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In this work, the behavior of a Complementary Split Ring Resonator (CSRR) operating within the
quasi-static resonance regime and embedded in a composite stratified Substrate Integrated
Waveguide (SIW) with two different dielectric layers is analyzed. In these conditions, the propagat-
ing modes within the SIW combined with the imposed non-symmetrical structure lead to the excita-
tion of the CSRR elements inside the SIW at difference with conventional excitation. Several cases
of CSRR loaded SIW are proposed, and their electromagnetic field components as well as their fre-
quency response are analyzed, providing insight into the CSRR resonance excitation. A test proto-
type has been designed, fabricated, and measured, showing a good agreement with simulation results
and providing a new alternative for the implementation of compact frequency selective devices com-

patible with planar technology and without undesired radiation loss. Published by AIP Publishing.

[http://dx.doi.org/10.1063/1.4983709]

I. INTRODUCTION

The study of artificial electromagnetic media has
attracted a great deal of attention of the scientific community
within the last two decades." From the initial proposal of
Kock® in the 1940s to employ artificial dielectrics to enhance
radiation from a primary antenna, multiple alternatives have
been described, such as Electromagnetic Bandgap structures
in planar and volumetric configurations,> or more recently,
the implementation of multiple types of metamaterials and
plasmonic media.*> A commonplace within these alternatives
is the capability of engineering the electromagnetic response
of the proposed equivalent medium by considering the inclu-
sion of lattices of scatterers or loading elements within a host
medium or the use of material modifications such as layered
stratified media, anisotropic materials, or doped materials, to
name a few.

A specific case of artificial media has been developed
with the aid of small resonant elements, such as Split Ring
Resonators, Open Ring Resonators, or Transmission Line
based cells. Complementary versions in the case of Split
Ring Resonators (SRRs) have also been proposed, in which
application of Babinet’s principle enables interchanging the
role of electric and magnetic field excitation by interchang-
ing metal/air elements within the initial circuit configuration.
These elements, which in principle operate as equivalent res-
onators with small dimensions when compared to the source
excitation wavelength, have been applied in a wide range of
applications, such as filters, antennas, coupling devices,
metasurfaces, or metalenses, to name a few.”
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One of the main areas of interest is the implementation of
enhanced devices in planar circuit technology in terms of size
reduction and overall loss decrease, relevant in the develop-
ment of a broad range of electronic products. Metamaterial
inspired designs have been analyzed, given their potential
miniaturization capabilities, applied to multiple planar trans-
mission lines, from RF to the IR frequency range applied to
optical communications and sensing/detection systems.>™ In
the specific case of microwave and millimeter wave bands,
over the last years, there has been a significant increase in the
use of substrate integrated waveguides (SIW) to implement
devices in planar technology such as filters, combiners, and
others.”'® This growing interest is due to the high perfor-
mance of the SIW line. First, this technology owns the advan-
tages of the classical waveguides, such as high quality factor
and low losses. Second, SIW also exhibits advantages of pla-
nar technology, such as low cost and easy compact integra-
tion. SIW are compatible with planar circuit technology, and
their operation principle is similar to a dielectric loaded rect-
angular waveguide. The structure of a SIW is similar to a par-
allel plate waveguide, with the inclusion of two arrays of
metallic cylinders, which connect top and bottom ground
planes, resembling the lateral metallic walls of a metallic
waveguide. To date, some works have exploited the combina-
tion of SIW technology with SRR'! and CSRR*'? particles to
develop miniaturized devices'>'® and filters.'”'® In these pre-
vious works, the CSRRs are placed on the ground plane layers
of the SIW structure, leading to unavoidable radiation loss at
resonance,' >*° which deteriorate filter performance.

In this paper, we overcome this drawback by embedding
a CSRR particle inside the SIW structure. It will be demon-
strated that the SIW must have an asymmetry so that the
CSRR can be properly excited. We solve this issue by con-
sidering a composite substrate composed of two dielectric

Published by AIP Publishing.
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slabs with different permittivity and height separated by a
metallic layer where the CSRR is embedded. The paper is
organized as follows: Section II provides a theoretical
description of the excitation of CSRRs embedded within the
SIW in terms of the considered modes. Section III provides
an experimental validation by means of a planar SIW proto-
type, whereas Section IV presents the resulting conclusions.

Il. THEORETICAL ANALYSIS

The structure proposed in this paper is a SIW composed
of two slabs of dielectric material and a metallic patch with a
CSRR etched on it inserted between both slabs. This wave-
guide is fed by a microstrip line placed on the top of the
upper substrate. This kind of feeding is chosen because the
Quasi Transversal Electromagnetic (QTEM) mode of the
microstrip line is well suited to excite the fundamental mode
of the SIW. This is given by the fact that the electric field of
both modes is oriented in the same direction (i.e., strongly
vertically polarized) and share, approximately, the same
profile, giving rise to an efficient coupling between them.’
The bottom layer is covered by a metallic layer that acts as
ground plane for both microstrip and SIW sections. A
scheme of the structure is shown in Fig. 1.

