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Abstract— The paper proposes variants of 3D models of
split ring resonators (SRR) based on ring structures as unit
cells of doubly negative (DNG) metamaterials. Evaluation of
the efficiency of the synthesized 3D SRR variants is based on
determining their relative bandwidth, for which the real part
of permittivity and permeability are negative. To analyze the
electromagnetic properties of the proposed 3D SRR
structures, numerical simulation in Ansys EM Suite was
used. In the course of the research, an available set of
geometric parameters that affect the width of the binegative
zone in the low-frequency region of the spectrum was
analyzed: the angles of deviation of the cuts in the rings from
the vertical, the width of these cuts, variations in the cross-
sectional dimensions of the perpendicular conductor and its
displacement relative to the center of the rings. Non-
traditional types of conductors were also studied, in
particular options for the form in the form of a dumbbell and
the use of a fractal tree. At the final stage of research, the
main efforts were focused on the analysis of the influence on
the frequency properties of the metamaterial unit cell model
of the mutual displacement of the SRR rings relative to the
middle of the conductor length and their inclination angles.
As a result, the maximum relative frequency band of the
binegative zone was reached, which is equal to 1.99995. This
is superior to the previously obtained result for 3D SRR with
square frames, for which this value corresponds to 1.9.

Keywords— double negative; metamaterial; split ring
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l. INTRODUCTION

An important direction in the development of
Electrically ~ Small ~ Antennas  (ESA) [1] for
telecommunications and other applications is the use of
metamaterials. Numerous publications on this topic have
proposed various types of metamaterial elementary cell
structures that make it possible to achieve certain values of
characteristics that provide the solution to various problems
of electrodynamics [2]-[13].

Among these works, the concept of 3D Split Ring
Resonator (SRR) structures based on square split frames
deserves attention [14]. In contrast to the classical
prototype [15], the 3D square SRR models synthesized in
[14] made it possible to expand the relative frequency band
0 fong by approximately a factor of 10 (from 0.19 to ~1.9),
within which negative values of the relative permittivity
and permeability simultaneously occur. (¢ < 0, u < 0) [2]-
[5]. Such frequency bands will be further called double
negative (Double Negative, DNG) according to the name
of the corresponding metamaterials [2]-[5].
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As is known [2]-[13], the use of metamaterials with
binegative zones of values of the corresponding
characteristics makes it possible to reduce the size of
antenna radiators, expand their bandwidths, and increase
radiation efficiency.

One of the important innovations in the 3D design of
SRRs proposed in [14] was the orientation of a straight
conductor in the direction perpendicular to the plane of
placement of square frames. It was this solution that made
it possible to expand the binegative zone in the low-
frequency region. An additional novelty of the work [14]
was given by the study of the influence on the
characteristics of the metacell of the angles of deviation of
the cuts of the SRR frames relative to the vertical axis
within 0+90°. In addition, to expand the DNG frequency
domain and simultaneously shift it down in frequency, it
was proposed to use the mutual shift of the SRR frames
relative to the rectangular conductor.

The improvements in the 3D topology of SRR
considered in [14] are noteworthy in that they can be
generalized to other variants of SRR design, in particular,
based on round rings. At the same time, a sufficiently large
degree of freedom in choosing the geometric parameters of
3D ring structures of this kind makes it relevant to study
the corresponding dependencies and regularities in order to
achieve the required parameters of the metacell design.

Il. THE AIM OF RESEARCH

The aim of the work is to solve the problem of
analyzing the properties of various variants of the 3D
topology of metamaterial cells based on round ribbon SRR
rings based on the results of electromagnetic modeling.

I1l. THE MAIN RESULTS OF THE STUDY

Before proceeding with the solution of the problem, it
is necessary to determine the appropriate research methods.
At the same time, it is essential to note that the complexity
of the analytical description of the electrodynamics of 3D
objects and, in particular, the set of components of the
elementary cell of the metamaterial as a whole, makes it
appropriate to give preference to choosing a possible
option to achieve the goal of the study in favor of
mathematical modeling.

As is known, the Ansys HFSS [15], [17], [18] and CST
Studio Suite [19] packages are traditional and well-proven
tools for modeling metamaterials. At the same time, the
availability of access to the licensed version of Ansys
HFSS within the Ansys EM Suite allows authors to limit
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themselves to using this particular software ecosystem. In
addition, as the practice of communicating with researchers
on the ResearchGate forum has shown, CST Studio Suite
does not accept negative values of permittivity.

In the case under consideration, the task is facilitated by
the fact that Ansys HFSS already has a built-in macro for
calculating the values of ¢ and u, which is extremely
important for identifying the DNG modes of functioning of
metamaterial cells. The corresponding macro is based on
the known relations [6]-[8]:

u=z-ne=nlz, Q)

where z is the wave impedance and n is the refractive
index, calculated by the formulas [6]-[8]:
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Sy — S-parameters scattering matrix, ko = 2xf/c, d — the
maximum linear size of a unit cell of a metamaterial, f —
frequency of electromagnetic radiation, ¢ — speed of light
in a vacuum.

