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Abstract—This paper proposes a method to engineer de-
generate band-edge conditions in periodic substrate-integrated
waveguides (SIWs). A degenerate band edge is a fourth-order
exceptional point originating from the coupling of four Floquet-
Bloch modes; it leads to a dispersion relation flatter than a
regular band edge and is suitable to design slow-wave structures
and high Q-factor resonators. Design guidelines to achieve a
degenerate band edge point are given based on Bloch analyses
of unit cells. An oblique line of vias in SIW is proposed to form
a suitable modal coupling between adjacent waveguides enabling
a degenerate band-edge condition. The effect of losses and the
robustness to parameter variations are discussed by means of
rigorous Bloch analyses. A unit cell showing the best behavior
concerning the losses and geometric tolerances is selected and
prototypes of finite-length resonators are realized. Measurements
validate simulated results and confirm the typical N5 scaling of
the loaded Q factor to the number of cells N of the resonator.

Index Terms—Degenerate band edge, dispersive analysis, elec-
tromagnetic bandgap, periodic structures, slow wave structure,
substrate integrated waveguide.

I. INTRODUCTION

IN recent years, research on degenerate band edge (DBE)
showed a feasible way to obtain very strong resonances

in microwave and optical waveguides. DBE occurs when
four eigenmodes coalesce together [1]. This coupling can be
obtained by designing a suitable periodic coupling between
uniform transmission lines; as shown at first in photonic
crystals [2], the coupling among plane waves with orthogonal
polarizations is achieved by means of anisotropic layers.

After the pioneering work by Figotin and Vitebskiy more
than 15 years ago [1], [2], it was demonstrated that this
phenomena can be also obtained by other mechanisms than
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in photonic crystals, as shown in several designs recently
proposed at microwave frequencies, such as the double ladder
lumped circuit [3], [4], coupled microstrip lines [5]–[10],
circular waveguide [11], [12], and in optics, like silicon ridge
waveguides [13], [14], coupled resonator optical waveguide
[15], [16], multilayer dielectric resonator [17], [18], multilayer
dielectric antenna [19]–[21], coupled transmission line array
antenna [22]. Proposed applications so far are in high power
oscillator [23], [24], oscillators [3], [25], pulse compression
device [26], low threshold switching [27], and laser [28].

While a regular band edge (RBE) exists in every lossless
periodic structure and is locally characterized by a quadratic
dispersion curve [1], a DBE is a much more difficult condition
to achieve. Let the Bloch wavenumber of a mode of the peri-
odic structure be k = β−jα, β being the phase constant and α
the attenuation constant. Due to the fourth-order coalescence,
near the DBE the dispersion relation between the frequency f
and β is described by a quartic curve [2]

f − fd = a(β − βd)4 (1)

where a is a constant depending on the waveguide physical
and geometrical configuration, fd is the DBE frequency and
βd = π/d is the Brillouin zone edge (see Fig. 1(a)). The
quartic dispersion behavior of DBE provides a larger reduction
of group velocity near the Brillouin edge if compared to
RBE. In fact, according to (1), not only the group velocity
vp = 2π∂f/∂β, but also the first and second derivatives of
the group velocity are zero at the DBE. Therefore, the group
velocity is extremely low near the DBE frequency, for various
wavenumbers. This leads to a giant resonance and a high qual-
ity factor for DBE-based truncated lines [1] composed of N
unit cells. Their loaded Q factor is proportional to N5, whereas
a N3 scaling is found in RBE-based truncated lines [11]. The
rapid growth of Q factors in DBE structures is particularly
attractive for the design of high Q-factor resonators in compact
size. Of course the presence of losses eventually prevents the
fast increase of Q-factor for long DBE resonators; however,
this factor can be compensated by introducing distributed
elements providing gain to each cell [29].

These results motivate the synthesis of DBE in periodic
substrate-integrated waveguide (SIW) structures, which have
the advantage of being low-cost, compact, are suitable for
integration at millimeter-wave frequencies, and suppress radi-
ation losses [30]. DBEs in SIW are therefore attractive for the
design of integrated resonators with very high quality factors,
and can pave the way to the realization of robust oscillators at
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Fig. 1. Dispersion diagram of a periodic line of period d exhibiting a DBE.
Propagating modes (blue lines), evanescent modes (red dashed lines). (a)
Phase constant. (b) Attenuation constant.

high frequencies [29]. Furthermore, opening slots on the upper
SIW plate would allow for the design of ultra-sensitive sensors
based on the directive radiation of the periodic resonant guided
wave. Unfortunately, while in most of the previously designed
DBE structures wave propagation occurs mainly or partly in
the air, propagation in SIW occurs fully through a dielectric
media and is confined by very close conducting plates. The
impact of dielectric and conductor losses is then expected to
be a critical issue in the synthesis of DBE in SIW, and it is
here investigated.

