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ABSTRACT The electrical response of low-frequency band-pass filters based on periodic substrate
integrated waveguide (SIW) technology typically shows permitted and forbidden frequency bands. There-
fore, this type of filters can be designed using a conceptually very simple and efficient procedure based
exclusively on the study of the dispersion properties of the periodic structure. In this paper, we go a step
further with the design of a periodically air-filled SIW band-pass filter in which part of the dielectric
substrate is removed to reduce insertion losses, and whose unit cell parameters, which are directly related
to the center frequency (f.) and bandwidth (BW) of the first passband, and also to the first stopband or
bandgap (BG) of the structure, have been appropriately selected for filtering purposes, thus providing some
useful design rules. Furthermore, we apply the concept of glide symmetry for achieving a much larger
fractional bandwidth (FBW) than that obtained in conventional air-filled SIW filters found in the technical
literature. Finite implementations of both periodic structures with and without glide symmetry have been
analyzed, showing their filtering response for validation purposes. Additionally, to overcome the matching
level restrictions in the resulting air-filled periodic SIWs, a microstrip-to-SIW transition including a novel
coupling iris is proposed. A prototype of the proposed air-filled glide-symmetric periodic SIW filter has
been manufactured and experimentally validated, illustrating the potential of this technique to obtain large
FBWs that can not be achieved in conventional air-filled SIW filters. The proposed filter proves to be a good
candidate for millimeter wave applications.

INDEX TERMS Band-pass filters, substrate integrated waveguide (SIW), glide symmetry, microstrip
transition.

. INTRODUCTION

Band-pass filters are key elements in many microwave appli-
cations that must be integrated with other components of a
communications system. In this regard, substrate integrated
circuits (SICs) are good candidates for such applications,
given their reduced sizes and weights with respect to the
classical waveguide technology, and exhibiting higher qual-
ity factors than printed technology. Among the different
SIC structures [1]- [5], the substrate integrated waveguides
(SIWs) are the most popular, due to an easy manufacturing
process, lower costs, and ease of integration with other planar
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circuits, antennas, and passive and active devices on the same
substrate [6]- [12].

Recently, several modified SIWs have been proposed in
which the dielectric substrate has been partially or fully
removed to improve the quality factor [13]- [18], due to the
reduction of the dielectric losses. Different implementations
of such modified SIWs can be found in the technical liter-
ature, known as modified SIW (MSIW) [13], hollow SIW
(HSIW) [14], air-filled SIW (AFSIW) [15], [19], dielectric-
less SIW (DSIW) [17] and empty SIW (ESIW) [18]. Such
modified SIWs have been successfully used to implement
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band-pass filters with diverse topologies and using different
elements. Among them, it is worth mentioning the solutions
based on considering inductive posts along the AFSIW [15],
the use of perforated sections along the SIW as immitance
inverters [20], the insertion of inductive coupled cavities
[21], [22] and broadside coupled resonators [23], an strategy
based on alternating line sections with and without dielectric
materials [24], or a implementation based on inserting dielec-
tric elements in an ESIW acting as dielectric resonators or
impedance inverters [25].

Most of these band-pass filters based on AFSIWs and
designed using different strategies, show narrow-band char-
acteristics, having a fractional bandwidth around 3%. There
are a few filter designs with higher FBWs, like an AFSIW
design in [21], where FBW = 15%, or the AFSIW band-
pass filters presented in [20], [26] which present similar
FBWs, but exhibit a poorer rejection band. Only an ESTW
design, presented in [25], achieved an extremely large FBW
of 31.5%, although the passband was too close to the ESIW
cut-off frequency, and a poor matching was obtained in the
lower passband edge, thus reducing substantially such value
in practice. In [27], a higher symmetry called glide symmetry,
which is created with a combination of a translation and mir-
roring over a plane, was applied to the design of a wide-band
sub-wavelength CSRR-loaded SIW filter with FBW =26%),
thus illustrating the potential of this technique to widen
the passband of conventional SIW filters. However, a poor
matching was again observed in the lower passband edge
when using conventional taper transitions from microstrip to
SIW. Besides, such design did not exhibit the low insertion
losses of AFSIWs.

In this contribution, therefore, we take advantage of both
the low insertion losses of AFSIWs and the passband broad-
ening effect of glide symmetry with the aim of designing
advanced band-pass filters in SIW technology exhibiting high
values for the FBW. This is, in fact, the main objective of
this work. To this end, we make use of the results obtained
in a previous work of the authors [28], where, similarly,
the dispersion characteristics of waves propagating in peri-
odic SIWs with different periodic configurations (with and
without glide symmetry) were used to achieve a significant
broadening of the first passband when glide symmetry was
considered in the structure. However, in the aforementioned
work, less attention was paid to both the achieved matching
level in the passband and to the obtained rejection bands. In
this new contribution, we go a step further with the objective
of achieving enhanced filtering electrical responses. To this
aim, we first start with the design of a band-pass filter based
on a periodic SIW structure partially filled with air, in order
to benefit from low insertion losses due to the removal of
dielectric material. In addition, we will provide useful design
guidelines that can be used to meet the prescribed filter elec-
trical specifications. In particular, the dispersion diagram of
a design example of a periodic SIW with band-pass filtering
characteristics associated to the existence of permitted and
forbidden frequency bands is firstly presented. Additionally,

