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A B S T R A C T

This document presents different phase shifter designs implemented in contactless air-filled substrate-integrated
waveguide (CLAF-SIW) technology. The phase shifters are based on unit cells that avoid leakage losses in the
assembled layers and produce the desired phase shift along the waveguide. The unit cells are represented
by waveguides whose lateral walls have double-mushroom structures, and phase-shifting elements are in
their propagation zone. The proposed phase-shifting elements are integrated cavities, integrated cavities with
patches, and integrated cavities with mushroom-like patches. Transitions are needed to match impedances
between the waveguides loaded with phase-shifting elements and a reference CLAF-SIW. Other transitions are
designed to measure the prototypes, from coplanar waveguide to SIW and SIW to CLAF-SIW. Finally, some
prototypes are manufactured to provide an experimental validation of the proposed phase-shifting elements.
Good agreement is obtained between the simulated and measured results for all the CLAF-SIW phase shifters
in the frequency range between 30 and 50 GHz.
1. Introduction

Planar technologies are becoming a powerful tool for designing
new communications systems due to their ease of integration and
cost [1]. The introduction of the waveguide in the substrate, also called
substrate integrated waveguide (SIW), has enabled an alternative to the
conventional waveguide for the millimeter-wave frequency range [2,3].

Nevertheless, in contrast to other waveguide technologies employed
in the millimeter-wave range, such as gap-waveguide (GW) technolo-
gies [4], insertion losses in the dielectric become impractical. There-
fore, in an attempt to maintain the advantages of SIW while reducing
losses, alternatives such as air-filled SIW (AF-SIW) [5] or empty SIW
(E-SIW) [6] have emerged. In AF-SIW technology, the electromagnetic
(EM) waves propagate in an air zone resulting from removing the
dielectric part of the laminate. The lateral rows of metallic vias are
used in SIW technology to achieve the waveguide conditions. Two extra
bottom and top metal layers are necessary to ensure these conditions.
However, the multilayer configuration of this waveguide technology
becomes vulnerable to losses, such as the field leakage in the tiny
air gaps between the layers due to manufacturing tolerance and the
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assembly (from now on referred to as ‘‘tolerance gaps’’). Contactless
techniques, such as those employed in conventional GW technologies,
can also avoid this undesirable effect. These technologies generally
include electromagnetic band-gap (EBG) structures in the lateral zones
of the waveguide [7,8]. For example, in [9], a metasurface composed of
periodic double mushroom-like patches (from now on referred to sim-
ply as ‘‘mushrooms’’), which produces an artificial magnetic conductor
(AMC) boundary conditions, are combined with the bottom and top
metallic layers to generate the EBG unit cells. This new alternative to
SIW technology is called contactless air-filled SIW (CLAF-SIW).

Numerous components have been designed in SIW technology [10],
in AF-SIW technology [11,12] and in E-SIW technology [13,14]. How-
ever, CLAF-SIW technology has yet to be extensively exploited for radio
frequency (RF) use. A direct RF application is the design of a phase
shifter. Examples of phase-shifting elements in other waveguide tech-
nologies at millimeter waves can be found in the literature [15]. The
phase-shifting elements in the referenced work are periodic holes in the
propagation zone of a GW. These elements are difficult to be introduced
in printed circuit board (PCB) technology. Nonetheless, a unit cell based
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Fig. 1. EBG structure design: (a) Unit cell design, and (b) Dispersion diagram. The
stopband is highlighted in gray. The dimensions (in mm) are: R = 0.6, L = 1.3, r =
0.2, h0 = 0.508.

on PCB that tunes the refractive index for a lens application is described
in [16] through substrate-integrated holes (SIH). This method allows
the introduction of integrated phase-shifting elements in a parallel-
plate waveguide that perturb the propagation of the EM waves. There
are other alternatives to the use of phase-shifting unit cells, such as the
ones based on the introduction of dielectric material, either on both
sides of the waveguide [11] or in the center of the waveguide [12].

This paper proposes a set of phase shifter designs in CLAF-SIW tech-
nology with different performances, focusing on constant phase shift
over a wide bandwidth and in the interest of phase compensation in
certain devices with frequency-changing behavior [17]. A preliminary
study of the phase-shifting elements used is in [18], but in the present
work, they are implemented as SIH with experimental validation.