In this paper, we achieve the synthesis of DBE in periodic
substrate-integrated waveguide (SIW) structures by means of
different spatial distributions of via holes for the suitable
coupling between two adjacent waveguides. In order to vali-
date the existence of a DBE, a Bloch analysis is performed,
by describing the unit cell as a four-port network whose
transmission matrix is computed using full-wave simulations.
The eigenvalues of the transmission matrix are related to the
complex wavenumbers of the Bloch modes, including both
the phase and the attenuation constants. Some preliminary
simulated studies were performed by the same authors in [31],
[32], and simulations of an air-filled SIW, capable to reduce
losses, were performed in [33] . Here, we give a complete
theoretical and experimental study of the dielectric-filled SIW,
whose fabrication is easier than the air-filled one in [33]. We
start by presenting the unit cell treated in [31] since this will
help to follow the progressive simplification of the structure
and the properties of new unit cells. In fact, we propose a
novel unit-cell topology whose size is more compact than
those in [31], [32] and it is more robust with respect to
losses and geometrical parameters compared to those in [31]–
[33]. Furthermore, we validate for the first time the study
with measurements of SIW cavities. In Section II, we propose
four different SIW unit-cell designs to achieve the DBE. The
designed named “corner cell” is compact in size and is shown
to be more robust to the perturbation of geometric parameters
and losses. In Section III, we study the resonant behavior
of truncated SIWs-DBE lines, design a feeding transition
for measurements, and present the fabrication process and
experimental results of SIWs-DBE lines.

II. DESIGN OF SIW DBE UNIT CELLS

We present the Bloch analyses of three different unit cells
in SIW technology, suitably designed to support a DBE
resonance. For the convenience of the reader, these cells are
named as “double-coupler cell”, “single-coupler cell”, and
“corner cell”, respectively.

Note that the DBE fourth-order condition should be verified
in the complex plane of the Bloch wavenumber k = β − jα.
At the DBE frequency, both the β and α of four Bloch
modes coalesce. Therefore, eigenvalue analyses of common
commercial software, computing usually the phase constant
only, are not suitable for this study. All Bloch analyses
presented here are then based on the computation of the
eigenvalues of a generalized transfer-matrix [6] where the
unit cell is a four-port network composed of a pair of 1-
D periodic coupled transmission lines. The frequency-domain
finite-element Ansys HFSS software is used to perform full-
wave simulations of the cells and extract their 4×4 scattering
matrices S. Each S matrix is converted into a transfer matrix
T; the eigenvalues of T are the four wavenumbers of the
Bloch modes supported by the cell [34]. In order to verify
the coalescence of the four wavenumbers, we compute a
coalescence parameter DH , measuring the distance among the
four four-dimensional eigenvectors Ψn of the transfer matrix
at a given frequency [6]:

DH =
1

6

4∑
m,n=1
m 6=n

sin (θmn) , cos (θmn) =
<e {〈Ψn,Ψm〉}
‖Ψn‖ · ‖Ψm‖

(2)
where 〈a, b〉 is the Hermitian inner product and ‖a‖ =√
〈a, a〉. A null coalescence parameter at a given frequency

is equivalent to a fourth-order coalescence at that frequency.
All the analyses are at first performed in the absence of

losses, since a perfect degeneracy is not observable in lossy
cells. The impact of losses is evaluated on the optimized
structures.

A. Unit cell with double coupling (“double-coupler cell”)

The first unit cell proposed follows the physical mechanism
found in the DBE circular waveguides, where two misaligned
elliptical irises introduce an asymmetrical coupling between
degenerate waveguide modes [11]. Instead of two degenerate
modes in the same waveguide, we use here two identical
adjacent SIWs waveguides supporting the same fundamental
TE10 mode. Within a cell, the waveguides are coupled with
two coupling elements, each composed of an oblique line of
vias and a coupling gap.

The 3-D view of the “double-coupler” is shown in Fig. 2(a)
and its dimensions are shown in Fig. 2(b). All distances in the
pictures are measured between the centers of the vias involved,
except the period of the structure d which is is taken between
the cell edges. The parameters are chosen in order to have a
DBE around 2 GHz. The width w of each waveguide is 30 mm,
the period d is 90 mm and the thickness of the substrate is
1 mm. In the parallel rows of vias of the SIWs, the radius is
0.8 mm and the distance between consecutive via is 1.6 mm.



IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 70, NO. 12, DECEMBER 2022 3

Port 1
SIW 1

SIW 2

Metallic vias

Coupling gap

Oblique line of vias

Port 2

Port 3

Port 4

(a)

w

l1 l2g
1

g
2

l3

d

x

y

z�

w

(b)
Fig. 2. Geometry of the “double coupler” SIW-DBE unit cell design. (a) 3-D
view. The magenta dots are metallic vias drilled in the dielectric substrate (in
light yellow). (b) Dimensions (top view).

The lengths of the middle rows of vias are l1 = 4 mm and l2 =
6.8 mm, respectively. The length of each coupling gap is g1 =
34.2 mm. The length from the starting point of the oblique
line to the left border l3 = 9.1 mm and the distance between
the oblique vias g2 = 8 mm. The material of the substrate is
Rogers RO3010, whose relative permittivity is 10.2. The vias
and the ground plane are perfect electric conductors (PECs),
and, at this stage, the structure is assumed to be lossless.

The couplers in the unit cell should be suitably designed in
order to create a DBE. The oblique line angle ϕ and position
l3 are the two main parameters capable of a fine tuning leading
to a DBE. In Fig. 3 (a), we show the dispersion diagrams of
the periodic structure for three different misalignment angles,
ϕ = 60◦ , ϕ = 61.7◦ and ϕ = 63◦, where the oblique line
position is fixed to l3 = 9.1 mm. As explained at the beginning
of the section, these simulations have been performed with
Ansys HFSS, which computes the 4× 4 S matrix of a single
cell. In each simulation, the four access ports are excited as
‘wave ports’ with their fundamental TE10 mode. The S matrix
is transformed into a T matrix, whose eigenvalues are related
to the wavenumbers of the Bloch modes supported by the
periodic waveguides.

By choosing arbitrary misalignment angles a RBE is eas-
ily obtained as expected, while achieving a DBE condition
requires a finer tuning. When ϕ = 60◦ two transition points
from propagating to evanescent mode are visible (at around
2.2 GHz) inside the Brillouin zones shown in the figure, a
condition known as split band edge. These are second-order
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Fig. 3. Dispersion diagram of the lossless “double-coupler cell”. (a)
Dispersion relations for different misalignment angles (propagating modes
in blue curves, evanescent modes in red curves). (b) The dispersion diagram
of the porely real -wavenumber mode when the DBE is achieved. (c) The
level of the dip of the coalescence parameter reveals the closeness to an ideal
DBE condition.

degeneracies, since two propagating (real) modes coalesce at
2.2. GHz into two complex conjugate modes arising at higher
frequencies. When ϕ is increased from 60◦ to 61.7◦, the two
second-order degeneracies get closer, the dispersion curve of
propagating modes becomes more flat, and the four Bloch
modes tend to degenerate together at the same frequency
(at 2.218 GHz). When the misalignment angle is increased,
for example to 63◦, the dispersion curves of the propagating
and evanescent modes separate from each other, and no DBE
occurs.

In conclusion, the DBE point exists for ϕDBE = 61.7◦;
the dispersion curve of this periodic structure is shown in
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Fig. 4. Losses influence on DBE of “double-coupler cell” design. Four
different cases are considered: lossless (blue line), only conductor losses
(red dashed line), only dielectric losses (green line), and both conductor and
dielectric losses (black dashed line). (a) Dispersion diagram. (b) Coalescence
parameter.

Fig. 3 (b). Here, we compare the phase constant computed
with our Bloch analysis with the one computed by the FEM
eigensolver and a fit of a quartic curve of the kind (1). In order
to verify that a DBE is achieved, we compute the coalescence
parameter DH in Fig. 3 (c). This parameter represents the sum
of all the angles between the four degenerate eigenvectors [6]
and it is used also to measure how a system is close to its ideal
DBE. A zero at the DBE frequency confirms the coalescence
of the four eigenvectors as expected.