2

some design curves are provided, from which appropriate
unit cell parameters can be easily selected for achieving
the desired filter center frequency and bandwidth. It will be
shown that, starting from this initial filter, the introduction of
glide symmetry can lead to an enhanced filter performance
with a significant broadening of the first passband of the
periodic structure, while keeping a wide rejection band at the
same time (and also benefiting from low insertion losses due
to the removal of dielectric material). Additionally, in order
to improve the microstrip-to-SIW transition and overcome
the matching level restrictions in the resulting air-filled peri-
odic SIWSs, a microstrip-to-SIW transition including a novel
coupling iris is introduced, which was already proposed in
ESIW technology [18].

It is worthwhile to emphasize at this point the main
benefits of this filter design procedure with respect to al-
ternative more traditional techniques. On the one hand, we
want to point out the simplicity and efficiency (in terms of
computation time) of this design procedure, which is based
exclusively on the study of the dispersion properties of the
periodic structure. These dispersion properties are directly
related to the set of dimensions that define the unit cell, so
they can provide us with useful design guidelines for getting
the desired f. and BW. On the other hand, as it will be
shown aftwerwards, the obtained FBW in the proposed glide-
symmetric filter has not been achieved in conventional air-
filled SIW filters found in the technical literature, to the best
of the authors’ knowledge.

The paper is organized as follows. Section II presents
the unit cell of the air-filled periodic SIW in the proposed
initial filter design. Afterwards, its dispersion properties are
rigorously described in terms of permitted and forbidden
bands as a function of the unit cell parameters, including
design guidelines for obtaining different values for f., BW
and the first bandgap of the structure. Section III reports
the great bandwidth increase that can be achieved when a
glide symmetry is considered in the previously analyzed unit
cell, and several design curves are also provided for filtering
design purposes. In Section IV, we present several examples
of finite implementations of the periodic geometries obtained
in Sections II and III acting as band-pass filters, and the
differences in their electrical response (mainly, in terms of
FBW) are also emphasized. Additionally, a novel microstrip-
to-SIW transition including a coupling iris is described for
improving their matching level. A prototype of the obtained
glide-symmetric periodic SIW filter, exhibiting a measured
FBW equal to 36%, has been successfully fabricated and
measured for validating purposes. Finally, a summary of our
main conclusions is reported in Section V.

Il. DISPERSION AND FILTERING PROPERTIES OF
NON-GLIDE AIR-FILLED PERIODIC SIWS

Fig. 1(a) shows the scheme of the air-filled periodic SIW in
the proposed initial filter design, which consists of a SIW
of width agry, whose lateral waveguide walls are delimited
by vias characterized by their diameter d,, = 0.8 mm and
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separation s, = 1.2 mm, which have been appropriately
chosen in order to avoid radiation losses [3] so they fulfill
the following conditions:

dy < Ag/5, sy < 2d, (1)

where ), is the guided wavelength. The propagation constant
of this guide is determined by the width agry of the SIW
(see Fig. 1(a) ), and also by the effective permittivity et
obtained after periodically removing substrate material in the
propagation area in order to create permitted and forbidden
bands. Additionally, a decrease of the dielectric losses is ex-
pected due to the removal of material, which is an interesting
feature in filter design. A previous study [3] demonstrates
that a SIW can be analyzed as an equivalent rectangular
waveguide of effective width a.s given by:

d2

— 2
0,955, @

Qeff = ASTW —

Therefore, all the study performed in this section is carried
out using the equivalent waveguide of width a.¢ given by eq.
(2), and height b. In order to compare the dispersion char-
acteristics of the structures under analysis, the parameters
of the basis SIW waveguide have been set to the following
values: width agryw = 23 mm, height of 0.63 mm (referred
to the z-axis depicted in Fig. 1) and relative permittivity
of the substrate equal to 10. The different parameters of
the periodic structure (the period p and the parameters ¢;
and t, in the studied periodic configuration) will determine
the bandwidth and location of the different permitted and
forbidden bands, which has been extensively analyzed in the
technical literature [29]. 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. In this
section, we analyze the dispersion properties of the unit cell
of Fig. 1(b) of period p with the commercial software tool
Ansys HFSS, which is based on the Finite Element Method
[30]. The eigenmode module of such analysis tool yields the
resonance frequencies of the different propagative modes in
the analyzed periodic cell with such parameters as a function
of the phase delay, ¢ = fp, between its periodicity planes,
thus being § the modal phase constant of each propagative
mode at such resonant frequencies. Alternative methodolo-
gies for calculating the dispersion diagram of the modes of
periodic waveguides have been presented in [31]— [35].

