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Abstract— The article proposes a new type of metamaterial cells
(metacells) based on double Moebius strip. In this research, several
design options have been considered which applied the variation of
the metamaterial cells design and parameters. For their analysis,
the Numerical modeling methods in Ansys EM Suite program were
used due to the complexity of describing the interaction of
metamaterial cells of non-Euclidean geometry with radio waves.
Evaluation and comparison of proposed metacells have been held
based on the following characteristics: the electric permittivity and
the magnetic permeability as a function of frequency. Results of the
researches have demonstrated the possibility of realization of
double negative metamaterial (DNG) mode in the metamaterial
cells based on the double Moebius strip. The strip width, its
thickness, the interstrip gap, as well as the radius of the cylinder
within which the metamaterial cell may be enabled, were used as
mechanical parameters of the metacells. It is essential that 10-fold
and more increase of the dimensions of metamaterial cell would be
required for the obtainment of the same possibilities based on the
classical split ring resonator (SRR). What concerns the entire scope
of the potential ring options from among the considered ones, the
ring with the internal area in the form of the Star of David provides
the widest transmission band in the low frequency DNG mode. The
corresponding area extends up to the transition frequency of 720
MHz. Moreover, the singular ring displays the invariance of the
space orientation towards the presence of the DNG mode in low
frequency region, when being used as the basis for the metacell.

Index Terms— double Moebius strip, metamaterial, double negative
metamaterial (DNG), SRR, amplitude-frequency response, voltage standing
wave ratio, VSWR.

I. INTRODUCTION

As known, the metamaterials are the artificial composites, which characteristics exceed the
limitations of the homogeneous materials and manifest the features not attributable to the material of
the natural origin [1]-[3]. Such artificially structured materials are conventionally designed by means
of creation of the drawing or the specific positioning of one or several materials for the widening of
the range of electromagnetic properties of the microwave devices.

The resonator with the split ring (SRR) or square frame resonator [1]-[4] is used in one of the

widely known metamaterials as an elementary cell. This type of the resonator enables the formation of
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so called double negative metamaterial [2], [3] however, the elementary SRR resonator of relatively
big dimension is needed for the obtainment of the similar effect within the low range of frequencies.

It is known, that the Moebius strip can be used as an alternative option of the design of the
elementary cell. The ideas of the application of Moebius strip as the basis for the elementary cell of
metamaterial have been expressed by some authors [5]-[10]. The double strip Moebius ring used as
the condenser in the invention [11] is the example of the practical realization of Moebius strip design.
Nevertheless, the design described in work [7] does not allow its effective application as the
elementary cell of the metamaterial.

From the technical point of view, the authors of publications [5]-[10] in which the metamaterial had
been proposed, consisting of the set of the elementary cells, each of which had the resonator in a form
of a Moebius strip; had most closely approached the point of creation of the metamaterial based on the
Moebius strip. However, not any specific constructive solutions with regard to the way of practical
realization of such environment without the replacement of the basic Moebius strip by its equivalents
are present in the description of the metamaterial based on Moebius strip [5]-[10].

In this regard, the purpose of the article is the closing of this gap via the review of potential designs
of the metamaterial cells based on double Moebius strip.

Let’s take the cell design of double negative metamaterial (DNG) proposed by the authors in patent
[12] as a reference point for the further research. We will suppose that double Moebius strip is made
of the conductive material. It can be metal or conductive plastic, or dielectric material coated with the
conducting layer. The balance of the width, thickness of the strip as well as the distance between
strips during the research process will be adjusted for the required frequency responses and aligned
for the purpose of providing the needed symmetry to the ring form. The space between two strips
forming the Moebius ring can be completely or partially filled with the dielectric material. In the
simplest case, the air will be used as such dielectric material.

As long as both continuous and split Moebius rings can be applied in this context, we shall
consistently analyze the characteristics of corresponding options of the metamaterials cells in order to

compare them with one another.