2. Phase shifter design

This section details the complete design of the phase shifters, show-
ing the effects of a basic CLAF-SIW, the different transitions required,
and the elements that allow modification of the phase constant (𝛽). For
the design, the laminate used is RO4003C laminate, which has a rela-
tive permittivity of substrate 𝜀𝑟 of 3.55 and a loss tangent 𝑡𝑎𝑛𝛿 of 0.0027
at 10 GHz. The thickness used for the external layers is 0.813 mm
(large thickness produces undesirable effects in the SIH [19]), and
the thickness of the middle layer is 0.508 mm. The cladding, made
of copper, in all the layers is 35 μm. The full-wave electromagnetic
software used is CST Studio Suite.

2.1. Analysis of the CLAF-SIW structure

In planar technologies, mushroom unit cells are often used to
achieve AMC surfaces [20]. The mushroom comprises a metallic patch
over a substrate connected to the ground by a via. In the case of CLAF-
SIW, where it is intended to avoid two tolerance gaps, there exists a unit
cell with a lower and an upper patch, known as double mushroom [21].
This EBG unit cell is illustrated in Fig. 1(a). The stopband can be
adjusted by modifying parameters such as the periodicity between the
unit cells, the via diameter, and the patch size. Specifically, the lower
modes are the most affected by the patch size and the gap size because
they propagate there. On the other hand, the higher modes propagating
through the dielectric are more affected by the metallic via and the
periodicity. The unit cell is designed to avoid electromagnetic field
leakage approximately between 30 GHz to 50 GHz for two 0.1 mm
tolerance gaps (as the worst situation), as shown in Fig. 1(b). Conse-
quently, the operating frequency range of the CLAF-SIW is determined
by this frequency range.

Using rows of three double-mushroom unit cells on each lateral
side of the CLAF-SIW ensures the confinement of the EM field in
the waveguide and avoids leakage losses. Fig. 2(a) shows a unit cell
composed by double-mushrooms at both sides of the waveguide to
create a reference CLAF-SIW. It should be noted that there is some
slight modification between the double mushroom unit cell used to
calculate the stopband (see Fig. 1(a)) and the final EBG unit cell (see
2

Fig. 2. CLAF-SIW unit cell: (a) Design, and (b) E-field distribution at the cross-section
of a CLAF-SIW without gap, a CLAF-SIW with gaps, and an AF-SIW with gaps (the
simulated frequency is 40 GHz). The black solid arrows represent the narrowing of
the effective width in the CLAF-SIW. The blue dashed arrows represent the leakage
waves in the AF-SIW. (c) Cut-off frequency of the waveguide composed by the unit
cell, varying the gaps. Dimensions (in mm): w0 = 5.1, h0 = 0.508, and X0 = 0.1. The
vias of these double mushrooms are displaced to the sides to avoid maximum dielectric
between the air and them.

Fig. 2(a)). The latter unit cell uses a structure inherited from [18],
where the double mushroom via is displaced to one side. This does not
modify the frequency behavior of the stopband and generates certain
advantages. It allows the reduction of the size of the mushrooms [22]
and also reduces the percentage of dielectric remaining between the
via and the air zone of the waveguide in CLAF-SIW. Since there is a
dielectric area at both sides of the propagation zone in CLAF-SIW and
AF-SIW, it can be considered a partially loaded waveguide [23]. Thus,
it may be a problem to compute accurately the cut-off frequency and
the amount of dielectric losses [5]. In Fig. 2(b), different E-field distri-
butions in the transversal plane (XY plane) of CLAF-SIW are displayed.
The behavior in our frequency range is similar to that of traditional
waveguides containing a single mode, in this case, quasi-TE10. The E-
field distributions exemplify situations of CLAF-SIW without gap, with
gap and no EBG unit cells on the lateral sides (case of AF-SIW with
a gap). A leakage is checked for the AF-SIW case, while the E-field is
correctly confined in the waveguide area in CLAF-SIW (both with and
without gaps). There is a slight perturbation of the effective width of
the propagating mode when tolerance gaps appear or changes its value.
This phenomenon is due to modification of the E-field distribution [7].
Fig. 2(c) shows the cut-off frequency of the waveguide composed by
Fig. 2(a) and varying gaps. As can be seen, there is an increase in the
cut-off frequency with the gap. Thus, a larger gap, as well as lower
frequencies, generates worse EBG behavior. In this way, larger gaps
force a larger E-field over the lateral row of mushrooms, affecting the
possible E-field distribution, and increasing the cut-off frequency.