In Fig. 2 it is represented the dispersion diagram of the
first two modes (the first mode with black line and the second
mode with blue line) of the periodic SIW shown in Fig. 1(b)
with parameters p =23 mm, ¢; = 9.5 mm and ¢5, = 7.5 mm.
This initial configuration will be referred in the following as
Reference Case (with reference parameters: p,.; = 23 mm,
tirer = 9.5 mm and to,.y = 7.5 mm). The first passband
of this initial periodic structure (corresponding to mode 1)
extends from f; = 3.23 to fo = 3.83 GHz, being the center
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FIGURE 1. (a) Scheme of the proposed periodic SIW partially filled with air.
(b) Unit cell of the initial periodic configuration (named non-glide
configuration). (c) Unit cell of the same structure shown in case (b) when glide
symmetry is applied.

frequency f.=3.53 GHz, and its bandwidth BW =0.6 GHz,
providing a significantly high FBW =17%, defined as:

fo—f1
Je

We can check that this mode is a TE;g-like mode, at the
sight of the electric field distribution of such mode within the
unit cell represented in Fig. 3(a) (which has been calculated
at 3.23 GHz). This mode will be excited through a standard
excitation at the center of the waveguide, like with an SMA
connector connected to a microstrip-to-SIW transition. Next,
a first stopband appears for mode 1 (marked in Fig. 2 with
light blue colour) extending up to 6.2 GHz. Although mode
2 begins to propagate at a frequency (5.05 GHz) which falls
within this stopband, the nature of mode 2 is a TEgyq-like
mode (as can be checked by its electric field distribution
represented in Fig. 3(b) at this frequency), so it will not
be excited using a standard excitation. In this regard, note
that the electric field distribution related to this second mode
shows that the electric field is cancelled at the center of the
structure (at the z = asrw /2 plane), so we will be able to
avoid its excitation, as it will be shown later in Section IV.
Thus, this periodic SIW will have an effective rejection
bandwidth (or bandgap, BG) of BG =2.37 GHz. These will
be the filter parameters obtained when using such unit cell in
a filter design, as will be shown in Section IV.

Next, going a step further, and with the purpose of pro-
viding some design rules for filtering applications, we have
represented in Fig. 4 the center frequency f. of the first
passband of mode 1 of this periodic SIW obtained from the
analysis of the dispersion diagram with t5 ={9,.cy = 7.5 mm
as a function of ¢, and for different values of the period p,
where each period is expressed in terms of a scale factor f
relative to the value of the reference period p=p,..s =23 mm

FBW =

3
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FIGURE 2. Dispersion diagram of the first two modes of the periodic SIW
shown in Fig. 1(b) with the following parameters: p =23 mm, t; =9.5 mm and
to =7.5 mm (parameters corresponding to the so-called Reference Case).

FIGURE 3. Electric field distribution within the unit cell of the periodic SIW
shown in Fig. 1(b) with parameters corresponding to the Reference Case in
Fig. 2. (a) Electric field distribution of mode 1 calculated at 3.23 GHz. (b)
Electric field distribution of mode 2 calculated at 5.05 GHz.

used in Fig. 2, i.e., p= f-prcy. In the same way, Figs. 5 and
6 show the BW and BG of this periodic SIW obtained from
its dispersion diagram with t3 =%5,.y = 7.5 mm as a function
of ¢; for different values of the period factor f. In these
figures, the obtained filter parameters for the Reference Case
defined in Fig. 2 have been highlighted with a black circle and
named as REF. Thus, these tree figures can be conveniently
used as practical tools to search the appropriate periodic SIW
parameters for achieving a desired filter response in terms of
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FIGURE 4. Variation of the center frequency (f.) of the first passband of
mode 1 as a function of ¢; (t2 =t2,.y =7.5 mm), obtained from the analysis
of the dispersion diagram of the periodic SIW shown in Fig. 1(b). Different
values of the scale factor f have been considered (f represents a scale factor
of the reference period p,..y =23 mm used in Fig. 2, i.e., p=f - pres).
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FIGURE 5. Variation of the bandwidth (BW) of the first passband of mode 1
of the periodic SIW shown in Fig. 1(b) as a function of ¢; (t2 =tares =7.5
mm), and for different values of the period factor f.

fe» BW and rejection band or BG.

Three additional examples of filter design parameters
based on this periodic structure have been highlighted in Figs.
4-6 in order to show how to use the information provided in
such figures. In the first one, labelled as Case 1, f. has been
fixed but a higher BW has been obtained, for which we have
moved along an horizontal line of constant f. in Fig. 4 from
the initial point (REF) to the right until the point marked with
a green circle named Case 1 (see the zoom in the figure inset),
cutting the curve with period factor f = 0.8 at {; = 10.23
mm. With these new values of f and ¢;, we can read in Fig. 5
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FIGURE 6. Variation of the first bandgap (BG) of mode 1 of the periodic SIW
shown in Fig. 1(b) as a function of t; (t2 =t2, s =7.5 mm), and for different
values of the period factor f.

a new (higher in this case) BW = 1.05 GHz (marked again
as Case 1 with a green circle in this figure). These modified
parameters will provide a lower BG = 1.85 GHz in Case 1,
marked in Fig. 6 with a green circle.