II. THE CELL OF METAMATERIAL BASED ON CONTINUOUS MOEBIUS STRIP

For the investigation of the electromagnetic properties of the considered types of metamaterial cells
we shall apply models created by means of electromagnetic simulator Ansoft Electromagnetic Suite
[13], [14]. According to the investigation method described in [15], [16], we shall immerse a double
strip Moebius ring into the air box which also designates the borders of the metacell, and we shall use
the wave port as the port for the launching of the electromagnetic waves. At that, for the purpose of
the analysis of the properties of the metamaterial cells, we shall draw the diagrams of the dependence
of the electric permittivity € and the magnetic permeability x4 on the frequency. In order to calculate

them we will use the macros integrated into Ansoft Electromagnetic Suite, which in itself, executes
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the calculations in accordance with the so-called TR method in compliance with the expressions [17]:
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where n — the refraction index, z — the wave impedance, S, — S-parameters of a diffusion matrix [17],
k is the wave vector in free space, d — the thickness of the substrate.

As an example, the design of horizontally located continuous Moebius ring with the correlation of
the strip width to the interstrip gap as 3:1 is represented in Fig. 1. The diagrams of its electric
permittivity and the magnetic permeability are represented in Fig. 2, where the frequency dependence

for € is marked with the blue color, and the one for  is marked with the red color.
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Fig. 2. The diagrams of the real components of the relative dielectric and magnetic conductivities of the cell in Fig. 1, solid -
Re(e); dash - Re(u).
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As can be seen, the cell of this design is predominantly performing in a role of u-negative
metamaterial, but there are some DNG areas within the ranges of 3 GHz, 10 — 10.5 GHz, 11 GHz.
Both electric permittivity and magnetic permeability are simultaneously negative within these areas.
In this case, the application of the refraction index diagram will not enable the detection of the areas,
where only the magnetic permeability is negative. That’s why it is not represented herein.

In order to have the possibility to compare different options of the metacells design it is convenient

(following [15], [18]-[20]) to use the concept of the relative band of DNG, which is defined by the

following expression:
sr AN Sl @
h+ /s
where f1 and f> — the border values of the frequency interval within which the metacell displays DNG
properties, which means that the condition {Re(e;) <0 and Re(u) < 0} is met, with Af' = f> — f1.

The alternative vertical option of the positioning of the continuous Moebius ring in the cell, within
which the wave influences its end face, is represented in Fig. 3. The corresponding frequency
dependencies of real components of the electric permittivity and the magnetic permeability of the cell
are represented in Fig. 4. They are remarkably similar to the diagrams of the horizontal ring, but
possess the shifted frequency ranges. u-negative properties of the cell still prevail, but there are some

DNG areas — in the regions of 4 GHz, 7.6 — 7.8 GHz; 9.3 — 10 GHz, as well as in the regions of 9.4 —
11.2 GHz, 12.4 — 13 GHz, 17.4 GHz (Fig. 4).

Fig. 3. The vertically positioned ring.
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Fig. 4. The diagrams of the real components of the electric permittivity and the magnetic permeability of the cell in Fig. 3
within the frequency range up to 20 GHz, solid - Re(¢); dash - Re(u).
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It should be noted for reference, that the classic option of metamaterial cell of compatible size

based on the square frames [15] (Fig. 5) possesses the lower frequency band with prominent DNG
properties mostly within the range of 3.3 — 4.2 GHz (Fig. 6).

A

B A=25mm;
L.C, D : B=22mm;
C=2mm;
D=1.5mm;

E=1.4mm;
F=3mm;

J G= 15mm

Fig. 5. The classic option of the metamaterial cell of compatible size based on the split square frames SRR [15].
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Fig. 6. The frequency band with prominent DNG properties within the range of 3.3 — 4.2 GHz of the classic cell in Fig. 5,
solid - Re(e); dash - Re(u).

The further researches of the possibilities of the cell design with the continuous Moebius strip have
been aimed to the study of the influence of the particular ring parameters. One of the tested design
options, which has allowed the obtainment of DNG zones within the range of 2.1 — 2.9 GHz as well as

within the region of 6 GHz (Fig. 8) is represented in Fig. 7. In this case, the correlation of the strip

width and interstrip gap has amounted 3:1.

