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Abstract: This work presents a new configuration to create glide-symmetric structures in a single
plane, which facilitates fabrication and avoids alignment problems in the assembly process compared
to traditional glide-symmetric structures based on several planes. The proposed structures can be
printed on the metal face of a dielectric substrate, which acts as a support. The article includes a
parametric study based on dispersion diagrams on the appearance of stop-bands and phase-shifting
by breaking the symmetry. In addition, a procedure to regenerate symmetry is proposed that may
be useful for reconfigurable devices. Finally, the measured and simulated S parameters of 10 x 10
unit-cell structures are presented to illustrate the attenuation in these stop-bands and the refractive
index of the propagation modes. The attenuation obtained is greater than 30 dB in the stop-band for
the symmetry-broken prototype.

Keywords: glide symmetry; single plane; stop-band; periodic structures; higher symmetries;
refractive index

1. Introduction

The recent study of higher symmetries [1-5] was driven by a growing interest in the use of periodic
structures to improve the electromagnetic properties of antennas and microwave devices. These
symmetries were first investigated in the 1960s and 1970s for one-dimensional periodic structures [6-8],
introducing the concepts of glide and screw (twist) symmetry. More recently, two-dimensional
glide symmetries were proposed and studied, which are a particular case of higher symmetries,
demonstrating great potential for modifying the dispersion properties of periodic structures [9,10].
Periodic glide-symmetric structures are obtained by translating and mirroring a unit cell with respect
to the glide plane [11]. The theoretical analysis of some of these structures with glide symmetry was
carried out using the Floquet theorem [12-14], which provides an effective tool for the analysis of
periodic structures. Glide symmetries were successfully used to reduce the dispersion of periodic
structures [15-18], to increase the equivalent refractive index [19-22], or to increase the band and
attenuation of electromagnetic bandgaps [10,23-25]. For example, glide symmetry was proposed to
produce lens antennas for fifth-generation (5G) communications [26,27], taking advantage of their
ability to generate a higher refractive index, less dispersion, and more isotropy [9]. Preceding this
work, all glide-symmetric structures proposed in the literature for parallel plate configurations have a
horizontal plane of symmetry, perpendicular to the direction of propagation [9,10]. These configurations
require two different planes that must be shifted with respect to the other, which complicates fabrication
and can introduce alignment problems.
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In this work, we propose a glide-symmetric structure in a single plane with ellipses as the main
element on a dielectric substrate that acts as a support. Glide symmetry is achieved by placing the
symmetry plane vertically, preserving the orthogonality with respect to the direction of propagation.
The use of a dielectric substrate instead of an all-metal structure allows the introduction of additional
degrees of freedom, including the ability to modify or break the glide symmetry in the case of using a
substrate that may have different values of dielectric constant (e.g., liquid crystals [28]). The propagation
takes place mainly in an air gap above the plane of the ellipses; thus, the losses that the dielectric
substrate may introduce are low. The electromagnetic properties of the structure in terms of dispersion,
stop-bands, or refractive index are determined by the orientation, size, and position of these ellipses.

This paper is organized in four sections. Section 2 shows the basic properties and parameters of
the glide-symmetric unit cell and some examples of operation. It includes the possibility to regenerate
the glide symmetry from a symmetry-broken structure, maintaining the value of all parameters.
In Section 3, the performance of these new structures is illustrated by the S parameters of a complete
design with 10 X 10 unit cells, comparing measurements and simulations. The extracted dispersion
diagrams from measurements are compared with the simulated unit cells. Finally, Section 4 discusses
the results and potential applications of the proposed structures.