Another important factor in favor of choosing Ansys
HFSS is the ability to discretely change the frequency of
calculations linearly with a given step, while the available
version of CST Studio Suite (Student Edition) uses the
“sweep” mode by a given number of points on the
frequency axis. This complicates obtaining in CST Studio
Suite a sufficient accuracy of estimates of the properties of
a metastructure elementary cell.

The next step in choosing the conditions and constraints
for the simulation was to determine the boundary
dimensions of the metacell and the corresponding air box.
In order to maintain continuity with previous studies and
facilitate comparison of the obtained results with previous
publications of the authors, it was decided to use the key
geometric parameters of the SRR that took place in [14].

metamaterial cell, presented in Fig. 1. It consists of two
nested tapes of different diameters, 4.5 mm wide and 1.5
mm thick each, with an inter-tape interval of 1.5 mm. In
this case, the outer diameter of the outer ring is 24.5 mm
and corresponds to the length of the square conductor. This
conductor is oriented parallel to the plane of the rings, and
the distance from the center of the cross-section of the
conductor to the center of symmetry of the rings is 4 mm.
The cross-section of the conductor has dimensions of 1.5 x
1.25 mm with the long side oriented vertically. The cuts in
the rings are located on the Z axis, the width of all cuts is
the same and equal to the thickness of the tape, while the
cut in the outer ring is located at the top. As a source of
electromagnetic radiation, a modification of wave ports,
called Floquet Port [15], [17], [18], was used. As is known,
in ports of this type, the Floquet harmonic is excited, which
has zero indices (it is often called the fundamental
harmonic), which is identical in structure to the incident
wave, while harmonics of higher orders do not propagate.
When choosing the location of the excitation ports in the
model, it was taken into account that in order to ensure the
correct calculation of the scattering S-parameters, the ports
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should be sufficiently removed from the near fields
induced on the SRR structure. In addition, to efficiently
estimate the S-parameters, the wave ports are placed on the
inner surface of the box that describes the boundary
conditions. As such conditions, from among those provided
by Ansys HFSS, their variety of the “Master/Slave” type
was chosen. It is taken into account that the 3D SRR model
in fig. 1 is a single fragment of the periodic lattice of
elementary cells.

Fig. 1. The appearance of the 3D SRR model from different view angles.

Among the limitations adopted in the simulation, the
following should be noted.

1. The frequency range involved in the calculation was
in the range of 0.1-10 GHz, although such an extensive
segment was chosen only to obtain a complete picture,
while the main attention was paid to the low-frequency
region up to 1 GHz.

2. The SRR ring bands and the horizontal conductor
were assumed to be made of copper.

3. The efficiency of the synthesized 3D SRR topology
was evaluated by determining the relative frequency band
for the metacell, within which the conditions of the
binegative zone are satisfied [20]-[22]:
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where f; and f, are the boundaries of the frequency segment
in which Re(¢) < 0 and Re(u) < 0.

4. The calculation mode was set to “Discret”, which
allows you to get more accurate results.

Presented in Fig. 2, the results of calculating the real
components of the quantities ¢ and u indicate the presence
of a binegative zone at low frequencies, extending from
100 to 442 MHz. This effect is very important for the
implementation on the basis of the considered metacell of
metamaterials for various purposes, which operate at
wavelengths 15 or more times greater than the diameter of
the outer SRR ring.
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Fig. 2 Evaluation of the characteristics of the SRR model in fig. one,
solid - Re(e); dash - Re(u).
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Further studies were aimed at analyzing the factors that
affect the width of the low-frequency zone o fpng, as well
as determining the geometric parameters of the metacell
topology, which make it possible to expand this region to
the maximum.

It should be noted that the presence of the region of
interest in the frequency dependencies of the values of €
and p is not observed for all orientations of the cuts in the
rings relative to the Z axis. In particular, turning the cuts
into a horizontal plane so that the axis passing through their
centers is parallel to the conductor (Fig. 3) leads to the
complete disappearance of the binegative zone at low
frequencies (Fig. 4).

Fig. 3 SRR variant with horizontal cuts in the rings.
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Fig. 4 Absence of a low-frequency binegative zone in the case of SRR
with horizontal cuts in the rings: solid - Re(e); dash - Re(u).

A similar effect is also observed when the conductor is
turned perpendicular to the plane of the rings (Fig. 5). In
this case, the length of the conductor was set equal to 23.5
mm. At the same time, taking into account the efficiency of
the transition in [14] to a perpendicularly oriented
conductor, we will carry out further studies just for this
case.