Unlike Case 1, in Case 2 we have maintained the BW of
the Reference Case, but we have chosen a different f. (higher
in this case), following this design process: we have moved
along an horizontal line of constant BW in Fig. 5 from the
initial point (REF) to the left until the point marked with a
blue circle labelled as Case 2, which is placed on the curve of
the same period factor f =1 but at a new value of ¢; =7 mm,
which yields a higher f. = 3.84 GHz at the sight of Fig. 4.
Similarly to the previous case, the new parameter ¢; provides
a different value of BG, as can be seen in Fig. 6, which has
moved from the initial value of 2.37 GHz (black circle, REF
case) to a higher value of 3.15 GHz (blue circle, Case 2).

A third example of filter design can be followed making
use of the information provided through the parameter sweep
of ¢t shown in Figs. 4-6, labelled as Case 3 and marked with
a pink circle. In this new example, different values of f. and
BW have been obtained from those derived in the Reference
Case (both higher in this case), which have been obtained in
this example by selecting the parameters f = 0.8 and t; =3
mm. Such higher values of f. and BW can be explained as
follows: on the one hand, a lower value of f = 0.8 (lower
period) instead of the value f = 1 for the Reference Case
implies a lower consecutive distance between the high dielec-
tric permittivity regions in the periodic waveguide where the
fields of mode 1 mostly concentrate as seen in Fig. 3(a), and
thus there is a higher coupling between such fields, resulting
in a higher BW of the passband. On the other hand, a lower
value of t; = 3 mm instead of ¢t; = 9.5 mm results in a
lower mean value of the effective permittivity in the unit
cell, resulting in a higher passband of mode 1 (which ‘sees’
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FIGURE 7. Variation of the center frequency (f.) of the first passband of
mode 1 of the periodic SIW shown in Fig. 1(b) as a function of ¢
(t1 =t1ref =9.5 mm), and for different values of the period factor f.

a lower mean effective permittivity), and consequently, in a
higher center frequency f. of such passband. At the sight
of Fig. 4, the new f. is equal to 5.0 GHz (instead of 3.53
GHz), while Fig. 5 shows that the new BW is of 1.32 GHz
(instead of 0.6 GHz), being the resulting BG equal to 3.91
GHz instead of 2.37 GHz (see the pink circle labelled as Case
3 in Fig. 6). Thus, we can conclude that Figs. 4-6 can be
easily employed to get the desired filter design specifications
in terms of f., BW and BG, which will be somehow restricted
by the possible values of the waveguide parameters (f, t; and
t2). In particular, t; must be always lower than the period
p=f-Dref, and to must be lower than agrw /2.

Previously, in Figs. 4-6, the parameter ¢5 has been fixed to
7.5 mm, while ¢; has been swept from 1 to 12.7 mm. Alter-
natively, an additional degree of freedom can be achieved in
the filter design previously described when using the periodic
SIW shown in Fig. 1(b) if the parameter ¢ is varied. Figs. 7-9
yield different filter parameters (f., BW and BG) when ¢; is
fixed to 9.5 mm (corresponding to the Reference Case) and
a parametric sweep of ¢y is performed from 1 to 9.5 mm for
several values of the period factor f. Thus, different values of
fe BW and BG from those obtained in the Reference Case
(marked in such figures with a black circle and labelled as
REF) can be properly achieved with a similar analysis to the
one previously described.

Finally, in this unit cell configuration, it has been shown
that appropriate unit cell parameters can be selected to
achieve a desired BW by either using Figs. 4-6 or Figs. 7-
9. However, the obtained BWs are rather low (mainly lower
than 1.5 GHz). Although higher values of BW can be
achieved for reduced periods (see the curves corresponding
to f = 0.6 in Figs. 5 and 8), the obtained BG in Fig. 9 for
f = 0.6 is lower than 1.5 GHz for all values of ¢5. On the
other hand, in Fig. 6 we can check that the BG for f = 0.6

5



IEEE Access

Author et al.: Preparation of Papers for IEEE TRANSACTIONS and JOURNALS

4 T T T T T T T T
———f=06
—0— =038
3' —v—;;14 T
——f=18
5
S 2 ‘
5
11 REF <
O T T T T T T T T T T
1 2 3 4 5 6 7 8 9

¢, (mm)

FIGURE 8. Variation of the bandwidth (BW) of the first passband of mode 1
of the periodic SIW shown in Fig. 1(b) as a function of 3 (t1 =t1,ef =9.5
mm), and for different values of the period factor f.
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FIGURE 9. Variation of the first bandgap (BG) of the first passband of mode
1 of the periodic SIW shown in Fig. 1(b) as a function of to (with
t1=t1,.5 =9.5 mm), and for different values of the period factor f.

is also drastically reduced when increasing t; (BG < 2.0
GHz for ¢; > 8.0 mm), and consequently, it is not possible
to achieve a high FBW without worsening the rejection
band. Thus, in order to achieve an acceptable rejection band,
t; must be low, and given that f. increases rapidly when
diminishing ¢1, as seen in Fig. 4, the resulting FBW will be
low. This aspect was already mentioned in the introduction
section, i.e., the difficulty found in the technical literature for
obtaining high FBWs with these filter topologies.