2. Materials and Methods

The studied structures consist of two metallic layers separated by a given air gap. The top layer is
a smooth metal sheet, while the bottom layer contains the glide-symmetric ellipses printed on the metal
surface of a dielectric substrate. This configuration generates conditions in the electromagnetic fields
inside the air gap between metal sheets that cause modifications in the propagation and the appearance
of stop-bands depending on the shape and orientation of the ellipses. Figure 1 represents the unit cell
with all the parameters that define its electromagnetic behavior. Figure 1a shows the thicknesses of the
air hj and the dielectric substrate hp;e|, together with the dielectric constant ¢, of the substrate and
the period p. Periodic conditions in the x- and y-directions of the unit cell were applied to perform
the dispersion analysis. The direction of propagation selected in the analysis extends along the y-axis,
in which there are two periodicities to generate glide symmetry. In the perpendicular direction (x),
there is only one periodicity. Figure 1b shows the parameters related to the size, position, orientation,
and shape of the ellipses, which will determine the basic behavior of the whole structure. In particular,
the sizes of the major and minor semi-axes of the ellipses are defined by the values of A; and By for the
first ellipse and A, and Bj; for the second ellipse. The parameters ¢ and 0 define the angle of inclination
of the first and second ellipses. A zero value means a horizontal position of the ellipses (semi-minor
axis in the y-direction). Positive values of ¢ introduce counter-clockwise rotation for the first ellipse,
and positive values of 8 imply clockwise rotation for the second ellipse. Finally, the distance between
ellipses can be modified by the displacement parameter d. The ellipses are kept at a distance equal to
the periodicity p with d = 0, while values greater than zero mean that the second ellipse moved toward
the first ellipse.

From the definition of the parameters presented in Figure 1, glide symmetry is achieved when
A1 = Ay, By =By, ¢ =0, and d = 0. The symmetry axis is at the center of the structure along the
y-direction, and glide symmetry is obtained by reflecting the initial ellipse through the symmetry axis
and displacing the ellipse obtained at a distance p in the y-direction. Figure 2 depicts an example of
the operation of this structure. Figure 2a represents the dispersion diagrams of a structure with glide
symmetry, and Figure 2b represents the same structure after breaking the symmetry with a modification
of 6. In this work, all the dispersion analyses were carried out using the Eigenmode solver in CST
Microwave Studio considering periodic boundaries in x- and y-directions, and electrical boundaries in
the z-direction. Although there are available methods to quickly analyze glide symmetry based on the
Floquet theorem [12-14] or equivalent circuits [11,29], these methods were not proposed to analyze
this structure [30]. The dispersion diagrams only represent phase variations in the y-direction, as it
is the direction in which the glide symmetry takes place. The chosen parameters for the case shown
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in Figure 2a are as follows: ¢, = 3, hpj = 0.3 mm, hipje] = 1.52 mm, p =2.75 mm, A; = Ay =2.5mm,
By =B, =0.75mm, ¢ = 0 = 30°, and d = 0 mm. The value of 6 is changed to 90° in the structure of
Figure 2b.

@) (b)

Figure 1. Unit cell of the proposed structure and parametrization. View in perspective (a), and top
view without the top metal plate (b).
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Figure 2. Dispersion diagrams for two configurations of the unit cell: glide-symmetric (a) and
non-glide-symmetric (b).

Since the proposed structure is built in two different mediums, there are two fundamental modes
of propagation, one in the air gap and one in the dielectric. The mode of interest in this case is the one
that propagates in the air, as it has lower losses. An example of the dispersion curves of these modes is
shown in Figure 2. For a glide configuration (Figure 2a), non-dispersive modes are obtained. However,
the immediate effect of the rupture of the symmetry (Figure 2b) is the appearance of stop-bands or
frequency ranges in which the fields do not propagate in the chosen direction. The stop-band appears
in both the air and dielectric modes, but it is wider and its effect is more pronounced in the air mode.
This is because the air gap is thinner than the thickness of the dielectric, and the electromagnetic
fields confined inside are more influenced by the shape of the ellipses. The rupture of the symmetry
generates a stop-band for the value 5(2p)/t = 1 of the dispersion diagram, as expected from a periodic
glide-symmetric structure with two periodicities [10]. The reference points indicated in Figure 2b
represent the upper and lower limits of the stop-band, calculated for a 180° phase difference value
between boundaries in the y-direction, which is equivalent to a value of 1 normalized with respect to
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period 2p of the structure. In the parametric studies carried out in Sections 2.1-2.4, these reference
points are used to show the behavior of the stop-band and the refractive index. The refractive index
n is calculated as the ratio of the speed of light in vacuum, ¢, divided by the speed of light in the
medium under study, v. Equations (1) and (2) demonstrate that this is equivalent to calculating the
relationship between frequency in vacuum, f,, and frequency in the medium under study, f,, for any
Bu(2p)/T = Bu(2p)/m value of the dispersion diagram, assuming that periodicity p is the same in both
cases. Since B,(2p)/mt = Bu(2p)/mt, we have A, = A;; thus, we get Equation (2).