Fig. 5. SRR modification with perpendicular conductor arrangement.

Analyzing the set of geometric parameters available
within the framework of the study under consideration,
which are available for change, it should be noted that it is
necessary to study the influence of the angles of deviation
of the cuts in the rings from the vertical, the width of these
cuts, as well as variations in the cross-sectional dimensions
of the perpendicular conductor and its displacement
relative to the center of the rings. The corresponding
studies were carried out with a more detailed frequency
sampling of 10 MHz, starting from the lower limit of 10
MHz and ending at 1 GHz. 1 GHz was also adopted as the
decision frequency.
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On Fig. 6 and 7 show selective results corresponding to
a deviation of the center of the cuts in the rings from the
vertical by 30°. The cross-sectional dimensions of the wire
are 1.5 x 1.25 mm; In this case, the width of the low-
frequency section of the binegative zone was 710 MHz. In
terms of the relative bandwidth, this is an impressive value
0 fong = 1.9452, which makes it possible to classify the
synthesized metacell design as ultra-wideband.

Fig. 6. SRR with a deviation of the center of the cut from the vertical by
30 degrees.
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Fig. 7 The low-frequency binegative zone SRR in fig. 6: solid - Re(e);
dash - Re(u).

Detailed values of the obtained frequency
characteristics for other angles of inclination of the center
of the cut in the outer ring are presented in Table 1. As
follows from it, the best result in terms of the width of the
strip in absolute terms is achieved in the case of deviations
of the centers of the cuts from the vertical line by 60-70°.
When passing to the relative values of the J fong band, this
corresponds to 1.9469. This effect slightly exceeds the
result of [14], where 6 fong = 1.9 was discussed. However,
the fact that this gain was obtained at the very beginning
of the research allows us to hope that it can be improved
with further optimization of the parameters of the ribbon-
ring metacell.

One of the attempts to advance in this direction was to
increase the width of the cuts in the tapes up to 3 mm. As
it turned out, such a constructive solution made it possible
to significantly expand the band of the binegative zone in
the low-frequency region at zero deviation of the cut
centers from the vertical z axis. In this case, instead of the
interval 0.01 - 0.384 GHz, as indicated in Table. 1, the
range of 0.01 - 0.684 GHz was obtained, which
corresponds to ¢ fong = 1.942. Similarly, the upper limit of
the low-frequency section of the DNG shifts to 0.71 GHz
at a 20-degree deviation of the cut center from the vertical.
At the same time, at angles greater than 30°, the effect of
the expansion of the binegative zone is practically not
noticeable. Thus, an increase in the cut width to 3 mm
made it possible to significantly level out the differences
in the DNG frequency band in the low-frequency region.
Therefore, with further manipulations with other
geometric parameters, it makes sense to fix the width of
the cuts at the indicated level of 3 mm.

Following the plan outlined above, we analyze the
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influence of the dimensions of the conductor cross-section.
Corresponding dependencies of the Re(¢) and Re(w)
values for the angles of deviation of the cuts in the rings
from the Z axis equal to O degrees, the width of the cuts 3
mm, and the wire cross-section 3 x 2.75 mm are shown in
Fig. 8. As follows from the simulation results, the
transition to a thickened conductor with its asymmetric
position relative to the center of the rings did not lead to a
narrowing of the low-frequency DNG band, the upper
limit of which remained at around 684 MHz (Fig. 9).

TABLE I. DNG BANDWIDTH ESTIMATION FOR 1.5 MM CUTS
The angle of deviation of Cutoff frequencies, Bandwidth
the center of the cut from GHz

the vertical, degrees fy f; J fong
0 0.01 0.384 1.898
10 0.01 0.724 1.9455
20 0.01 0.664 1.94
30 0.01 0.72 1.9452
40 0.01 0.724 1.9455
50 0.01 0.734 1.9462
60 0.01 0.744 1.9469
70 0.01 0.744 1.9469
80 0.015 0.804 1.597
90 - - -

Fig. 8. SRR with 3 mm slots, 3 x 2.75 mm perpendicular conductor.
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Fig. 9. Frequency dependencies of Re(¢) and Re(u) for a metacell on
fig. 8: solid - Re(¢); dash - Re(u)

The same result took place for other profiles of the
conductor section, including the coincidence of the centers
of the rings with the center of the conductor section
(Fig. 10).

In the process of searching for solutions that expand the
binegative zone at frequencies below 1 GHz, the design of
a label cell with an unconventional conductor shape was
also investigated. In particular, on Fig. 11 shows variants
of a dumbbell-shaped conductor and the use of a fractal
tree of various designs instead of it.