0 15 30 (mm)

Fig. 7. The cell option with the correlation of the strip width and the interstrip gap.
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Fig. 8. The characteristics of cell in Fig. 7, solid - Re(¢); dash - Re(u).

The option with the application of the ring with the increased interstrip gap, represented in Fig. 9,
has appeared to be less effective with regard to the presence of the low frequency DNG areas. Based
on Fig. 10, the DNG areas appear within frequency ranges from 3.6 to 4.6 GHz, 7.6 — 8 GHz and
approximately from 9 to 10 GHz. Along with it, similar to Fig. 7 and Fig. 8, only € has the negative
values within the interval from 1.4 to 2.2 GHz. The present result enables the application of

metamaterial with the indicated cell based on double Moebius strip for the creation of electromagnetic

screens in this very area of the frequency range, where the electric permittivity is negative.
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Fig. 9. The option of the ring with large interstrip gap.

120.00

62.507

0.007

-62.50

-120.00 : ! : ‘
0.00 2.00 4.00 6.00 8.00 10.00

Freq [GHz]
Fig. 10. The properties of the cell in Fig. 9, solid - Re(¢); dash - Re(u).
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In general, it is worth noticing that the continuous Moebius ring enables the obtainment of various

properties of metamaterial depending on working frequency. At that, however, the presence of DNG

properties at the frequencies below 1 GHz was not fixed. The design of the cells applying the split

Moebius rings, which will be revealed in the next section of the article, has appeared more effective

with this regard.

III. THE METAMATERIAL CELL BASED ON THE SPLIT MOEBIUS RING
The feature of the metamaterial cells with the split ring, distinguishing them from the options

reviewed above, is the presence of the transverse strip cutout along its entire width (Fig. 11). At that,
the choice of the disposition, as well as the width of the transverse cutout in the strip, as it was
expected similar to [16], significantly influences the frequency range, within which the effect of the
negative refraction index (DNG) takes place.

As the results of the electrodynamic modeling have displayed, the split option of Moebius ring
(Fig. 11) with the outer diameter of 25.4 mm (1 inch) functions within low frequencies from 0.02 GHz
to 0.54 GHz like DNG material, when the electromagnetic plane wave impacts its end face (Fig. 12).
The electric permittivity and the magnetic permeability possess the negative values within this

frequency domain and the value dF=1.857.

0 15 30 (mm)

Fig. 11. The cell design with the vertical split Moebius ring.
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Fig. 12. The first low frequency DNG area of the cell in Fig. 11, the frequency step set to 2 MHz, solid - Re(e); dash - Re(u).
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During the rotation of the ring with the cutout directed downwards in such a way that the wave

impacts the plane surface, parallel to the ring, flatwise (Fig. 13) DNG effect shifts to the frequency

range of 450 — 750 MHz (Fig. 14). Moreover, DNG zone is detected within the region of 5.3 — 5.6

GHz as well, while the stable mode of ENG is possible within wide frequency range from 4.2 to 9.6
GHz.

] 3 80 {mm)

Fig. 13. The cell in a form of the horizontally positioned ring with the cutout directed downwards.
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Fig. 14. Characteristics of the cell in Fig. 13, the frequency step set to 100 MHz,solid - Re(e); dash - Re(u).

It is essential that in case of classical SRR (Fig. 5) the dimensions of SRR should be increased 10-
fold (which is unacceptable) for the purpose of shift of the region with the prominent DNG properties
to the frequency range similar to the specified bottom working range of the split Moebius strip.

The reviewed horizontally positioned split ring can be rotated with the cutout directed upwards
(Fig. 15). The value ¢ stays negative in this option within the region of 2 GHz (Fig. 16), as well as in
the previous case (Fig. 14), on the other hand, u reverses sign from positive to negative within this
region. It allows the obtainment of the DNG zone within specified range, as well as confirms the
hypothesis that the direction of strip rotation (leftward instead of rightward in this case) impacts the
sign of u. Thus, the working frequency range depends not only on the positioning of the cutout of

Moebius strip, but also on the direction of rotation of double strip within the ring.
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Fig.