Ava .
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YT Ak @
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Equation (2) implies that the refractive index increases if the frequency of the mode propagating in
the medium under study decreases. In the studies carried out in this section, the frequency in vacuum
for the reference point f(2p)/m = 1, with p = 2.75 mm, was 27.3 GHz.

The structure of Figure 2a was used as a reference for the parametric study (parameters: ¢, = 3,
hair = 0.3 mm, hpje) = 1.52 mm, p = 2.75 mm, A; = Ap =25 mm, B; = B, =0.75mm, ¢ = 0 = 30°,
and d = 0 mm). This section is subdivided into four main subsections, whereby each represents an
alternative to break the symmetry and open stop-bands. Rupture of the symmetry is achieved by
varying four fundamental parametric relationships: the size ratio between ellipses A,/A1, the vertical
displacement of the second ellipse normalized with respect to the period d/p, the orientation of the
ellipses ¢ and 6, and the relationship between semi-minor axis By, B, and semi-major axis A;, A, of the
ellipses. The graphs also include other parameters that do not play a role in breaking the symmetry,
but that can intensify its effect. At the end of this section, the effect of varying the period p is presented,
for glide and non-glide configurations. All graphs represent the reference points at the right side of the
dispersion diagram (B(2p)/mt = 1), as indicated in Figure 2. The continuous lines indicate the lower
limit of the stop-band, while the dashed lines indicate the upper limit.

2.1. Symmetry Broken by the Ellipse Size

The first observed rupture of the symmetry occurs when the ellipse sizes are different. For simplicity,
the relationship between the minor and major semi-axes is maintained constant (B1/A1 = By/A; = 0.3).
In Figure 3, the stop-band opens when the second ellipse reduces its size, A;, to near zero while
keeping the size A; constant (A/A; = 0.1). It should be noted that the stop-band width begins to reach
saturation for values less than A;/A; = 0.5. This means that it is not necessary to reach very small
ellipse sizes to achieve a larger stop-band, which facilitates the manufacturing. As expected, for an
Ap/A1 = 1ratio, the glide symmetry is recovered and the stop-band is completely closed. Additionally,
results are included for different sizes of the first ellipse (A; from 1.5 mm to 2.5 mm). The value of the
period p of the structure was kept constant at 2.75 mm. It can be seen how the reduction in size of this
ellipse leads to narrower stop-bands. In addition, the refractive index of the structure increases as A;
increases. This is consistent, as the fields propagating in the air gap are most affected by the dielectric
for larger ellipse sizes.

2.2. Symmetry Broken by the Displacement between Ellipses

The second rupture of the symmetry relates to the displacement of the second ellipse toward the
first ellipse with the period, d/p. In combination with this, Figure 4 also shows the effect of varying
the thickness of the air gap normalized to period, hia;/p. The value of p is 2.75 mm for all the cases.
The rupture of the symmetry is greater upon increasing d/p values; thus, the stop-band increases.
Of special interest is the significant effect that reducing the thickness of the air gap has on the stop-band
widening. The explanation for this phenomenon is once again that the effect of the elliptical structures
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intensifies when the field is more confined within the air gap. This also explains the shifting to lower
frequencies for smaller thicknesses as the refractive index increases.
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Figure 3. Effect of the size of the second ellipse versus the first ellipse A/A; for different values of A;.
The rest of the parameters are ¢, = 3, haj, = 0.3 mm, hpje] = 1.52 mm, p = 2.75 mm, By/A; = By/A; =0.3,
¢ =0=30° and d = 0 mm.
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Figure 4. Effect of the displacement d of the second ellipse toward the first ellipse for different values
of the air gap thickness /i5;,/p. The rest of the parameters are ¢, = 3, hpje) = 1.52 mm, p = 2.75 mm,
Al = A2 =25 mm, Bl = Bz =0.75 mm, and Q= 0 =230°.