2.2. Phase-shifting elements

Once the CLAF-SIW unit cell has been designed, it is possible to
develop waveguide unit cells that allow the modification of the 𝛽. In
this case, a phase shift is sought by exploiting the propagation zone of
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Fig. 3. Design of phase-shifting unit cells based on SIH: (a) Simple cavity, (b) Cavity
and patch, (c) Cavity and mushroom. (d) Phase shift of the SIH unit cells. Dimensions
(in mm): hx = 0.813, Ws = 1.3, Rm = 0.4, Lcell = 3.9.

the waveguide and the supporting layers. The phase shifters developed
in this work are based on periodic unit cells [23], which are designed
through modification of the reference CLAF-SIW unit cell. These modifi-
cations enable the desired variation of the 𝛽 (regarding the CLAF-SIW).
Because the 𝛽 of the CLAF-SIW reference is different from the 𝛽 of the
modified CLAF-SIW unit cell, this produces the phase shift per unit
cell [24]. To study the phase shift, compare the dispersion diagrams
of the unit cell in Fig. 2(a) with the unit cells in Fig. 3. The total phase
shift depends on the number of unit cells constituting the phase shifter
and the behavior of the 𝛽 of the unit cell over frequency. Thus, the total
phase shift produced will be approximately the product of the phase
shift (of the selected unit cell) times the number of concatenated unit
cells. For example, if it is desired a phase shifter with a constant phase
shift over the frequency, the chosen unit cell must have a 𝛽 that has a
constant difference with the 𝛽 of the CLAF-SIW over the frequency. In
Fig. 3(a), some SIH that are the phase-shifting elements are observed in
a CLAF-SIW unit cell. There are three SIHs on the top layer and three on
the bottom. The SIH comprises a slot in the cladding and four metallic
vias at each side of the hole to confine the EM in the dielectric cavity.
The dimensions of the SIH have been selected to be as large as possible
to produce the maximum phase-perturbation of the propagating wave
and, simultaneously, avoid the excitation of modes inside the SIH and
impair performance. The periodicity of these elements modifies the
phase shift per unit length; lower periodicities increase the hole size
to unit cell length ratio, achieving more compactness, and therefore,
this value is selected as low as possible.

As we considered a unit cell in the CLAF-SIW to introduce the phase
shift, some symmetries can be applied to this periodic structure through
the relative position between upper and lower elements. Fig. 3(a) shows
two symmetric configurations for the unit cell, one based on glide
symmetry, where the SIH in the upper layer is shifted half of the
period regarding the SIH of the bottom layer. The second symmetric
configuration is mirror symmetry, where the SIH in the upper layer is
precisely above the ones in the bottom. Glide symmetry is demonstrated
to eliminate stopbands that can appear when periodic structures are
introduced in waveguides [15]. Therefore, the unit cells considered
in the design process have a glide-symmetric configuration to take
advantage of the abovementioned advantages.

The phase shift provided by simple SIH and SIH with additional
elements is analyzed. Fig. 3(d) shows the phase shift between a ref-
erence CLAF-SIW unit cell without elements (similar to the one in
Fig. 2(a)) and the CLAF-SIW unit cells with phase-shifting elements.
The phase shift is calculated by obtaining the difference of the phase
3

Fig. 4. Transition from GCPW to AF-SIW: (a) Design, and (b) S-Parameters. Transition
from unloaded CLAF-SIW to loaded CLAF-SIW: (c) Design, and (d) S-Parameters.
Dimensions (in mm): LC = 2.55, Wg = 0.17, WL = 0.35, X1 = 0.55, X2 = 0.35, WL =
3.2, L1 = 18.25, L2 = 15, X3 = 3.75, a = 0.2, b = 0.6, b = 0.7, d = 0.9.

constants between the reference waveguide (𝛽𝑟𝑒𝑓 ) and those loaded
with phase-shifting elements (𝛽𝑥). The first element is a simple SIH-
cavity presented in Fig. 3(a). The dimensions of the SIH are adjusted
to achieve the maximum phase shift without frequency dispersion. It
is important to note that there is little discrepancy between the phase
shift produced for the unit cells based on perfect cavities and the phase
shift produced for the unit cells based on SIH. Specifically, the phase
shift is slightly higher in SIH unit cells because of the effective width in
the cavity due to the vias and the dispersion that occurs at the higher
frequencies. The simple SIH unit cell achieves an almost constant phase
shift for the considered frequency range. For example at 40 GHz, the
phase shift is 20o per unit cell, i.e. 5.13o/mm. Nine simple SIH unit
cells (35.1 mm) would be needed to accomplish a 180o phase shift.