lll. DISPERSION AND FILTERING PROPERTIES OF
GLIDE-SYMMETRIC AIR-FILLED PERIODIC SIWS

If we want to achieve a band-pass filter response with higher
FBW without reducing the rejection band with this same
topology of periodic SIW, we can take advantage of the glide
symmetry, by applying such symmetry over the periodic
SIW shown in Fig. 1(b), as it can be seen in Fig. 1(c).
The dispersion diagram of the first two modes of this new
structure is represented in Fig. 10 for the Reference Case
in the glide configuration (with parameters p = 23 mm,
t1=9.5 mm and {5 = 7.5 mm), along with their electric field
distribution represented in Fig. 11 at different frequencies.

The first passband of this glide-symmetric periodic struc-
ture (corresponding to mode 1) extends from 3.28 to 4.87
GHz, being the center frequency f.=4.08 GHz (see Fig. 10).
In this way, as already shown in previous works [27], [28],
the obtained glide-symmetric unit cell (with exactly the same
parameters of the non-glide Reference Case) has nearly the
same cutoff frequency (3.28 GHz instead of 3.23 GHz), but a
much wider BW, that changes from 0.6 GHz in the non-glide
configuration to 1.59 GHz in this case. Although the f. has
also moved from 3.53 GHz to 4.08 GHz, the resulting FBW
increases from 17% to 39%, a much higher value compared
to other AFSIW filters presented in the technical literature,
to the knowledge of the authors. Besides, it is also interesting
to note that, in this case, the resulting rejection band is still
quite high (BG = 2.09 GHz) in this glide-symmetric con-
figuration. In this regard, it is worth mentioning that, unlike
the previously studied non-glide configuration of periodic
SIW in Section II, the second mode in this glide-symmetric
unit cell (labelled as Mode 2 and represented with blue line
in Fig. 10) will delimit the end of the first rejection band
since it will be excited with a standard excitation, given that
it is not a TEqp-like mode in this case; i.e., the electric
field is not cancelled at the © = agrw /2 plane, as can be
checked in Fig. 11(b), where it is represented the electric field
distribution of mode 2 at 7.19 GHz. Therefore, this periodic
SIW will have an effective rejection bandwidth of BG=2.09
GHz. These will be the filter parameters obtained when using
such glide-symmetric unit cell in a filter design, as will be
shown in Section I'V.

Again, with the aim of providing some design rules for
filter design purposes when using this topology of unit cell,
we have represented in Fig. 12 the center frequency f. of
the first passband of mode 1 of this glide-symmetric periodic
SIW, obtained from the analysis of the dispersion diagram.
In particular, we have represented the variation of f. as a
function of ¢; (we have set {5 = t9,.y = 7.5 mm), and for
different values of the period factor f (relative to the value
of the reference period p = p,.y = 23 mm used in Fig. 10,
i.e., p= f-pres). Similarly, Figs. 13 and 14 show the BW
and BG of the glide-symmetric periodic SIW as a function of
t1 (we have set to = to,.y = 7.5 mm) for different values
of the period factor f. In these figures, the obtained filter
parameters for the Reference Case defined in Fig. 10 have
been highlighted with a black circle and labelled as REF.
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FIGURE 10. Dispersion diagram of the first two modes of the periodic SIW
with glide symmetry shown in Fig. 1(c), with parameters p=23 mm, ¢; =9.5
mm and ¢tz = 7.5 mm (corresponding to the Reference Case for the glide
configuration).

€ Field [Vim]

FIGURE 11.

Electric field distribution within the unit cell of the
glide-symmetric periodic SIW shown in Fig. 1(c), with parameters
corresponding to the Reference Case for the glide configuration in Fig. 10. (a)
Electric field distribution of mode 1 calculated at 3.28 GHz. (b) Electric field
distribution of mode 2 calculated at 7.19 GHz.

Thus, these three figures can be conveniently used as prac-
tical tools to search the appropriate glide-symmetric periodic
SIW parameters for achieving a desired filter response in
terms of f., BW and rejection band.

Next, we have analysed the same three cases studied in
Section II, but for the glide-symmetric configuration. In this
way, it can be compared the difference in the results provided
by both configurations. Beginning with Case 1, we first set
the value of f. and obtain a higher value of BW. To this
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FIGURE 12. Variation of the center frequency (f.) of the first passband of

mode 1 of the glide-symmetric periodic SIW shown in Fig. 1(c) as a function of
ty (t2 =tarcy =7.5 mm), and for different values of the period factor f.
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FIGURE 13. Variation of the bandwidth (BW) of the first passband of mode 1
of the glide-symmetric periodic SIW shown in Fig. 1(c) as a function of ¢
(t2 =tarc5 =7.5 mm), and for different values of the period factor f.

aim, we have moved along an horizontal line of constant f.
in Fig. 12 from the initial point (REF) to the left, cutting
the curve with period factor f = 0.8 at £; = 8.93 mm (see
the green circle labelled as Case 1 in the figure inset). With
these new values of f and ¢;, we can read in Fig. 13 the
higher BW = 1.84 GHz obtained (labelled again as Case
1 with a green circle in this figure), providing in this case
an extremely high FBW =45.1%, which has been obtained
due to the introduction of glide-symmetry. In addition, these
modified parameters will provide a higher BG = 2.14 GHz
for Case 1, marked in Fig. 14 with a green circle.