2.3. Symmetry Broken by the Orientation of the Ellipses

Another alternative to break the symmetry lies in the ¢ and 0 angles at which the ellipses are
oriented. Figure 5 depicts the stop-band behavior at a  angle from 0° to 90° for ¢ values that also
range from 0° to 90° in steps of 10°. In order to have a perspective of the effect of all the parameters of
the structure, Figure 5 includes the results for various values of the thickness of the dielectric substrate
normalized to the square root of its dielectric constant, hip;e1/ Vér (& = 3). It can be observed that the
curves cross each other when ¢ and 6 are equal, which happens in cases where glide symmetry exists.
Therefore, the stop-band opens for 0 values that differ more from ¢. The curves have a sinusoid shape
associated with the rotation of the ellipses, for which only a half of the period is represented, since a
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similar behavior is expected in the other half (6 values from 90° to 180°). Regarding the thickness of the
dielectric substrate, Figure 5 shows how the width of the stop-band increases for greater thicknesses,
but this effect tends to saturate from a certain thickness. This is because the mode that penetrates the
ellipses into the dielectric is an evanescent mode. Thus, when the thickness is small, the mode does
not have enough space to be attenuated; however, for thicknesses greater than a certain threshold,
the mode is attenuated enough so that it is not affected by an increase in thickness.
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Figure 5. Effect of the orientation ¢ and 0 of each of the two ellipses for different values of the dielectric
substrate thickness hpiel/ v€r. The rest of the parameters are ¢, = 3, hp;, = 0.3 mm, p = 2.75 mm,
Ay =Ap; =25mm, B; =B, =0.75 mm, and d = 0 mm.

It should be noted that the points corresponding to cases with glide symmetry, where the stop-band
closes, rise in frequency from the configuration ¢ = 6 = 0° to the configuration ¢ = 6 = 90°. This is
equivalent to the reduction of the equivalent refractive index. This is due to the way in which the
modes are coupled through the elliptical slots, which depends on their orientation perpendicular or
parallel to the direction of propagation. The coupling of a transverse electromagnetic (TEM) mode is
minimal in a slot oriented in the direction of propagation (¢ = 0 = 90°), but it is maximum if oriented
perpendicularly (¢ = 6 = 0°). Therefore, the effect of dielectric substrate is lower in the first case
producing a lower equivalent refractive index.

For clarity, the widest stop-band cases are selected for each ¢ value and represented in Figure 6
as a fractional stop-band. Wider stop-band structures have a 9 value of 0° for ¢ values less than 40°,
and 90° for ¢ values greater than 40°. Of all the cases presented, the maximum stop-band is given
when ¢ = 0° and 6 = 90° or ¢ = 90° and 0 = 0°, which correspond to equivalent structures. In these
cases, the width of the stop-band is about twice as wide as for ¢ = 40°. In Figure 6, we have a better
visualization of the effect of dielectric thickness on the stop-band width. The thickness of the dielectric
is doubled in each curve, but the increase in the width of stop-band is progressively reduced.
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2.4. Stop-Band Frequency Shifting and Semi-Minor vs. Semi-Major Axis Relationship

The last parametric study carried out in this work relates to the period of the structure with
stop-band frequency displacement. Different values of period p were taken with the corresponding
scaling of the ellipse dimensions to preserve the percentage of area occupied by the ellipses in the unit
cell. The parameters of the reference structure for this stop-band study are as follows: Iia; = 0.3 mm,
hpiel = 1.52 mm, A1 = Ay =2.5:(p/2.75) mm, and d = 0 mm. A parametric sweep of the B and B, values
was also included in the study, so that the ratio of the semi-minor and semi-major axes B/A (B = By = By;
A = Ay = Ap) of the ellipses varied from 0.1 to 1. The results are shown in Figure 7a,b. Figure 7a
contains the dispersion diagram value at (2p)/m = 1 of a structure with glide symmetry (¢ = 30°,
0 = 30°). The analysis on a broken-symmetry structure (¢ = 0°, 0 = 90°) is depicted in Figure 7b.
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Figure 7. Effect of the semi-minor vs. semi-major axis B/A relationship for different values of the period
p: values for a glide-symmetric structure (a) and a non-glide structure (b). The rest of the parameters
are haj = 0.3 mm, Ay = Ay =2.5:(p/2.75) mm, and d = 0 mm.