The next phase-shifting element is the patch over the SIH, as is
displayed in Fig. 3(b). In this case, the unit cell achieves a higher phase
shift over the frequency with a quasi-flat zone and a more linear zone,
specifically at the end of the analyzed frequency range (see Fig. 3(d)).
Finally, the next phase-shifting element studied is a single mushroom
inside the SIH. It is illustrated in Fig. 3(c). The mushroom also produces
a linear phase shift over the frequency but with a more significant slope
than the previous phase-shifting elements. Observing Fig. 3(d), at lower
frequencies, the mushroom provides a lower phase shift regarding the
simple SIH and patch but a higher phase shift when the end of the range
is considered. The different phase shifts occurring in the modified unit
cells are due to the resonances included with the additional elements
(patches and mushrooms). A slope of 1.49o/GHz is recorded in the
range between 35 GHz and 45 GHz (while the slope of the first cell type
is 0.42o/GHz and of the second is 0.84o/GHz in the same frequency
range). This type of modified unit cells allows adaptation to new phase
shift requirements for new applications [17] other than constant phase
shift over large bandwidths.

2.3. Transitions

In this work, the goal is the design of several phase shifter designs
by concatenating the above unit cells based on CLAF-SIW and SIH.
As a proof of concept, the length of the waveguides is set to obtain
a 180o phase shifter for the most basic unit cell, which gives a more
constant phase shift over the frequency range. The waveguides have
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Fig. 5. Fabricated phase shifters in CLAF-SIW: (a) Unassembled layers where in the
top/bottom layer are implemented: ‘‘1’’ reference waveguide, ‘‘2’’ waveguide with SIH
and mushrooms in glide symmetry, ‘‘3’’ waveguide with SIH and patches in glide
symmetry, ‘‘4’’ waveguide with simple SIH in mirror symmetry and, ‘‘5’’ waveguide
with simple SIH in glide symmetry. Zoom of different zones are realized: zone of central
mushroom-SIH unit cells, zone of transition patched-SIH unit cells, and transition
simple-SIH unit cells (Fig. 4(c)).(b) Example of an assembled phase shifter (top layer
is not shown).

been selected to have a length of 8 unit cells plus some transitions
for impedance matching between reference CLAF-SIW and the CLAF-
SIW with phase-shifting elements. To appropriately measure the phase
shifter prototypes in CLAF-SIW, some transitions from coaxial cables
connected to the vector network analyzer (VNA) to this waveguide type
are needed. In Fig. 4(a), it is shown a transition between grounded
coplanar waveguide (GCPW) and AF-SIW (going through SIW, joining
two types of transition). The geometrical parameters of the above
transitions are specified in the caption of Fig. 4, and their S-parameters
are displayed in Fig. 4(b). Both transitions are based on [25] and [26],
respectively. As the authors show, these are wideband transitions due
to the progressive modification of the waveguide widths. A return loss
lower than −15 dB with a good transmission level is achieved from 31
GHz to 50 GHz.

Another problem to be solved is the reduction of reflections when
connecting the reference CLAF-SIW to the waveguide section loaded
with SIH elements. These phase-shifting elements in the CLAF-SIW
modify the impedance of the waveguide so that a slight reflection
may occur. To design these transitions, it has been used unit cells
that have SIH whose sizes progressively scaled from zero (no SIH)
to the designed size of the SIH that composes the CLAF-SIW phase
shifter. This approach to design transitions has also been employed
in other loaded waveguides [24,27]. Each CLAF-SIW phase shifter
has its own transition since it depends on the phase-shifting element
selected to load the CLAF-SIW (see Fig. 5(a)). As an example, Fig. 4(c)
presents the design through two unit cells of simple SIH sizes. A good
transition from an empty CLAF-SIW to a CLAF-SIW with phase-shifting
elements can be obtained by introducing additional SIH elements that
progressively vary in size. Fig. 4(d) presents the S-parameters of a
back-to-back design in CLAF-SIW, where the transition based on phase-
shifting elements is used at both ends of the loaded CLAF-SIW. The
simulated results reveal an improvement in the |S11| achieving −15 dB
approximately from 31.9 GHz to the end of the band (−20 dB from
33.6 GHz).