Unlike Case 1, if our design objective is keeping the
reference BW and obtain a different f, the design process is

7
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FIGURE 14. Variation of the first bandgap (BG) of the glide-symmetric
periodic SIW shown in Fig. 1(c) as a function of ¢1 (t2 =t2ref =7.5 mm), and
for different values of the period factor f.

as follows: we can move along an horizontal line of constant
BW in Fig. 13 from the initial point (REF) to the left until the
point marked with a blue circle labelled as Case 2, which is
placed on the curve of period factor f = 1.4 at a new value
of t; = 2.7 mm, which yields a higher f. = 5.69 GHz at
the sight of Fig. 12. Similarly to the previous cases, the new
parameters t; and f provide a different value of BG as can
be seen in Fig. 14, which has moved from the initial value of
2.09 GHz (black circle, REF case) to a higher value of 2.81
GHz (blue circle, Case 2).

A third example of filter design has been followed making
use of the information provided through the parameter sweep
of ¢ shown in Figs. 12-14, labelled as Case 3 and marked
with a pink circle, which consists of getting different values
of f. and BW from those obtained in the Reference Case
(both higher in this case). To this aim, we have selected the
parameters f =1 and ¢; =4 mm. At the sight of Fig. 12, the
new value of f, is equal to 5.14 GHz (instead of 4.08 GHz),
while Fig. 13 shows that the new value of BW is equal to
1.84 GHz (instead of 1.59 GHz). Moreover, the resulting BG
is now of 3.21 GHz (see the pink circle labelled as Case 3
in Fig. 14). Thus, we can conclude that Figs. 12-14 can be
easily employed to get the desired filter design specifications
in terms of f., BW and BG, which will be somehow restricted
by the possible values of the waveguide parameters (f, t; and
t2). In particular, t; must be always lower than the period
p=f-Pref, and to must be lower than agrw /2.

Previously, in Figs. 12-14, the parameter ¢, has been fixed
to 7.5 mm, while ¢; has been swept from 1 to 9.5 mm. Again,
an additional degree of freedom can be achieved in the filter
design previously described when using the periodic STW
shown in Fig. 1(c) if the parameter ¢y is varied. Figs. 15-
17 yield different filter parameters ( f., BW and BG) when ¢;
is set to 9.5 mm (corresponding to the Reference Case) and
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FIGURE 15. Variation of the center frequency (f.) of the first passband of
mode 1 of the glide-symmetric periodic SIW shown in Fig. 1(c) as a function of
ta (t1 =t1rcr =9.5 mm), and for different values of the period factor f.
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FIGURE 16. Variation of the bandwidth (BW) of the first passband of mode 1
of the glide-symmetric periodic SIW shown in Fig. 1(c) as a function of t2
(t1 =t1rer =9.5 mm), and for different values of the period factor f.

a parametric sweep is performed on 2 from 1 to 9.5 mm for
several values of the period factor f. Thus, different values of
fe, BW and BG from those obtained in the Reference Case
(marked in such figures with a black circle and labelled as
REF) can be properly achieved with a similar analysis to the
one previously described.

IV. FINITE IMPLEMENTATIONS OF AIR-FILLED
PERIODIC SIWS ACTING AS BAND-PASS FILTERS

The dispersion behaviour of air-filled periodic SIWs de-
scribed in the previous sections showed their property to
generate passbands and stopbands, and thus, their suitability
to design band-pass filters with the desired specifications
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FIGURE 17. Variation of the band-gap (BG) of the first passband of mode 1
of the glide-symmetric periodic SIW shown in Fig. 1(c) as a function of ¢,
(t1 =t1rer =9.5 mm), and for different values of the period factor f.

in terms of f., BW and BG by properly selecting the unit
cell parameters. As a proof of concept, in this section we
present two filter designs based on finite implementations
of both the conventional and glide-symmetric periodic con-
figurations studied in Sections II and III, respectively. The
number of periodic cells in the finite implementation of air-
filled periodic SIWs acting as band-pass filters is directly
related to the depth of the obtained rejection band, i.e., a
higher number of periodic cells yields a deeper rejection
band. In both cases, only 3 unit cells have proven to be
enough to achieve a sufficiently deep rejection band, as will
be shown later.