It is characteristic of periodic structures that the frequency behavior is inversely proportional to
its period. Thus, in Figure 7, it is observed that the modes move downward in frequency with the
inverse of p. In the glide-symmetric configuration, there is no stop-band; thus, in Figure 7a, only one
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curve is represented for each periodicity value p. It is interesting to note that, when the B/A value is
higher, the frequency of the modes decreases, i.e., the refractive index increases. This is because the
interaction of the electromagnetic fields with the dielectric material increases as a result of the reduction
of the metallic surface. With respect to the non-glide configuration of Figure 7b, both the curve for
the starting frequency (solid) and the curve for the ending frequency (dashed) of the stop-band are
represented. The pattern is similar to the behavior of the glide configuration with the increase of the
B/A value. However, there is a variation in the width of the stop-band that reaches its minimum when
B/A =1, in which we recover the symmetry and the stop-band disappears. Figure 8 represents the
width of the stop-band obtained in each of the p values represented in Figure 7b. It is clearly observed
that the maximum width of the stop-band is achieved for B/A values ranging between 0.3 and 0.4.
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Figure 8. Bandwidth of the stop-band for the non-glide configuration in Figure 7b as a function of B/A
for different values of periodicity p.

2.5. Regeneration of the Glide Symmetry

An interesting property of the structures analyzed in this work is the regeneration of glide
symmetry from a structure with broken symmetry. The procedure consists of applying the symmetry
again on the non-glide unit cell using one of the lateral edges as a symmetry axis. The procedure is
shown in Figure 9, where the original unit cell is reflected and translated a distance p in the direction of
propagation. Of special interest is the case in which the unit cell with broken symmetry has mirror
symmetry, i.e., it is identical to the reflected unit cell considering the center in the y-direction as the
axis of symmetry. This particularity allows to break and regenerate the symmetry only by displacing a
column of the unit cell at periodicity p. In periodic prototypes with several unit cells, it implies the
capacity to design reconfigurable structures based on the relative displacement of alternated columns
in the direction of propagation.

Figure 10 depicts a comparison of the dispersion diagrams obtained with the unit cells of
Figure 9a,b. The main stop-band present for (2p)/m = 1 in the non-glide unit cell, from 20.92 GHz to
26.76 GHz, closes completely by regenerating the symmetry. Another interesting effect on non-glide
structures is the appearance of an additional stop-band produced by the merging of the forward mode
in air with the reverse mode in the dielectric. In the example shown in Figure 10, this occurs for
values around B(2p)/m = 0.75. This type of stop-band was explained in Reference [31] as a complex
mode that propagates in the structure. This additional stop-band is also completely closed in the
glide configuration.
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Figure 9. The non-glide-symmetric structure in Figure 7b mirrored using a different symmetry axis (a);
the new glide-symmetric structure (b) is obtained from (a) after applying a translation.
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Figure 10. Dispersion diagram of the structure in Figure 9b with regenerated symmetry compared to
the original non-glide-symmetric structure in Figure 9a.

2.6. Materials and Instrumentation

In order to carry out an experimental demonstration of the phenomena described in this
section, different devices were used for both the manufacture and the measurement of prototypes.
The manufacture of the ellipses on the substrate was carried out with an LPKF ProtoLaser S4 with
the dielectric material RO4350B (&, = 3.66; tan(6) = 0.0035 @10GHz). The necessary aluminum parts
were machined in an external company. Twenty 2.92-mm coaxial connectors with a core diameter
of 0.3 mm and length of 7 mm were chosen for the connections. The calibration kit used was the
85056K HP/Agilent. The measurements were made using two 2.92-mm low-phase-error coaxial cables
minibend KR-6, and eight loads Anritsu K210. Finally, the vector network analyzer used was the
Agilent 8722ES model.

3. Results

Four designs were made for the experimental demonstration. In three of them, we used the unit
cells shown in Figure 11, which corresponded to the glide configuration (Figure 10), the non-glide
configuration (Figure 11b), and the configuration with regenerated glide symmetry from a non-glide
configuration (Figure 11c). The parameters chosen for the designs were ¢, = 3.66, haj = 0.2 mm,
hpiel = 1.52 mm, p = 2.75 mm, A; = Ap =2.5mm, B; = B, =0.75 mm, and d = 0 mm. The only values