The impact of losses should be now considered, since losses
prevent a perfect coalescence of Bloch modes [35], i.e., the
existence of the DBE point. Losses in SIW include conductor
losses, dielectric losses and leakage through the lateral via
wall. The latter is here negligible since the via wall satisfies the
design rules in [36], and it is anyway always taken into account
in simulations since the structure is terminated with lateral
PML boundary conditions. Dielectric losses are determined
by the loss tangent of the substrate (3.5 × 10−3 for Rogers
RO3010), and conductor losses are considered for copper. The
dispersion diagrams with losses are shown in Fig. 4(a). A
smoother behavior is now observed close to the frequency
where the DBE occurs in the lossless case. Furthermore we
also consider conductor and dielectric losses separately: we
can see that dielectric losses are the main contribution to
total losses. The coalescence parameter results in Fig. 4(b)
confirm this conclusion: while the coalescence parameter of
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Fig. 5. Thickness influence on DBE of “double-coupler cell” design. Only
conductor losses are considered. (a) Dispersion diagram. (b) Coalescence
parameter.

the lossless case is zero, it stays above 0.5 after considering
losses. The coalescence parameter including only the dielectric
losses is larger than the one considering only the conductor
losses, which confirms that the dielectric losses are the main
source of losses.

A first step in the minimization of losses is the use of a
thicker substrate [37]. In Fig. 5, the ”double-coupler cell”
structure is simulated with the same substrate material Rogers
RO3010 but different thicknesses and the results confirm that a
DBE point is more closely approached with a thick substrate.

B. Compact unit cell with one coupler (“single-coupler cell”)

The previous design gave relatively good results in achiev-
ing DBE, but we aim at further simplifying the unit cell by
reducing its size and the number of vias, to make it more
robust with respect to losses and possibly to imperfections
and variations of geometrical parameters. We use here two
adjacent waveguides having only one coupler element in the
unit cell (i.e., only one coupling gap and only one oblique line
of vias).

This results in a more compact design with only one oblique
line of vias is shown in Fig. 6. Here we only use one coupling
gap in each cell, and the cell size is 40 mm×44.8 mm. The
SIW’s width w =20 mm and the period d =44.8 mm (i.e.,
roughly half of the period of the previous unit cell). To prevent
lateral leakage, the via diameter is set to 0.4 mm and their
separation is 0.8 mm. The thickness of the substrate is 1.28 mm
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Fig. 7. Dispersion diagram of “single-coupler cell”. The DBE is located at
2.516 GHz. Lossless (blue line), only conductor losses (red dashed line), only
dielectric losses (green line), and both conductor and dielectric losses (black
dashed line). (a) Dispersion diagram. (b) Coalescence parameter.

and the material of the substrate is again Rogers RO3010. The
coupling-gap length is gc =26.4 mm. The distance between
vias in the oblique line go =7 mm. After optimization, the
angle ϕDBE = 71◦ and the length of the line gd =11.3 mm.

The dispersion diagram of the lossless unit cell is shown
in Fig. 7(a) where the DBE point is at 2.516 GHz. The
coalescence parameter null in Fig. 7(b) confirms the DBE
requirement. The impact of losses confirms again that a perfect
DBE disappears in a lossy structure.

C. Unit cell robust to perturbations (“corner cell”)

Here we propose the last design to further ease the matching
of the periodic line once a truncated line is considered and a

Port 1

Port 2

Port 3SIW 1

SIW 2 Port 4

w
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d

l1

l2

l1g

φ

Fig. 8. Geometry of “corner cell”.

feeding waveguide is assumed on one side of a truncated line.
In fact, once a truncated structure composed of a finite number
of cells is considered as in [6], the DBE can be excited feeding
only one of the two parallel waveguides, while the adjacent
one is shorted. The same is done on the opposite end of the
line. Having this in mind, we adopt a geometry where the ports
which will be used for the feeding are minimally perturbed by
the periodic vias, still assuring the coupling required for the
DBE conditions. An interesting property of this third unit cell
is a far more robustness to the perturbation of the oblique vias
direction and to losses, with respect to previous designs.

The new design is shown in Fig 8; it includes two short
oblique lines of vias near port 1 and 3 and a coupling gap
between the waveguides. The width of each waveguide w =
21.5 mm; the period d = 34.8 mm; the lengths labeled in the
figures are l1 = 4.5 mm and l2 = 4.5 mm; the gap length
g = 25.8 mm; the angle ϕ = 76◦. The diameter of the via is
0.6 mm, the separation between vias is 1.2 mm. The substrate
is 1.28 mm Rogers RO3010. This is the unit cell with the
smallest period among the three presented in this section.