However, all these tricks did not allow expanding the
band beyond the limits already indicated in Table. 1
indicator ¢ fong = 1.9469, although, for example, fractal
trees provided local success in expanding the strip in the
absence of deviation of the cut centers from the vertical
axis.
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Fig. 10. Metacell variants with 2x5 mm (left) and 5%x2 mm (right)
conductors.

Fig. 11. Explored 3D SRRs with non-traditional conductors.

For example, the fractal tree shown at the bottom left in
Fig. 11 provided the upper boundary of the binegative zone
at a frequency of 697.4 MHz (the cuts in the tapes were 3
mm wide). The 3D design of the corresponding metacell is
shown in Fig. 12.

Fig. 12. A metacell with a fractal conductor provided a binegative range
of 10 - 697.4 MHz.

Summing up the intermediate result of the work done,
we can conclude that a more effective way to influence the
width of the low-frequency binegative zone is to influence
the geometric parameters of the ring-ribbon generators.
This is explained by the fact that it is the tapes that are the
first to contact the incident electromagnetic waves.
Therefore, at the next stage of research, a variant of the
metacell with different widths of the outer and inner
ribbons was tested. In particular, in fig. 13 shows a variant
of the metastructure with 3 mm cuts, a conductor cross-
section of 1.5 x 1.25 mm, an outer tape width of 4.5 mm,
and an inner tape width of 8 mm. At the same time, the
DNG region of interest was localized within
10 - 680 MHz (Fig. 14).
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Alternatively, when the upper bandwidth is 8 mm and
the inner band is 4.5 mm (Fig. 15), the lower DNG band
narrows to 430 MHz (Fig. 16).
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Fig. 14. DNG lower band increase to 680 MHz: solid - Re(e);
dash - Re(u).

Fig. 15. Ribbon width combination alternative to fig. 12.
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Fig. 16. Lower DNG Band Reduction to 430 MHz: solid - Re(e); dash -
Re(u).

At the final stage of research, the main efforts were
focused on the analysis of the influence on the frequency
properties of the metamaterial unit cell model of the
mutual displacement of SRR rings relative to the middle
of the conductor length and their inclination angles along
the Ox axis.

Taking into account the effect obtained in [14], the
most detailed study was made of the SRR arrangement,
which differed by the deviation of the ring planes relative

to the Oz axis by angles up to + 450 (Fig. 17). Since an
increase in the specified angles can lead to a short circuit of
the SRR rings, their opposite inclination was combined
with the sliding of the rings relative to the middle of the
conductor in order to avoid possible inter-ribbon contact.

The greatest indentation that could be achieved
occurred at the angles of inclination of the rings + 45°,
their mutual displacement relative to the middle of the
conductor = 2.2 mm, a cut width of 3 mm, and conductor
cross-sectional dimensions of 1.5 x 1.25 mm. As can be
seen from Fig. 18, the lower DNG band in this case has
expanded to 884 MHz, but the lower bound of the DNG
zone jumped from 10 MHz to 35.5 MHz. This band
corresponds to a value of 0 fong = 1.8456. The price for
such a value of J fpng Was that the second binegative zone
in the region of 4 - 5 GHz, characteristic of all the above-
considered variants, in this case, crumbled into narrow
sections.

Fig. 17. SRR model with variations in the angles of inclination of the
rings relative to the Oz axis.
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Fig. 18. Estimation of the frequency dependencies for SRR (Fig. 17):
solid - Re(¢); dash - Re(u).

In general, the considered 3D SRR models allow us to
conclude that similarly to [14], the best width binegative
zones in low-frequency regions are achieved by using both
the mutual displacement of the SRR rings relative to the
middle of the conductor and their opposite slope.

IV. PERSPECTIVESSING OF FURTHER RESEARCH

The authors plan to focus further research on the study
of the electromagnetic properties of the considered SRR
structures in the case of making ring tapes along a fractal
structure [23], [24].

Another, no less interesting, direction in the
development of the 3D design of ribbon-ring SRRs can be
the integration of 3D square frames and round ribbon rings
in one cell.

Since it is necessary to use the 3D printing process to
build 3D SRR [25]-[28], an important direction for future
research is to study the effect of printing defects and
develop accuracy requirements for such technologies.

2022 IEEE 9th International Conference on
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V. CONCLUSION

The paper presents the main results of studies of the
electromagnetic properties of 3D tape-ring SRR structures,
taking into account the influence of their key geometric
parameters.

Compared to [14], the synthesized SRR models make it
possible to obtain an additional increase in the value of
0 fong from 1.9 to 1.9469.

The conclusion made in [14] was confirmed, that SRR
with the conductor oriented perpendicular to the plane of
the rings is an effective solution that guarantees the
expansion of the binegative zone in the low-frequency
region. To maximize it, it is also advisable to carry out the
mutual displacement of the SRR rings relative to the
middle of the conductor and tilt them towards each other
within certain limits, excluding inter-tape closure.
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