Symmetry 2019, 11, 495 10 of 18

that were different were ¢ and 0, taking ¢ = 0 = 30° for the glide configuration and ¢ =0°, 6 = 90°
for the non-glide and regenerated configurations. The glide (Figure 12a) and non-glide (Figure 12b)
designs contained 10 X 10 unit cells, whereas the design with regenerated symmetry (Figure 12c)
contained only 5 x 10 unit cells due to the unit cell being twice as wide. The fourth design (Figure 12d)
was a supporting structure that acted as a “thru” and that was used to make phase corrections in
the measurements of the other three designs. The prototypes were excited by 10 coaxial connections,
five on each side, to create a plane wave that emulated the boundary conditions used in the analyzed
unit cells. It should be noted that we added a non-glide frame of ellipses around the four designs to
prevent the propagation of spurious modes between the metal surface of the dielectric substrate and
the aluminum casing that shielded these designs. As we can observe in Figure 12, the total length of
the surface with ellipses was 55 mm (each unit cell was 5.5 mm in length), but the distance between the
coaxial connectors and the ellipses was 24 mm in total. This is the separation that should exist between
coaxial inputs and outputs of the “thru” for a correct post processing of the measurements.

(@)

Figure 11. Unit cells of the manufactured designs: glide-symmetric configuration (a), non-glide

configuration (b), and regenerated glide configuration (c).
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Figure 12. Elliptic configurations of the final designs: glide configuration (a), non-glide configuration
(b), regenerated glide configuration (c), and “thru” section (d).

Two metal casings, one top and one bottom, covered the dielectric sheet. Ten coaxial connectors
were inserted in these casings, six in the top casing and four in the bottom casing. In this way,
the excitation at the input through five coaxial probes was achieved by alternating the up—down
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orientation of the connectors, as can be seen in the Figure 13. By introducing three probes from the
top and two from the bottom, it is possible to achieve a separation between contiguous probes of
5 mm, which coincided with half a wavelength in free space at 30 GHz. This ensured a good plane
wave across the desired frequency range, between 20 and 30 GHz. Since the base size of the coaxial
connectors was 9.5 mm, it was impossible to achieve this separation by inserting the probes on one
side only. Therefore, the purpose of these metal casings was threefold. First of all, the 2.92-mm coaxial
connectors could be screwed on. Secondly, the internal shape of these casings provided an acceptable
matching of the complete prototype between 20 and 30 GHz, as the phenomenon to be demonstrated
occurred between these frequencies. Finally, the thickness of each casing (top and bottom) was such
that the phase difference between the external surface and the inner surface was the same to ensure
that all probes excited the structure in phase. For this, both the thickness of the dielectric and the
metallization of both sides of the dielectric were taken into account. All dimensions of the metal
casings are shown in detail in Figure 13. The internal structure of the top casing is shown in Figure 13a.
This part corresponds to the design of the “thru”; thus, its length was smaller than for the other designs.
In particular, this casing increased its length by an additional 55 mm while keeping the 0.2-mm gap in
the center of the piece. There was a staggered shape from the input and output with the five holes for
the coaxial probes to the central area with the gap of 0.2 mm. In the design, a 3-mm corrugation was
introduced along the entire edge, which corresponded to approximately a quarter wavelength at the
central frequency. This allowed the short to be transformed into open and again into short-circuit in the
internal boundary of the casing, ensuring good electrical isolation of the fields. Figure 13b represents
a lateral cut of the complete “thru” design where the coaxial probes entered from the bottom side.
Similarly, Figure 13c shows another lateral cut in which the coaxial probes penetrated from the top
side. All holes in the dielectric substrate with a diameter of 0.7 mm were metallized to preserve the
coaxial structure when the probes were introduced through them. For a better visualization, Figure 13d
includes a detailed image of the central zone of Figure 13b,c. Finally, Figure 13e,f present the details of
the inner sides of the top and bottom part of the casing. All dimensional values required in the design
of the casing are given in Figure 13b—f.

The images of the manufactured prototype are shown in Figure 14a—d. To reduce manufacturing
costs, the four designs of Figure 12a-d were implemented on a single piece of dielectric substrate
(Figure 14a). In addition, instead of manufacturing a complete metal casing covering the entire
prototype in Figure 13a, a single casing was built with the short section for the thru and a long
section for the glide (Figure 12a), non-glide (Figure 12b), and regenerated glide (Figure 12c) designs.
This allowed a considerable reduction of the manufacturing cost, as the long section of the metal casing
was identical in all three cases. This reduced casing consisted of the top and bottom parts, as shown in
Figure 14b. Figure 14c shows a detailed photo of the stepped transition and Figure 14d depicts the final
assembly in the measurement process with the cables and loads connected. For the measurement of
the long designs, we moved the casing to the position of each one. Detailed images of the three ellipse
configurations can be found in Figure 15: glide (Figure 15a), non-glide (Figure 15b), and regenerated
glide (Figure 15c).