Fig. 18 shows the scheme of a first band-pass filter com-
posed of 3 unit cells of the non-glide air-filled periodic STW
named as Reference Case in Section II (whose parameters are
P=DPref =23 mm, t1 =11,y =9.5 mm and 1y =t9,cp =7.5
mm). The values of f., BW and BG related to this structure
were determined by the dispersion diagram of such unit cell.
The size of the first and last air boxes denoted by I, =9.75
mm (see Fig. 18) has been optimized in order to improve
the electrical performance of the final filter. Regarding the
microstrip line, note that the strip width has been fixed to
Wy, = 0.6 mm in order to provide a Zp = 50 (2 impedance
in this substrate, while the total length occupied by the taper
plus the microstrip line has been fixed to [,,, = 13 mm (see
Fig. 18). On the other hand, with the aim of achieving a
good return loss level in the passband, the modal impedance
of the periodic air-filled SIW needs to be matched to that
of the excitation microstrip line. To this end, a standard
tapered transition has been employed, whose dimensions w;
and /; (see Fig. 18) have been optimized. In the optimization
process, we used the Quasi Newton (Gradient) Optimizer
provided by Ansys HFSS commercial software. The opti-
mized variables were the width and length of the taper, and
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FIGURE 18. Scheme of a band-pass filter based on the unit cell depicted in
Fig. 1(b) consisting of a non-glide air-filled periodic SIW named as Reference
Case in Section II.

we selected as cost function the S;; (dB) parameter to be
lower than —15 dB in the passband.

To further improve the obtained matching level in both air-
filled periodic SIW filters designed in this section (specially,
in the glide-symmetric filter with a high BW designed af-
terwards), a novel coupling iris has been introduced in the
transition plane between the taper and the periodic SIW, as
was already proposed in ESIW technology [18], with very
good results. As can be seen in Fig. 18, the irises have
been implemented with via holes using the same diameter d,,
employed in the SIW walls. Moreover, the number of holes
and their separation defining the iris width /; have also been
adjusted in a final optimization process. The obtained taper
and iris dimensions for this first non-glide filter are w; =6.51
mm, l; = 5.74 mm and [; = 3.53 mm, thus achieving a
filter whose total length (excluding the taper transitions and
microstrip lines) is equal to {7 = 77.4 mm. Dielectric and
conductor losses have been also considered in all simulations
(tan § =0.0035 for the substrate material and o, = 5.8-107
S-m~! for the metallization).

The simulated electrical response of this band-pass filter
(obtained with Ansys HFSS) has been represented in Fig. 19.
The passband, defined at a 10 dB input matching level, can
be observed from 3.32 to 3.73 GHz (the analysis of the
dispersion diagram predicted a passband from 3.23 to 3.83
GHz), yielding a FBW = 12%. Despite having used only
3 periods, a deep rejection band which extends up to 6.26
GHz (6.2 GHz from the dispersion diagram) can be observed.
Furthermore, we can check that mode 2 has not been excited,
as expected. The obtained insertion losses are lower than 2
dB from 3.33 GHz to 3.72 GHz, being of 1.07 dB at the
center frequency f. = 3.53 GHz. Therefore, we can conclude
that the electrical response of this filter fits perfectly the
predicted one by the analysis of the dispersion diagram of
the unit cell.

A second periodic band-pass filter with the alternative
glide-symmetric configuration unit cell depicted in Fig. 1(c)
has been designed and fabricated, by using 3 unit cells of the
glide-symmetric air-filled periodic SIW named as Reference
Case studied in Section III. The scheme of this filter is shown
in Fig. 20(a). Again, the filter parameters f., BW and BG
were determined by the dispersion diagram of such unit cell.
In order to achieve a final design leading to a fair comparison
in terms of insertion losses, the air-gap size [, =4 mm (see
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FIGURE 19. Simulated S-parameters of the non-glide air-filled periodic SIW
filter of Fig. 18.

Fig. 20(a)) has been chosen in such a way that the total filter
length I = 77.4 mm remains the same as in the previous
design (the value of the strip width and the total length
occupied by the taper plus the microstrip line have also been
set as in the previous design; i.e., w,, =0.6 mm and [,,, =13
mm). In this regard, it is also worth mentioning that [, can
be set to the desired value because, as already explained
in Section III, the value of [, is not critical in this glide-
symmetric configuration since, although the excitation of the
second mode of the periodic structure cannot be avoided, its
cutoff frequency is far away from the filter passband.

After a final optimization process (using Ansys HFSS)
on the taper and iris dimensions, the obtained values for
this second filter with glide symmetry are w; = 6.41 mm,
l; = 4.73 mm, and [; = 3.53 mm. The simulated electrical
response of this filter is represented in Fig. 21 using black
lines. Regarding the obtained passband (which is defined at
a 10 dB input matching level), it can be observed that it
extends from 3.37 to 4.83 GHz (the analysis of the dispersion
diagram predicted a passband from 3.28 to 4.87 GHz), and
a deep rejection band which extends up to 7.0 GHz (6.96
GHz from the dispersion diagram), despite only 3 periods
have been used. The obtained insertion losses are lower than
2 dB from 3.35 GHz to 4.76 GHz, being the insertion loss of
1.18 dB at the center frequency f. = 4.1 GHz. Once again,
the simulated electrical response of this filter fits perfectly the
predicted one by the analysis of the dispersion diagram of the
unit cell.