The dispersion diagram of the lossless corner cell is shown
in Fig. 9(a) which shows that a DBE is achieved at 2.5 GHz
(the same frequency as in the previous ”single-coupler cell”)
for an angle ϕ = 76◦ (the angle of the oblique rows of vias) .
Fig. 9(b) confirms that the coalescence parameter does go to
zero at 2.5 GHz if ϕ = 76◦. The most interesting feature of
this new design is its increased robustness to the perturbation
of the oblique lines of vias. We compare the influence of a
perturbation of ϕ on the dispersion diagram of this design
(Fig. 9 (a) and (b)) and of the “single-coupler cell” (Fig. 9
(c) and (d)). From Fig. 9(a) and (c), we can see that, for a
wide range of angles (from 11.3◦ to 84◦), the new compact
design can always achieve a DBE condition, and the effect
of the ϕ variation only cause a small frequency shift. On the
contrary, the “single-coupler cell” achieves a DBE only for
a single value of ϕ. This phenomenon was already discussed
regarding the “double-coupler cell”: in Fig. 3, we observed
the loss of DBE for small perturbation of 1.7◦ and 1.3◦. In
both the “double-coupler cell” and the “single-coupler cell”,
a small perturbation of ϕ leads to the loss of the fourth-
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Fig. 9. The influence of the angle ϕ of oblique vias on the DBE for
two configurations, the “corner cell” and the ‘single-coupler cell”, where ϕ
is shown in Fig. 8 and Fig. 6, respectively. (a) Dispersion diagram of the
“corner cell” design. (b) Coalescence parameter of the “corner cell” design.
(c) Dispersion diagram of the “single-coupler cell. (d) Coalescence parameter
of the “single-coupler cell”. In summary, the “corner cell” provides a better
DBE that can be even tuned by varying ϕ.

order degeneracy, converted into two separate second-order
degeneracies. The coalescence parameters in Figs. 9(b) and
(d) confirm this conclusion.

In Fig. 10 we show the impact of the variation of the
parameters l1 an l2 on the dispersion diagram of the “corner
cell”. When modifying the length li, we keep the same number
of metallic pins and distribute them equally spaced along the
new length. We see that the DBE is maintained under small
variations ∆li of li, i = 1, 2 (−0.3 mm ≤ ∆l1 ≤ 2 mm
and −0.5 mm ≤ ∆l2 ≤ 0.8 mm) (larger variations would

(a)

(b)
Fig. 10. Dispersion diagrams of the “corner cell” design with different values
of l1 and l2. (a) l1 = 4.5 mm + ∆l1, with ∆l1 given in the label. ∆l1 = 0
is shown in Fig. 9. (b) l2 = 4.5 mm + ∆l2, with ∆l2 given in the label.
∆l2 = 0 is shown in Fig. 9.

eventually lead to a splitting of the DBE into two RBEs).
These limiting values are above the typical manufacturing
precision of PCB technology. Interestingly, small variations
of these lengths not only preserve the DBE but do not move
it significantly in frequency. The robustness of the “corner
cell” is particularly useful, since it allows to adjust the DBE
frequency by changing the ϕ parameter angle, and to tolerate
reasonable variations of the geometrical parameters l1, l2 in
such a way that the resonance is not lost.

Another important result concerns the effect of losses,
shown in Fig. 11. Losses due to the copper and the usual
RO3010 substrate are taken into account in the dispersion
diagram of Fig. 11(a). A graphical visualization of the figure
shows a much smaller impact of losses on the resonance.
This is quantitatively confirmed by looking at the coalescence
parameter in Fig. 11(b). The lossy coalescence parameter of
the “corner cell” is the smallest among all the cells presented: a
minimum value of 0.2 is reached, while the other two cells lead
to minimum values larger than 0.5. In conclusion, this new
compact “corner cell” design has a similar but smaller size of
the “single-coupler cell”, it is more robust to the perturbation
of the oblique rows of vias, and suffers less of the presence of
losses. For this reason, we select this topology for an additional
study with a low-loss substrate, in order to further improve its
performance in the presence of losses.

D. Analysis of dielectric losses

As shown in the three previous designs, sensitivity to
losses in SIW structures limits the synthesis of a pure DBE
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TABLE I
COALESCENCE PARAMETER OF THE LOSSY SIW UNIT CELLS AT THE DBE FREQUENCY (εr = 10.2)

Unit Cell Type DBE Frequency (GHz)
Coalescence parameter

(loss tangent: 3.5× 10−3)
Coalescence parameter

(loss tangent: 6× 10−4)

“double-coupler cell” 2.218 5.25× 10−1 4.45× 10−1

“single-coupler cell” 2.516 7.53× 10−1 6.95× 10−1

“corner cell” 2.500 2.10× 10−1 1.44× 10−1
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Fig. 11. Dispersion of the “corner cell” in different cases: lossless
(blue line), only conductor losses (red dashed line), only dielectric
losses (green line), and both conductor and dielectric losses (black
dashed line). (a) Dispersion diagram. (b) Coalescence parameter.

occurrence in real structures. It should be noticed that the
study of losses in SIW-based designs are more importnat than
with respect to other DBE technologies previously studied
(microstrips, circular waveguides). In fact, for SIWs, wave
propagation occurs inside a dielectric medium and between
two very close metallic plates.