The measurement process was critical, requiring at least 35 measurements for each of the designs.
Therefore, all connections had to be very stable to ensure that the conditions were the same in all
35 measurements. The results obtained from these 35 measurements were properly processed to
combine the individual S parameters of each port in reflection and transmission parameters of an
equivalent simultaneous excitation at the five input ports. This process was applied to the four designs,
and the results obtained are represented in Figure 16, together with the results of the simulations.
Figure 16a represents the results of the “thru” section, Figure 16b represents the results of the glide
configuration section, Figure 16¢ represents the results of the non-glide section, and Figure 16d
represents the results of the regenerated glide-symmetric design. The simulations were carried out
including the losses in the dielectric (tan(6) = 0.0035) and in the conductors (copper and aluminum).
The results obtained fit very well with the simulations, with the exception of a small upward shift in
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frequency of approximately 0.5 GHz for all cases. The appearance of a band with an attenuation greater
than 20 dB between 22.5 and 27.5 GHz was observed in the non-glide prototype (Figure 16c) with
respect to the glide prototype (Figure 16b), whose effect was eliminated by regenerating the symmetry
(Figure 16d). As indicated in Figure 10, an additional stop-band can be found at frequencies around
17.5 GHz in the non-glide case. The effect of this secondary stop-band was lower with an attenuation
level between 15 and 20 dB, but it was present in the measurement due to the merging of the forward
mode in the air and the backward mode in the dielectric. Finally, the appearance of a third stop-band
in the three cases studied around 35 GHz was also of interest, which was produced again by the fusion
of forward and backward modes in air and dielectric.

(b)
-!-____-I-
() _

(e) ()

Figure 13. Pieces of the metal casing for the “thru” section. Inner view of the top piece (a); cross-section

with the probes entering from the bottom part (b); cross-section with the probes entering from the
top part (c); detailed view of the stepped transition (d); details of the top piece (e); details of bottom
pieces (f).
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(© (d)

Figure 14. Pictures of the manufactured prototypes and assembly. Dielectric substrate with the elliptic
patterns (a); top and bottom parts of the casing (b); detail of the transition at the top part of the casing
(c); final measurement assembly (d).

(b) (c)

Figure 15. Detailed pictures of the elliptic configurations: glide configuration (a), non-glide
configuration (b), and regenerated glide configuration (c).

Of equal interest was the effect of these periodic elliptical structures on the phase. These results are
depicted in Figure 17. For this study, the phase difference introduced by the “thru” section, represented
in Figure 17a, was used as a reference. The first step was to eliminate the phase shift introduced by the
“thru” section from the measured phase of the elliptical configurations. With this, we obtained the
phase difference produced only by the 55-mm section with ellipses (10 unit cells). These results are
represented in Figure 17b—d, applying a normalization in the phase with the factor f(2p)/n. As with the
magnitude values, the measured phase values represented in the dispersion diagrams in Figure 17b,c
coincided very well with the dispersion diagrams obtained from the unit-cell analysis. The 0.5-GHz
upward deviation in frequency appeared again, but the shape exactly fit the results obtained in
simulation. In addition to the measurement result, the graphs also included the result obtained from
the full wave simulation of the S parameters of the complete designs, which matched better than the
dispersion diagrams of the unit cells. In the glide (Figure 17b) and regenerated glide (Figure 17d) cases,
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a non-dispersive behavior up to 30 GHz was observed. The measured curve was closer to the light line
in the regenerated glide configuration than in the original glide configuration, reaching the normalized
value of 1 at 24.4 GHz in the first case and at 23.6 GHz in the second case (light line at 27.3 GHz).
This means that there was a higher refractive index in the original configuration, which could be
modified by varying the parameters of the unit cell. Of special interest was the dispersion diagram
measured for the non-glide prototype (Figure 17c), in which the two stop-bands produced around
17.5 GHz and from 22 GHz to 27 GHz were clearly observed. In the range between these two stop-bands
(18 to 22 GHz), there was a considerably higher refraction coefficient than in the glide configurations,
which could be used to implement a structure with a higher phase-shifting capacity.
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Figure 16. Simulated and measured S parameters of the “thru” section (a), the glide configuration (b),
the non-glide configuration (c), and the regenerated glide configuration (d).