This glide-symmetric filter has been fabricated using a
dielectric substrate Taconic CER-10, with a thickness of
0.63 mm, relative dielectric permittivity of &, = 10, loss
tangent tan § = 0.0035, and metal conductivity o = 5.8-107
S/m. An LPKF milling machine was adopted to pattern the
metal layers and to drill the holes through the substrate,
and conductive paste was used to metallize the via holes of
the side walls. A photograph of the prototype is shown in
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FIGURE 20. Band-pass filter based on the unit cell depicted in Fig. 1(c)
consisting of a glide-symmetric air-filled periodic SIW named as Reference
Case in Section Il. (a) Scheme of the filter. (b) Photograph of the fabricated
filter.

Fig. 20(b). The air regions have been closed by copper tape
on both sides (not shown in the photograph), to avoid any
radiation leakage. A more standard manufacturing process
could be the one adopted in [21], based on multilayered
printed-circuit board technology. The fabricated prototype
has been experimentally characterized, and several measure-
ments were performed in the frequency band from 1 to 8
GHz by using a Rohde & Schwarz ZNB20 Vector Network
Analyzer. No deembedding was applied to the measured
results, to remove the connectors and transitions effect. The
measurements are represented with red lines in Fig. 21, show-
ing a very good agreement with HFSS simulations. The small
observed discrepancies may be attributed to the combined
effect of dielectric permittivity variation, the fabrication inac-
curacies (for instance, in the top/bottom metal plates), and the
connector effects (which will mainly affect the insertion loss,
causing the measured filter to have higher insertion loss than
the simulated one). As a consequence, there is a very small
shift in the measured f. of the filter, while the BW remains
the same, and the insertion loss is a bit higher. The observed
frequency shift is more noticeable at high frequencies, where
the upper rejection band limit has increased a bit more
in the measurement than in the simulation. The measured
BW, defined at a 10 dB input matching level, is of 1.52
GHz, while the measured f. is equal to 4.26 GHz, therefore
yielding a FBW = 36%, which, to the best of the authors’
knowledge, is the highest value achieved in band-pass filters
based on AFSIWSs. The measured insertion loss is equal to
1.8 dB at the center frequency, which includes connectors
and transitions losses, compared to 1.18 dB in the simulation
(which does not include the connector effects).

The electrical performance of the two band-pass filters
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FIGURE 21. Simulated and measured S-parameters of the glide-symmetric
air-filled periodic SIW filter of Fig. 20.

TABLE 1. Performance characteristics of the two designed air-filled periodic
SIW filters compared to other similar filters found in the technical literature.

fe FBW | Insertion loss | Returnloss | Max. reject.

(GHz) (%) at fc (dB) at f (dB) depth (dB)
[21] 31.65 | 15.04 0.18 20 14
[26] 2.60 20 1.66 22 42
[20] 2.60 17.2 1.31 23 22
[25] 9.5 315 0.95 - 28
Fig. 19 3.53 12 1.07 35 >40
Fig. 21 4.26 36 1.8 12 >40

designed in this section are compared in Table 1 with other
modified SIW band-pass filters with partially or fully re-
moved substrate. Among the different designs, the proposed
filters in this work show high FBWs (specially in the glide-
symmetric case) along with very good insertion and return
losses in the passband, as well as an extended rejection
band. Such filters could be applied in satellite communication
systems working at either S band (2-4 GHz) or C band (4-8
GHz) in miniaturized satellites (or smallsats) on low earth
orbits (LEO) for data services or satellite TV networks.

V. CONCLUSION

In this work, a very simple and efficient filter design proce-
dure is proposed to design band-pass filters based on air-filled
periodic SIWs, both with and without glide symmetry. The
proposed method is based on the analysis of the dispersion
properties of the periodic structure, which are directly related
to the dimensions defining the unit cell. Such dimensions can,
therefore, be appropriately selected to meet the prescribed
electrical specifications, so that several design curves can be
readily obtained for filtering purposes. These design curves
can be conveniently used as practical tools to search the
appropriate periodic SIW parameters for achieving a desired
filter response in terms of the filter center frequency, band-
width and rejection band. Two band-pass filters based on
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the proposed air-filled periodic SIWs (with and without glide
symmetry) have been designed, highlighting the differences
in their electrical response mainly in terms of fractional
bandwidth, as already evidenced by their respective disper-
sion diagrams. A prototype of a glide-symmetric band-pass
filter with a high FBW has been fabricated and a very good
agreement between simulated and experimental data has been
observed, thus fully validating the proposed design proce-
dure. Finally, although a prescribed matching level cannot be
obtained in these air-filled periodic SIW filters, which can
be seen as a drawback with respect to other conventional
filtering designs, a microstrip-to-SIW transition including a
novel coupling iris has proven to overcome the matching
level restrictions. And most of all, it has been demonstrated
the potential of this technique to obtain large FBWs (even
higher than 40%) that have not been achieved in conventional
air-filled SIW filters. As a future work, these filters can be
designed at millimeter wave frequencies following the de-
scribed design procedure, at which the removal of dielectric
material will be more relevant.
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