In all previous designs, dielectric losses are dominant among
the total losses. For this reason, we investigate here the
impact on the DBE resonances of lower dielectric losses
in the three unit cells. We modify the Rogers loss tangent
used in the previous cells (3.5 × 10−3) with a lower loss
substrate (6 × 10−4). This value is taken from the Neltec
NY9208 substrate, a candidate for the fabrication of the low-
loss prototype presented in the following sections. The Neltec
substrate has also a different dielectric constant and would also
require modifying the complete designs of the cells. However,
in order to establish a fair comparison with previous results,
at this point we modify only the tangent loss and keep all the
other geometrical and physical parameters constant.

In Table. I we show the three designs with the two levels
of losses. In each case, we compute the minimum of the
coalescence parameter as a measure of the proximity of
the eigenvectors which should rigorously degenerate in the
lossless case. The coalescence parameter of all three designs
are reduced when using the lower-loss-tangent substrate, which
confirms a better approximation of the DBE condition. Again,
the closest DBE condition is achieved by the ”corner cell’,
whose coalescence parameter is one third of the ”double-
coupler cell’ and almost one fifth ”single-coupler cell’.

III. SIW HIGH-Q TRUNCATED DBE-RESONATOR

Three topologies of SIWs-DBE unit cells have been pro-
posed in the previous section. Among them, the “corner cell”
design is the most compact and robust both to geometric
perturbation of oblique vias and to dielectric losses. Further-
more, one single parameter (the angle ϕ) allows tuning the
resonance frequency by keeping a DBE condition. A SIW
high-Q resonator is therefore proposed in this section based
on the “corner cell” topology, properly modified to minimize
the losses.

A. Low-loss corner-cell unit cell

We propose a new design based on the corner-cell topol-
ogy, employing a Neltec NY9208 substrate, whose relative
dielectric constant is εr = 2.08 and loss tangent is 6× 10−4.
We keep the size of the cell similar to the one used in the
previous section, and set the DBE frequency around 6 GHz.
Thanks to the robustness with respect to the angle ϕ discussed
after Fig. 11, the new design is simply achieved by means of
a geometric scaling taking into account the new dielectric and
the new DBE frequency, followed by a fine tuning of ϕ, which
leads to a precise definition of the DBE frequency. The width
of both waveguides is w = 20 mm; the period d = 30 mm; the
coupling gap length g = 21.6 mm; the length l1 = 4.2 mm;
the length l2 = 4 mm; the angle ϕ = 45◦. The diameter of
the via is 0.6 mm, the separation between two vias is 1.2 mm.
The thickness of the substrate is 1.524 mm.

The dispersion relation of this new cell is shown in
Fig. 12(a). The DBE point is at 6.17 GHz and its existence is
confirmed by a null of the coalescence parameter in Fig. 12(b).
If compared with the results using the ROGERS substrate
in the previous section, the contribution of dielectric losses
is now decreased and comparable to the conductive losses.
This confirms that the loss tangent of the new substrate is
sufficiently low and that a lower loss tangent would not
significantly enhance the performance of the design.
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Fig. 12. The dispersion diagram of “low-loss corner-cell” design. The DBE
frequency is at 6.17 GHz. Lossless (blue line), only conductor losses (red
dashed line), only dielectric losses (green line), and both conductor and
dielectric losses (black dashed line). (a) Dispersion diagram. (b) Coalescence
parameter.

B. Resonances in SIW cavities

We analyze the resonances in a SIW cavity made of a
chain of N unit cells of the same kind as described in the
previous subsection. In this structure, the two ports of the
upper waveguide at both ends of the cavity are shorted, and
the other two ports of the lower waveguide are connected
to waveguide ports. The structure is therefore a two-port
network; its S parameters are computed with Ansys HFSS and
discussed. The quality factor of such a cavity is then computed
from the S parameters and its behavior vs. the number of cells
N will be a validation of the DBE condition.