3. Experimental validation and discussion

Several phase shifters in CLAF-SIW are manufactured to validate the
proposed designs. Fig. 5(a) shows the layers that form the prototype,
and Fig. 5(b) illustrates the way to assembly these layers to obtain
a phase shifter in CLAF-SIW. These shown layers are the middle and
bottom ones of the phase shifter. Indeed, the intermediate layer has
4

Fig. 6. Simulated and measured results of the prototypes. S-parameters of the phase
shifters indicated in Fig. 5(a) as: (a) ‘‘1’’ reference waveguide, (b) ‘‘5’’ glide-symmetric
SIH, (c) ‘‘4’’ mirror-symmetric SIH, (d) ‘‘3’’ patch-SIH, and (e) ‘‘2’’ mushroom-SIH. The
legend is common in the subfigures (a)–(e). (f) Phase shift.

the transitions and EBG unit cells detailed in 2.3 and 2.1, respectively.
In the bottom layer (and the top layer, which is not shown), the phase-
shifting elements presented and analyzed in 2.2 are implemented. For
the sake of completeness, the case of the design with simple SIH
cavity unit cells has been considered in both glide-symmetric and
mirror-symmetric configurations.

The measured performances of the fabricated phase shifters are
shown in Figs. 6(a)–6(b), which display the |S11| and |S21| simulated
and measured results. Agreement for measured and simulated reflection
and transmission values are observed in all CLAF-SIW prototypes in the
frequency range from 30 to 50 GHz. The impedance bandwidth, where
the |S11| is below −10 dB, covers the 30.9 GHz to 50 GHz frequency
range (a relative bandwidth of 47.2%) for the reference CLAF-SIW. The
impedance bandwidth for each phase shifter is limited by the lower
frequency, from 30.8 GHz for the one with SIH elements, from 31.3 GHz
for the one with patched-SIH elements, and 32.2 GHz for the one with
mushroom-SIH elements. However, the devices are limited by losses
due to increased cut-off frequencies and leakage at transitions, which
are due to the gaps between laminates. The maximum losses for the ref-
erence CLAF-SIW are 0.2 dB in simulation and 1.5 dB in measurement
from 33 GHz. The phase shifters have maximum losses of 2.1 dB from
33 GHz for the one with SIH elements, 2.4 dB from 31.8 GHz for the
one with patched-SIH elements, and 2.3 dB from 34.1 GHz for the one
with mushroom-SIH elements. It is noted that the |S11| is limited by
the GCPW-SIW transition. It is important to note that the transmission
level is mainly affected by the connectors, the field leakage produced
by the undesired gap in the SIW to AF-SIW transitions, and their
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Table 1
Comparison between related works.

Ref. Technology Freq. range Phase over IL (dB)b Compactness
(GHz)a freq. (◦/mm)

[11] AF-SIW 31.5–35.6 constant 0.52 9.0

[12] AF-SIW 26–40 constant 3.20 5.7

[28] AF-SIW 27–37 constant 0.58 10.7

[29] E-SIW 26–40 constant 1.59 8.91

[30] E-SIW 26–40 constant 1.9 8.3

This work CLAF-SIW
31.6–42.9 constant 2.11 5.1
37.7–41.8 const./linear 2.42 6.4
Not appl. linear 2.33 Not appl.

a Operating bandwidth in terms of the phase-shifting (with a phase-error of 2.5◦ each
45◦ of phase shift).
b IL: Maximum insertion losses. Reference CLAF-SIW: 1.5 dB from 33 GHz, 1from
33 GHz. 2From 31.8 GHz, 3from 34.1 GHz.

dielectric losses. This is currently inherent in the technology, and when
optimal transitions are designed to consider gaps, prototypes would
have reduced losses. The gap effect can be observed in the increase
of the cut-off frequency for all the measurements. However, in this
way, it is possible to study the gap produced in this type of structure,
estimated at 0.015 mm. The mirror-symmetric prototype demonstrates
the stopband (Fig. 6(c)) against the other prototypes [15,18].