Fig. 15. The horizontally positioned split ring with the cutout directed upwards.
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16. DNG mode approximately from 750 to 1250 MHz and from 1.64 to 2 GHz, solid - Re(¢); dash - Re(u).

The frequency dependencies of the metamaterial properties will be somewhat different from the

represented ones in case of application of the fixing elements for the fixation of Moebius strip in the

cell, for example, similar to patent [12] (Fig. 17). Though DNG mode will be preserved in the area of
1.19 — 1.9 GHz (approximately 700 MHz) even in this case (Fig. 18).

For the verification of the detected regularities, the further researches have been performed with

regard to the modified options of Moebius rings design. For example, for the vertical ring represented

in Fig. 19, with the cutout width equal to the strip thickness, the conditions of the existence of DNG

band are met within the frequency range up to 220 MHz (Fig. 20).

20 (mm)

Fig. 17. The ring with the cutout in the socket with the copper contact [12].
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Fig. 18. The frequency properties of the cell with Moebius ring in Fig. 17, solid - Re(¢); dash - Re(u).

r
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Fig. 19. Moebius ring with the pentangular internal area.
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Fig. 20. DNG band up to 220 MHz, peculiar for the ring in Fig. 19, solid - Re(¢); dash - Re(u).
As it was expected, the transfer to the horizontally positioned option of the ring in Fig. 19 shifts the
low frequency DNG zone to the range from 250 to 350 MHz. Electromagnetic characteristics

corresponding to this design of the metamaterial cell (Fig. 21) are represented in Fig. 22.
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Fig. 21. The horizontal option of the ring positioning in Fig. 19.
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Fig. 22. The frequency properties of the cell in Fig. 21, solid - Re(e); dash - Re(u).
The cell with the vertical ring having the internal area in a form of the Star of David (Fig. 23)

displays much better frequency properties. Based on Fig. 24, DNG band exists within the frequency
ranges up to 620 MHz and from 3.8 to 4.6 GHz.

0 15 30 (mm)

Fig. 23. The ring with the internal area in a form of the Star of David.
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Fig. 24. The characteristics of the ring in Fig. 23, solid - Re(¢); dash - Re(u).

During the horizontal placement of this ring in the cell (Fig. 25) the low frequency DNG band shifts
to the region of 500 — 600 MHz. One more DNG band is registered within the area from 550 to 750
MHz (200 MHz) and the DNG interval (640 MHz), the most extended one in terms of frequency, is
located within the range of 6.56 — 7.5 GHz (Fig. 26).

60.00

40.00 —/I

20.007

i i

0.00

-20.00 7

-40.00 T T T T T T T T T T T T T T T T T T T
0.00 0.50 1.00 1.50 2.00 2.50 3.00 3.50 4.00 4.50 5.00 550 €.00 €.50 7.00 7.50 8.00 8.50 9.00 9.50 10.00

Freq [(GHZz]

Fig. 26. The frequency properties of the cell with the ring in Fig. 25, solid - Re(¢); dash - Re(u).
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Given that all reviewed design options of the metamaterial cells suggested only two variants of the
orientation of Moebius ring: vertical or horizontal — it was interesting to consider the intermediate
case, when the ring represented in Fig. 23 and Fig. 25 was inclined at a specific angle to the vertical
plane. Particularly, let’s consider the situation with the inclination of this ring at an angle of 45
degrees (Fig. 27). It turned out that such design enabled the significant extension of the low frequency
DNG area in comparison with Fig. 11 and Fig. 23, shifting its cut-off frequency to the level of 720
MHz, as well as obtainment of rather wide DNG interval (900 MHz) within the range from 3.85 to
4.75 GHz (Fig. 28).