Fig. 13 shows the magnitude of S parameters, each sub-
figure for a truncated line composed of a given number of
cells, with and without losses. We show both fd, the DBE
frequency of the infinite periodic SIW line, and fr,d, the
resonance frequency of DBE cavities made of finite SIW lines
with four different numbers of unit cells. The influence of the
cavity length on the resonance frequency is the same observed
in [12]: the resonance frequency fr,d is lower than the ideal
DBE frequency fd and it approaches fd as the number of cells
N increases. Despite the presence of losses, for all the lines
studied here (from four to eight cells), the resonance dips of
|S11| are below −3 dB which is considered here the threshold
to define the presence of a resonance. We show in Fig. 14
all the |S11| parameters of the four different cavities, which
shows more clearly the shift in the resonant frequency as N
increases and the presence of the resonances even in the lossy
structures. The E-field distribution of an 8-cell line at DBE

frequency is shown in Fig. 15 which fits the center-distributed
rule of the ”structured resonance” described in [26].

The Q factor in lossless and lossy structures is shown in
Fig. 16. We use the loaded Q factor conventionally approxi-
mated as in [12]

Q =
fr,d
BW

(3)

where the fr,d is the resonance closest to the DBE, BW is
the 3-dB bandwidth of reflectance. This is a very meaningful
calculation for high Q factors. In Fig. 16, both the lossless
and lossy Q-factors fit the expected N5 scaling rule typical of
DBE resonances. The difference between them becomes larger
as N increases, thus predicting a limitation in the number of
cells capable to sustain a DBE if losses are not compensated
by active elements providing a suitable level of gain.

To summarize, DBE resonances have been observed in SIW
cavities formed by up to 8 unit cells, where the resonance is
defined as a peak in |S11| below −3 dB. The Q-factor trend
with respect to the number of cells N is not significantly
modified by losses, which however affect the overall level of
the quality factor.

At this point we discuss the comparison in Table II rel-
ative to distinct unit-cell sizes (normalized with respect to
the medium wavelength) and compare the quality factors of
the main technologies who led to a DBE synthesis in the
microwave range so far.

In terms of quality factors achieved with a given number of
cells, the different technologies have similar performance. In
terms of size, the SIW cell has an intermediate footprint be-
tween the circular waveguide (which has different applications
anyway) and the microstrip lines. It is difficult to compare
the level of losses since they heavily depend on the materials
used. If we compare microstrip and SIW realizations, we can
highlight that the SIW technology is more practical in staked
PCB devices and is less sensitive to radiation losses at high
frequencies. Furthermore, thanks to the absence of pins in the
middle of a cell, our SIW cell is particularly suited to be
modified with transversal slots as in slotted waveguides in
order to realize a leaky-wave antenna based on an exceptional
point [38]. The presence of the slot would act as an additional
(radiation) loss (which is desired in this application) but would
not perturb the geometry as much as a modification meant to
induce radiation into a microstrip line. Importantly, the lateral
SIW size would not increase once slots are etched, while this
would likely happen if a microstrip is made to radiate.

C. Design of feeding transitions for Truncated SIWs-DBE
Lines

An SMA-SIW transition [39] is here implemented into
the SIW-DBE lines. The advantage of this transition is its
compact size and non-radiative characteristic. The SMA to
SIW transition is shown in Fig. 17 where the substrate is
the same used in the previous SIW cavity (Neltec NY9208,
εr=2.08, loss tangent is 6×10−4 and thickness is 1.524 mm).
The relevant dimensions shown in the figure are w1=23.6 mm,
l1=25.2 mm, l2=6.8 mm, l3=1.8 mm, l4=11.1 mm.

The magnitude of S11 of the truncated SIW lines fed
through the SMA-SIW transitions is shown in Fig. 18, which
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Fig. 13. S parameters of lossy truncated SIWs lines. S11 (red lines), S21 (blue lines). (a) 5-cell, (b) 6-cell, (c) 7-cell, (d) 8-cell.

TABLE II
COMPARISONS OF SIZES AND Q FACTORS AMONG DBE TECHNOLOGIES

Technology DBE freq. (GHz) Unit-cell normalized size Q (6 cells)

Circular waveguide (air filled) [11] 2.16 Length: 2.51, Diameter: 5.04 500

Coupled microstrips (εr = 6.15) [6] 2.8 0.58× 0.34 not available

This work: “Corner cell” (εr = 2.08) 6.17 1.14× 0.93 200
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(a) (b)

(c) (d)
Fig. 18. Negligible influence of SMA-SIW transition on |S11| of “low-loss corner-cell” lines. (a) 4-cell line. (b) 5-cell line. (c) 6-cell line. (d) 7-cell line.
The “no transition” results (red solid lines) are obtained with ideal waveguide ports. The “with transition” results (blue dashed lines) are obtained with the
SMA-SIW transition.

shows a perfect agreement with the results obtained in the
previous subsection with the ideal waveguide ports. In con-
clusion, the shapes and frequencies of the DBE resonances
are not altered by the presence of the transitions.