Figure 18 shows a comparison of the behavior of the electric field within the air gap, more precisely
in a cut in the middle of the air gap (0.1 mm). The frequencies were conveniently selected to show
the most interesting phenomena found in these structures: propagation at frequencies below the
appearance of stop-bands (15 GHz), the maximum attenuation of the field found in the secondary
stop-band (17.36 GHz), propagation between the two stop-bands (20.22 GHz), the maximum attenuation
in the fundamental stop-band (25.28 GHz), propagation at a frequency above the two stop bands
(28.86 GHz), and attenuation in the third stop band (35 GHz). The fields propagated homogeneously
in the two glide configurations except in the capture at 35 GHz where a stop-band was present in
all cases. For the non-glide prototype, the level of the electric field progressively decayed along the
structure for the frequencies contained in the stop-bands, especially in the fundamental stop-band
(25.28 GHz), which was exhaustively studied throughout this paper.
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Figure 18. Representations of the electric field inside the air gap of the simulated prototypes for the
three configurations under study at given frequencies of interest.
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4. Discussion

This work introduced a new type of glide symmetry based on a single-plane metal structure.
The usefulness of these structures lies in generating stop-bands with different levels of attenuation
and a variety of refraction coefficients in a simple and easy implementation. This functionality was
demonstrated with the analysis of dispersion diagrams and simulation and measurement of the S
parameters of the manufactured prototypes. Our parametric study highlights the tremendous number
of different configurations that this technology offers to produce stop-bands with different bandwidths
at various frequencies, as well as to generate equivalent refractive indexes. Our experimental results
showed a stop-band with a bandwidth of 5 GHz centered at the frequency of 25 GHz (20% fractional
bandwidth) with an attenuation of 5.5 dB/cm for the non-glide configuration. In the measured glide and
regenerated glide cases, a wideband propagation with refractive indexes of 1.12 and 1.16 was obtained,
with a possibility to reach values higher than 1.3 with other configurations. The implementation was
done using ellipses with a certain orientation on the metallic face of a dielectric substrate. On them,
a smooth metal plate was placed at a given distance, providing a gap of air through which the
propagation of the electromagnetic fields took place. Unlike previous glide-symmetric structures
described in the literature, the alignment of the surface with ellipses and the upper metal plate is
not a problem when manufacturing a prototype based on this technology, since a misalignment does
not produce any rupture of the symmetry in this case. This is of particular interest for the design
and manufacture of Luneburg lenses like the one developed in Reference [26], as it would reduce
the manufacturing complexity. The Luneburg lens presented in Reference [26] was implemented by
means of two opposing metal parts in which a glide-symmetric holey structure was machined. If the
alignment of these two plates is not good enough, ruptures of symmetry may appear between the
upper and lower plates, resulting in small stop-bands through the structure. The application of glide
symmetry in a single plane prevents the occurrence of this problem. Although we demonstrated in
this work that the rupture of the symmetry in the plane of the ellipses generates a stop-band with
an attenuation of approximately 30 dB in 55 mm of surface, there are works that demonstrate that
the glide-symmetric holey structures in two metallic surfaces provide a greater attenuation per unit
length. In particular, the EGB achieved in Reference [23] provided 3.5 times more propagation blockage.
This work only studied the attenuation in a particular configuration of ellipses to demonstrate the
appearance of stop-bands; thus, further investigation with other configurations is required. The main
function of the dielectric material used in the designs of this work is to act as a support for the
glide-symmetric ellipses. Future lines of research focused on this type of structures can be based on
the substitution of the dielectric substrate by a thin sheet of metal suspended in air with the pattern of
ellipses. Since it was demonstrated that it is possible to regenerate glide symmetry from a specific
non-glide configuration, the use of thin metal plates instead of dielectric material allows the possibility
of breaking and regenerating symmetry by displacing alternate rows of ellipses at a distance equal
to the periodicity p (see Figure 10). Another possibility is to replace the dielectric material with an
anisotropic material such as liquid crystal [28], whose effective dielectric constant in the direction
of propagation can be modified by applying a voltage between the parallel metal plates containing
it [32]. This property would make it possible to electrically control the appearance of stop-bands and
refractive index. Therefore, these structures offer the possibility of developing both mechanically and
electrically reconfigurable devices.
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