Unfortunately, the article size does not allow reviewing the manifestation of this phenomenon in the
other ring options described above. Along with it, it is worth noticing that this manifestation is
peculiar to them as well. This property enables the extension of the permissible angle sector within
which the functioning of the metamaterial cell in DNG mode is preserved. Moreover, the
requirements to the accuracy of the installation of the ring in a cell are eased.

As a confirmation of the specified regularity, we will finalize the description of the obtained results
with the review of properties of the metacell based on so called singular Moebius ring [16] (Fig. 29).
Its peculiar feature is the maximum possible extension of strip, forming the ring, with simultaneous
preservation of fixed interstrip gap, which still allows to avoid the short circuit of the side areas of the

strip due to the mutual contact [16].

30 gmem)

Fig. 27. Moebius ring with the inclination of 45 degrees.

100.00

I

)

50.00

~

0.007]

-50.007]

0.00 2.00 4.00 6.00 8.00 10.00
Freq [GHZz]

Fig. 28. The frequency dependencies of the parameters of metamaterial cell in Fig. 27 and their specific fragments with DNG
areas, solid - Re(¢); dash - Re(u).
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Fig. 29. The vertical singular ring with the cutout.

According to the results of modelling represented in Fig. 30, the first DNG band, which is
perspective, extends up to 450 MHz (taking into account the frequency step in the simulation, equal to
100 MHz).

Unexpectedly, the best results have been provided by the horizontal ring (Fig. 31) which, unlike all
previously considered options of the metacells, functions as the vertical one: DNG band is found in
the bottom frequency range up to 640 MHz (Fig. 32). The second and the third DNG ranges are found

from 4.01 to 4.35 GHz and from 4.45 to 5.33 GHz.
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Fig. 30. The frequency properties of the vertically oriented singular ring, solid - Re(¢); dash - Re(u).

Fig. 31. The horizontally positioned singular ring.

The above defined phenomenon of the inclined ring arises in this case as well. The exterior of the
corresponding metacell with the split singular ring, inclined at an angle of 45 degrees, is represented

in Fig. 33. At that, the same large air box along Y axis is used, owing to which the calculation process
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has slowed down significantly. The properties of the metacell with the inclined ring are represented in
Fig. 34. The present ring functions similar to the vertical one — DNG band is located in the bottom
frequency range up to 640 MHz. The second DNG range is within the area from 1.36 to 1.72 GHz.
However, in contrast to the ring with the hole in a form of the Star of David, the increase of DNG
band does not take place in this case in comparison with the vertical ring. Therefore, the invariance of
the presence of low frequency DNG mode in the metacell based on singular Moebius ring towards the
orientation of the ring in space, should be noted, because specific DNG area exists at any orientations

of the ring. As a result, the design of the metacell based on the singular ring is the preferable choice.
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Fig. 32. The frequency properties of the horizontally positioned singular ring, solid - Re(e); dash - Re(u).
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Fig. 33. Diagonally positioned singular Moebius ring.
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Fig. 34. The properties of the metacell with the inclined singular ring, solid - Re(¢); dash - Re(u).
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What concerns the size of the air box, it can be aligned with the dimensions of the inclined ring
along Y axis (Fig. 35). Such limitation of the box volume based on the ring size enables the significant
acceleration of calculation process for the frequency dependences of € and u values, reducing it to 20
minutes within the frequency range from 0 to 10 GHz. At that, the insignificant differences in
dependencies of € and u arise at the frequencies of up to 3 GHz (Fig. 36) in comparison with the
results for the box in Fig. 33. Along with it, the differences at the higher frequency ranges are crucial.
For example, at the frequency range of 8 GHz there is the surge of € value in this case, while there is

none in Fig. 34.
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Fig. 36. The dependencies of € and u for the scaled down dimensions of the air box, solid - Re(¢); dash - Re(u).