Following the notation of the figure, we have the next
parameters: a =20 mm is the distance between the two rows
of vias, p=3mm is the distance between vias, d =2 mm is
the via diameter, /; =48 mm is the length, w;=24 mm is the
width of the structure, and w =4 mm is the width of the feed-
ing microstrip line. The parameters have been chosen follow-
ing SIW operation and design lines described in Ref. 8. The
CSRR has the next dimensions: r,,, = 3.9 mm is the external
radius, ¢ =0.4 mm is the strip width, and s =0.4mm is the
distance between rings, following CSRR embedded design
rules, considering effective dielectric constant of the host
medium. The CSRR is etched on a metallic patch with
dimensions /,=9mm and w,=14mm (length and width,
respectively). All the metal layers are made of copper with
conductivity ¢=5.96x 10’S/m and thickness of 35 um.
Finally, the structure is composed of two dielectric slabs
with height 4; and relative permittivity ¢,;, where i =1, 2 cor-
responds to the bottom and top slabs.

J. Appl. Phys. 121, 194902 (2017)

FIG. 1. Substrate integrated waveguide
with a CSRR embedded on it. Top
view and detail of the metallic layer
with the CSRR etched on it (a), side
view (b), and perspective representa-
tion showing all the layers (c).

We divide the analysis into two different cases: uniform
and composite filling. In the first case, the SIW is filled by
dielectric slabs of the same permittivity ¢,; = ¢,; = 2.2 (which
corresponds to the commercial substrate Rogers RT5880)
and height h; = h, =0.79 mm. In the second case, we replace
the bottom substrate by a slab with permittivity ¢,, = 10.2
(Rogers RO3010) and height /#; = 1.20 mm, keeping the other
slab as before.

First, we calculate the cutoff frequency of the first two
modes in each case. For this analysis, we approximate the
SIW by an equivalent rectangular waveguide of width a,,=a
— d.*° Then, the modal problem is solved using the transient
solver of the full wave simulator CST Microwave Studio, set-
ting the accuracy to —60 dB. A fine hexahedral mesh is applied
with 40 lines per wavelength and lower mesh limit equal to
20 to map accurately the structure. Analyzing the port infor-
mation, we obtain the results shown in Table I.

As shown below, the fundamental mode in the uniform
case has a cutoff frequency of 5.32 GHz. In Fig. 2, we com-
pare the modal distribution of a standard rectangular wave-
guide and a SIW, both with uniform filling. As shown there,
the field pattern in both cases is very similar, almost indistin-
guishable, demonstrating the equivalence of both structures.

As it is known, due to inherent bianisotropic behavior, a
CSRR operating at the quasistatic resonance can be excited
by either an axial electric field or a tangent magnetic field
perpendicular to the small strips of the rings, provided that
the excitation is asymmetric with respect to the plane of the
CSRR.!7!8 Ag observed in the figure, both the electric and
magnetic field components of the fundamental mode of a
uniformly filled SIW (and also in the case of a rectangular

TABLE I. Information of the type and cutoff frequency of the modes of the
two studied cases.

Case Mode Type fe

Homog. 1 TE 5.32
2 TE 10.64

Inhomog. 1 Hybrid 4.38
2 Hybrid 6.68

[ is the cutoff frequency of the mode in GHz.
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FIG. 2. Modal distribution showing the
magnitude of all field components in
the xy-plane (z=0) for a rectangular
waveguide with uniform dielectric fill-
ing (a) and a SIW with uniform dielec-
tric filling (b). The maximum value
(Max) of the colorbar is 6000 V/m for
E,, 600 V/m for E,, E., and 15 A/m for
H.,H,H.

Max

0
I

waveguide) have translational symmetry, i.e., are invariant
along the y-axis, and hence, all field components are exactly
identical above and below the CSRR. This means that, as
shown in Fig. 4, it is impossible to excite the CSRR by using
a uniform dielectric filling, regardless of the position of the
CSRR along the vertical axis or the orientation of the CSRR
(see the Appendix for completeness). For this reason, the
spectral response with a CSRR is not modified compared to
a SIW without CSRR, as shown in Fig. 5 (dashed blue lines).
To ensure that this is not due to having the CSRR resonance
below the cutoff frequency of the waveguide, we performed
a numerical study with an artificial waveguide of mutually
perpendicular electric and magnetic planes, whose funda-
mental mode is of the TEM type (see results within the
Appendix).

From the previous discussion, it is clear that it is neces-
sary to have an asymmetric field distribution to excite the
CSRR. This can be accomplished with the composite filling
mentioned above. As shown in Table I, the fundamental mode
has a cutoff frequency of 4.38 GHz and the second mode has a
cutoff frequency of 6.68 GHz. To design the CSRR, we
inserted it inside an artificial waveguide with mutually perpen-
dicular electric and magnetic planes whose cutoff frequency is
zero (note that due to the composite filling, the fundamental
mode is QTEM, not TEM, but the cutoff frequency is still
equal to zero). With this analysis, we obtained a resonance
frequency of 5.59 GHz (see the Appendix), i.e., inside the
monomode operation range of the SIW.

