained
in this case.

Next, a finite implementation of the same periodic structure but
with glide symmetry (see the corresponding unit cell in Fig. 1(b)) has
been designed, whose scheme is represented in Fig. 10. The simulated
and measured scattering parameters and group delay of this glide-
symmetric structure are represented in Fig. 11. The 𝑆21 parameter of
the original SIW is also plotted (blue line) for comparison.

In Fig. 11(a), the dispersion diagram of the first mode of the
structure has been represented (red line, right axis) for comparison,
which is in accordance with the scattering parameters (left axis). As
pointed out in Section 3, it can be checked that there is a considerable
increase of the passband in this glide-symmetric configuration, with
𝑅𝐿𝑚𝑖𝑛 = 11 dB. In this figure, it can also be checked that the spurious
free band is not good, as it was pointed out when describing its
dispersion diagram, which showed a quite narrow stopband for this
particular configuration. However, a most interesting result can be
seen in Fig. 11(b), which reveals that the obtained group delay in the
passband is nearly flat in a very wide band in this case, making this
structure an ideal candidate for wideband filtering applications.

Finally, we have also designed finite implementations of the pe-
riodic and glide-symmetric structures represented in Fig. 1(c) and
(d), i.e, with rectangular air holes periodically etched along the struc-
ture. Fig. 12 shows the scheme of the finite implementation of the
unit cell depicted in Fig. 1(c) (whose dispersion diagram was ana-
lyzed in Fig. 6), with 6 periodic cells, i.e., six pairs of rectangular
air holes etched symmetrically with respect to the 𝑤∕2 plane of the
SIW. Fig. 13(a) represents the simulated scattering parameters of the
structure (left axis), along with the dispersion curve of the first mode
of the infinite periodic structure in the passband (red line, right axis),
while the simulated group delay is represented in Fig. 13(b). The 𝑆21
parameter of the original SIW is also plotted (blue line) for comparison.
5

In this case, although a good matching has not been achieved at
the lower end of the passband, it can be seen that a good response in
terms of insertion losses (lower than 2 dB) and return losses (higher
that 12 dB) has been achieved, as it can be observed in the scattering
parameters represented in Fig. 13(a). A sharp variation of the group
delay is observed in Fig. 13(b) around 3.55 GHz, associated to the
mentioned mismatch, which may be avoided by tapering the periodic
structure so as to provide a gradual change from the unloaded SIW
to the final periodically loaded structure. However, as explained in
Section 3, the dispersive character of the propagative mode at both ends
of the passband will still derive in a non-flat group delay, which makes
this structure unsuitable for wideband filtering applications.

A finite implementation of the same periodic structure but with
glide symmetry (see the unit cell in Fig. 1(d)) has been designed, whose
scheme is represented in Fig. 14. The simulated scattering parameters
(black line, left axis) along with the dispersion diagram of the first
mode of the glide-symmetric structure (red line, right axis) are shown in
Fig. 15(a), while the calculated group delay is represented in Fig. 15(b).
The 𝑆21 parameter of the original SIW is also plotted (blue line) for
comparison.

Again, in Fig. 15(a) it can be checked that there is a considerable
increase of the passband when applying the glide-symmetric operation,
although keeping the total length of the structure unchanged. In this
case, the same mismatch can be observed at both ends of the passband
(𝑅𝐿𝑚𝑖𝑛 = 7 dB at 3.7 GHz, while 𝑅𝐿𝑚𝑖𝑛 = 6 dB at 6.3 GHz). Regarding
the group delay of the structure represented in Fig. 15(b), in spite of
the sharp variation of the group delay around the beginning of the
passband, we can see that the obtained group delay in the passband
is nearly flat in a very wide band, making this structure much more
suitable for wideband filtering applications.

It is worth noting that the improvement of the flatness of the group
delay observed in the analyzed glide-symmetric structures is due to
the large passband implemented in these responses and, therefore,
it cannot be considered as a feature inherent to the glide-symmetric
configuration. Authors would like to recall that, in order to further im-
prove the flatness of the group-delay responses, complex transmission
zeros would need to be realized [43]. The in-line topology used in the
filtering structures designed in this work, however, does not allow for
the implementation of transmission zeros.
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Fig. 10. Scheme of a finite glide-symmetric structure with the unit cell represented in Fig. 1(b), with 5 and a half periodic cells.
Fig. 11. Simulated frequency response of the finite glide-symmetric structure shown in Fig. 10. (a) Scattering parameters (left axis) and dispersion diagram of the first mode of
the structure in the pass-band (red line, right axis). (b) Group delay. (For interpretation of the references to color in this figure legend, the reader is referred to the web version
of this article.)
Fig. 12. Scheme of a finite periodic structure with the same unit cell represented in Fig. 1(c), with six pairs of rectangular air holes etched symmetrically with respect to the
𝑤∕2 plane of the SIW.
Fig. 13. Simulated frequency response of the finite periodic structure of Fig. 12. (a) Scattering parameters (left axis) and dispersion diagram of the first mode of the structure in
the pass-band (red line, right axis). (b) Group delay. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
Fig. 14. Scheme of a finite glide-symmetric structure with the same unit cell represented in Fig. 1(d), with 5 and a half periodic cells.
6
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Fig. 15. Simulated frequency response of the finite glide-symmetric structure shown in Fig. 14.(a) Scattering parameters (left axis) and dispersion diagram of the first mode of
the structure in the pass-band (red line, right axis). (b) Group delay. (For interpretation of the references to color in this figure legend, the reader is referred to the web version
of this article.)
5. Conclusion

The dispersion characteristics of the first modes of different periodic
SIW structures with periodicity in the direction of propagation have
been studied. The analysis of the dispersion diagram of the infinitely
periodic structures has revealed, as expected, the existence of alter-
nated passbands and stopbands in all the proposed periodic structures,
making them suitable for filtering applications. However, a detailed
analysis of the dispersion properties of the first propagating mode in the
different periodic topologies analyzed has revealed that the application
of a glide-symmetric operation to their original periodic counterparts
can enhance the passband bandwidth of the first propagative mode,
while keeping a nearly linear dependence of its dispersion curve with
frequency in such passband. In order to have evidence of such results,
finite implementations of the periodic structures have been designed
and analyzed, whose scattering parameters and group delay have re-
vealed less dispersive configurations at the same time as a much wider
passband when using glide symmetry.
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