The fabrication process of the proposed metacell structures can be based on additive manufacturing
techniques, such as 3D printing to create physical models of antennas [16]. This may include printing
metacells from various materials such as plastic, metal or ceramic with post-processing, as well as
using different types of printers such as Fused Deposition Modeling (FDM) or Stereolithography
(SLA). In preparing this article, several methods were tested, the results of printing the dielectric base
for the subsequent galvanic coating are shown in Fig. 37 and Fig. 38. The use of non-conductive
materials as the basis for a metacellular structure can have a number of advantages. One of them is
that it can make the production process more economical. In addition, non-conductive materials are

easier to process or shape, allowing for more precision and control in the manufacturing process.

Another advantage is that dielectric materials can be lighter than conductive materials, which can be
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useful in certain applications. An alternative approach is to use 3D printing to create cast molds for
casting the metacell. These approaches allow for different material options, but are not covered in this

work.

Fig. 37. The metacell variants, manufactured by means of 3D printing method after a post-processing.
IV. DISCUSSION

The performed researches have demonstrated the possibility of realization of DNG mode in the
metamaterial cell based on the continuous Moebius ring. In conjunction with the chirality parameter,
it opens up the potential for the creation of the absorbers and electromagnetic materials on their basis,
absorbing and dissipating the electromagnetic waves. Along with it, the optimal effect in terms of the
width of the spectral area within which the DNG properties are manifested, is demonstrated by the
split Moebius rings of the reviewed topologies. For the verification of such properties in practical
applications the experimental researches should be performed. At that, it makes sense to apply multi-
cell modules, consisting of the several cells of the reviewed topology. The analysis of the represented
frequency dependences of the electric permittivity € and the magnetic permeability u creates the basis
for the approaching of this stage of research, enabling the selection of the best solutions for their

further distribution, as well as prejudge the characteristics of the multi-cell metastructures created on
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their basis. The overall properties of the metasurface will be a combination of the properties of each
individual metacell. For example, if the metacells are designed to have negative values of permittivity
and permeability, the metasurface will also have these properties, potentially leading to a Double
Negative zone with an expanded relative frequency band. However, the specifics of how the
properties of the metacells combine in the metasurface will depend on the specific design and
arrangement of the metacells. On the other hand, the proposed design of metamaterial cells based on
double Moebius strip can be used for the improvement of metamaterial lens [21, 22]. This approach

also needs to be explored.

V. CONCLUSION
The peculiar feature of the proposed split Moebius rings is the presence of the low frequency DNG

area. It is essential that 10-fold and more increase of the dimensions of metamaterial cell would be
required for the obtainment of the same possibilities based on classical SRR. The benefits of using a
metacell design based on a Moebius strip include the ability to eliminate the need for a straight
conductor in the metacell, making it more compact. What concerns all the potential Moebius ring
options from among the considered ones, the Moebius ring with the internal area in a form of the Star
of David provides the widest transmission band in the low frequency DNG mode. The corresponding
area extends up to the transition frequency of 720 MHz. Moreover, the singular Moebius ring displays
the invariance of the space orientation towards the presence of the DNG mode in low frequency
region, when being used as the basis for the metamaterial cell. The further researches should be
focused on the analysis of the maximum permissible space orientations of Moebius rings inside the
cell, which will still provide the conditions for the existence of low frequency DNG area; the analysis
of the efficiency of the application of several Moebius rings as the metamaterial block with various
combinations of leftwards and rightwards rotations, inclination and other parameters of these rings, as
well as the study of other ring designs, for example, the square topology. Moreover, the study of the
influence of the cutout width in the ring, particularly, the sector form, on the electromagnetic
properties of the metacell, is worth noticing.

The proposed metacells structures can be manufactured using additive manufacturing techniques,
such as 3D printing. As the material for manufacturing, the authors used copper and tested various
techniques, including 3D printing with post-processing and the use of conductive and dielectric
materials. Alternative methods for forming metacells, such as using 3D printing to make casting
molds for casting the structure, were also considered. In addition to the mentioned technological
issues, options for attaching and fixing the elements of the metacells in telecommunication and radar

equipment, as well as for creating arrays of metalenses were studied.
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