Concentrating now on the SIW results of Fig. 3, we
observe that due to the composite filling, both E, and E,

components are no longer null but, in any case, they are still
negligible compared with the dominant E, component (the
scale has been reduced by an order of magnitude to visualize
them). Furthermore, E|, is obviously asymmetric and mainly
concentrated on the slab of lower ¢,.. As shown in Fig. 4
(composite), this configuration fulfills the conditions to
excite the CSRR, giving rise to a dip in the spectral response
at 5.59 GHz (see solid red lines in Fig. 5).

lll. EXPERIMENTAL VALIDATION

To corroborate the previous analysis, the composite
circuit was fabricated by using a LPKF ProtoMat H100. In
Fig. 6 is shown the top view and side view of the fabricated
device. It was characterized using an Agilent 8722ES
S-Parameter Vector Network Analyzer.

Figure 7 shows a comparison between the simulated and
measured transmission and reflection coefficients. Aside
from a small frequency shift towards lower frequencies in
the measurements, there is a good agreement between the
numerical and experimental results. The slight disagreement
might be due to fabrication tolerances inherent with the
employed mechanical fabrication process. Nonetheless, it is
clear that the CSRR can be excited in this asymmetric con-
figuration, giving rise to a notch near 5.2 GHz in the experi-
mental results. Furthermore, the circuit is operating as a
bandpass filter for the rest of frequencies above the cutoff
frequency. It is noteworthy that the losses of the filter are
very low, because the radiation losses are avoided, thanks to
embedding the CSRR between two ground planes.

FIG. 3. Modal distribution showing the
magnitude of all field components in
the xy-plane (z=0) for a rectangular
waveguide with composite dielectric
filling (a) and a SIW with composite
dielectric filling (b). The maximum
value (Max) of the colorbar is 6000 V/
m for E,, 600 V/m for E,, E., and 15 A/
m for H, Hy, H..
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FIG. 4. Top view of the magnitude of
the E-field and H-field in a SIW with a
CSRR: uniform SIW (top) and com-
posite SIW (bottom). The maximum
value (Max) of the colorbar is 6000 V/
m for E, and 15 A/m for H,, H..

Without CSRR
o] = 0
\ o \
—-10{~= Uniform __-10!=- Uniform
m |— Composite m — Composite
kel o
=-20 20
? 30 ® 30
40 == 40 ==

FIG. 5. Simulated S,; without (a) and
with (b) CSRR for a uniformly filled
SIW (dashed blue lines) and a compos-
ite filled SIW (solid red lines).

(@)

(b)

FIG. 6. Top view (a) and side view (b)
of the fabricated prototype.

0 0,
—— SIMULATION
-10 10, ---MEASUREMENT <
@ g 4
. 20 2 0
= S [ FIG. 7. Simulated (solid red line) and
D 30 0 30 measured (dashed black line) S;; (a)
0 o~ and S,; (b).
7 2 3 4 5 6 71 o 1 2 3 4 5 6 7
Frequency [GHz] Frequency [GHz]
(a) (b)

IV. CONCLUSIONS

In this work, we have performed a detailed analysis of a
SIW loaded with a CSRR grabbed in a copper layer and
inserted inside. As it has been shown, the necessary condition
to excite the quasistatic CSRR resonance is to have an asym-
metrical field distribution along the y axis. This condition can-
not be fulfilled in a SIW with a uniform filling, due to the
translational invariance of the fields. Therefore, a composite
filling with two different dielectric layers is necessary. The per-
formance of the composite prototype has been evaluated
experimentally at microwaves, with a very good agreement
with the numerical results, corroborating the theoretical expla-
nation. Due to its geometry, the filter devised avoids the radia-
tion losses, improving the overall performance compared with

other designs existing in the literature. Hence, the use of the
CSRR within a SIW opens a new future on the development of
new applications and devices, avoiding radiation losses.
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APPENDIX: NUMERICAL STUDY OF THE CSRR
EXCITATION IN AN ARTIFICIAL TEM WAVEGUIDE

In this Appendix, we perform several numerical studies
of a CSRR embedded in an artificial waveguide with mutually
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perpendicular electric and magnetic walls. We begin the
analysis with a uniformly filled artificial waveguide (see
inset of Fig. 8) that supports a TEM mode to prove that the
CSRR is not excited in any configuration, due to the sym-
metry of the fields. We consider a CSRR embedded inside
a uniform dielectric filling with permittivity ¢ =2.2 and
several configurations: (a) CSRR in the middle, i.e., at
y=0mm; (b) CSRR at y=04mm, and (c) CSRR at
y=0.4mm and rotated 90° along the y axis. As shown in
Fig. 8, none of these cases show a dip in the spectral
response, showing that the CSRR cannot be excited by an
axial electric field [cases (a) and (b)] or a magnetic field
[case (c)], due to the symmetry of the fields. This proves
that the absence of dips in the spectral response of the uni-
form case discussed in the main text is not due to having
the CSRR resonance below the cutoff frequency of the
waveguide. In contrast, when we consider a composite fill-
ing [Fig. 8(d)] like the one discussed in the main text, we
obtain a clear dip in the spectral response at 5.59 GHz
which is the frequency mentioned in the main text.
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