The simulated and measured phase shift is shown in Fig. 6(f). A
high correlation between the simulations and the measurements can
be observed. It is possible to notice how the phase shifter with simple
SIH achieves a quasi-planar phase shift of 187o±10.4o in the frequency
range between 31.6 GHz and 42.9 GHz (30.3% relative bandwidth).
The phase shifter based on SIH with patches allows a less constant
phase shift and a higher value than in the simulation due to expected
dispersion, for which at 40 GHz, the phase shift is 224.6o. The phase
shifter based on the SIH with mushrooms has the same frequency
phase shift slope as in the simulation, but the value at the starting
frequency is smaller. At 37 GHz, the phase shift is 119.8o, and it
increases to 216.1o at 45 GHz (a slope of 12o/GHz, which matches the
simulated value for a unit cell by the number of unit cells included).
The discrepancies result from the gap and manufacturing tolerances,
and that is more prominent at low frequencies where the gap and
manufacturing tolerances produce modifications in cut-off frequencies
for more complex designs such as those based on mushrooms.

Table 1 is provided to compare this work at mm-waves with oth-
ers based on the PCB-manufacturing process. The works in [11,12],
and [28] achieve phase shifter designs in AF-SIW technology by includ-
ing some dielectric parts which modify the effective waveguide width.
The characteristics vary in bandwidth and compactness. Other works,
such as [29] and [30], focus on the E-SIW technology; the phase shift
is produced by using microstrip lines of different lengths on the ends
of the E-SIW or by the direct modification of the waveguide width,
respectively. Unlike the previous works, we propose using periodic
structures in CLAF-SIW to obtain different phase shift behaviors over
frequency. The phase shifter based on SIH unit cells achieves a constant
phase shift over a wide bandwidth, comparable to previous works’ per-
formance. The phase shifter that employs SIH with mushroom unit cells
allows linear phase shift behavior over the frequency. The phase shifter
composed of SIH with patches combines both behaviors in different
frequency ranges with higher values of phase shift. It should be noted
that none of the previous technologies have achieved phase shifters
other than the constant phase shift function over a large bandwidth. In
some devices, it is interesting to compensate and change this value with
frequency [17]. The insertion losses shown in Table 1 correspond to the
measured results. It should be noted that the insertion losses are slightly
higher in the proposed phase shifters. This is due to the PCB material,
transitions, and assembly tolerances. In the case of the works in AF-
SIW that use similar transitions and have lower losses, the PCB used
5

is Rogers RT/Duroid 6002, whose 𝑡𝑎𝑛𝛿 is 0.0012 (at 10 GHz), slightly
less than half that of the dielectric used in this work. However, most of
the losses in this work are estimated to be leakage losses in the AF-SIW
transitions. This is due to the considerable length and possible gaps in
the transitions. The referenced works allow reduced losses by welding
the laminates together or having more control over the assembly with
higher screw density.

4. Conclusion

This paper proposes some unit cell designs in CLAF-SIW to introduce
phase shifts in this waveguide technology. The propagation zone of
the CLAF-SIW is exploited to introduce phase-shifting elements on the
bottom and top layers. These elements are based on SIH, and glide-
symmetry is used in the periodic unit cells to mitigate their dispersion.
Simple SIH, patches over SIH, and mushrooms inside SIH have been
analyzed as phase-shifting elements. Several prototypes have been
manufactured to validate the proposed phase shifter designs in CLAF-
SIW. The measurements have indicated that the prototype performs in
the 33 GHz to 50 GHz frequency range with a |S11| below −10 dB
and |S21| above −2.4 dB, except the mushroom-SIH phase shifter for
which the issue is known. The obtained phase shift depends on the unit
cell, resulting in different phase shift behavior over the frequency. The
simple SIH unit cell achieves a constant phase shift of around 180o

over a wide range, patches over the SIH can increase the phase shift
with several behaviors, and mushrooms inside the SIH allow linear
phase shift with frequency. The slight discrepancies in the phase shift
observed between measurements and simulations are due to gaps and
manufacturing tolerances. The insertion losses will be easily reduced
in the future with the design of optimal transitions for this technology
since they are mostly due to leakage losses. The presented CLAF-
SIW phase shifter designs, whose phase behavior can be adjusted in
frequency, may have application, for example, in devices where: (i)
a phase compensation at their outputs is needed (as is the case of
beamforming networks or Doherty amplifier [17]), (ii) a determined
phase constant behavior over the frequency is required for a target
radiated direction in leaky-wave antennas or (iii) to introduce a stable
phase shift at one of the power divider outputs (needed in the feeding
of monopulse antennas).
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