D. Experimental Results

In this subsection, we validate the analyses of the previous
sections by showing the measurements of fabricated SIW-DBE
cavity designs. For the fabrication of the SIW structures we
have used a mechanical milling machine (LPKF ProtoMat
S64) to drill the vias (Fig. 19(a)). Then, the vias were
metallized with an LPKF metallization paste (a rubber scraper
was used to push the paste inside the vias and the board was
heated in an oven to solidify the paste, see Fig. 19(b)). At last,
the SMA connectors were soldered and the final prototypes are
shown in Fig. 19(b). Due to the size limitation of the milling
machine, truncated lines up to 6 celles have been realized.

In Fig. 20 (a)-(c), the S parameters of 4-, 5-, 6-cell SIW
lines are presented. The measurement results are compared
with the lossy models simulated with Ansys HFSS, including
transitions and SMA connectors, in Subsection III-C.
The measured curves fit the simulation results very well,
confirming in the fabricated prototypes the existence of the
DBE resonance, approaching as expected the ideal DBE
frequency as the number of cells increases. We can notice only
a slight frequency shift of the DBE resonance in the range
from 0.01 GHz to 0.018 GHz between the measurements and
the simulation results, likely caused by fabrication tolerances.

(a)
6-cell line

5-cell line

4-cell line

(b)
Fig. 19. Fabricated “low-loss corner-cell” SIWs lines. (a) Drilling details.
(c) Final prototypes of 4-cell, 5-cell and 6-cell “low-loss corner-cell” SIWs
lines. The white part is the metallic paste.

Regarding the magnitudes of the resonant dips in the S
parameters, the 4-cell measurement results fit very well with
the simulation results. With the increase of the number of
cells, small differences in the minimal dip values of |S11|
appear. This can be related to different conductive losses
associated to the metallic paste used for the vias, or to
losses higher than expected in the copper or dielectric, or
to small matching differences due to tolerances. Based on
the S parameters measurements, we obtain the Q-factors in
Fig. 20 (d). The measured Q-factors are slightly below the
simulated ones, indicating that real losses are slightly higher
than the simulated ones. However, the Q factor still increases
as expected following the same trend of the simulated results,
thus confirming the excitation of DBE resonances and the
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Fig. 20. Measurements of “low-loss corner-cell” SIWs lines. (a) S parameters of 4-cell truncated line. Measurement results: solid lines. Simulation results:
dashed lines. S11: red lines. S21: blue lines. (b) S parameters of 5-cell truncated line. (c) S parameters of 6-cell truncated line. (d) Loaded Q factor, computed
with (3), versus the number of cells N . The resonance frequency fr,d and the bandwidth BW are computed from the magnitude of S11. Lossless lines without
transition: (red circles), lossy lines with SMA-SIW transition: (blue triangles), experimental results (black dots).

correctness of the design.

IV. CONCLUSION

We have proposed three different unit cells capable to
support a DBE condition in an SIW structure for the first time.
Notably, the “corner cell” design have an interesting topology
which is robust to the geometrical perturbation and suffers
less of dielectric losses. Furthermore, one single geometrical
parameter allows to tune the resonance frequency by keeping
a DBE condition. This unit cell was therefore chosen to realize
truncated SIW lines which present the typical characteristics
of DBE, i.e., the giant resonances and the fast increase of
Q factor. The prototypes of the truncated resonators has been
fabricated and the measurements of S parameters fit well with
the simulation results thus validating the analyses and the
designs.

Resonant DBE cavities can have multiple applications, for
example in very stable oscillators [25], distributed oscillators
[29] and pulse generators [26]). By virtue of the placement
of the vias, the periodic line is amenable to be opened at
its middle with radiating slots to realize a directive leaky-
wave antenna extremely selective in frequency. The peculiarity
of these antennas would be their extreme tunability in beam
direction and beamwidth [38] that can be used either for
sensing or in directional finding. The performance of the DBE
cavities depends on the length of the structure (number of

cells). Typically, once the cavity is long enough (in our case
N ≥ 5), a distributed gain can be added along the line suitably
tuned to compensate material losses as shown in other similar
realizations.
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électrique et électronique de Paris (GeePs), Sor-
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