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Absorption modes of Mobius strip
resonators

Joshua K. Hamilton?"*?, lan R. Hooper* & Christopher R. Lawrence?

In this work, the electromagnetic response of a mathematically interesting shape—a M&bius

strip—is presented, along with a ring resonator for comparison. Both resonators consist of a central
lossy dielectric layer bounded by perfectly conducting layers. For the case of the Mobius strips, the
computational results show that there are a family of half-integer wavelength modes within the
dielectric layer. These additional modes result in increased absorption, and a corresponding reduction
in the radar cross section. Interestingly, rotational scans show that these modes can be excited over
alarge angular range. This investigation gives an understanding of the electromagnetic response of
these structures, paving the way for future experiments on Mobius strip resonators.

The idea behind this work originated from the concept of a Mébius strip (also known as a Mobius loop or band).
The discovery of this structure is attributed to the mathematicians Listing and M6bius in 1858'. However, it has
been shown that Roman mosaics dated ca. 200-250 AD show the concept of these geometries®. The Mébius strip
is of interest to mathematicians because it is defined to be a surface with only one side and one boundary: for
example, if a line is drawn along the edge, it returns to its origin point after two circuits of the loop - a somewhat
counter-intuitive result.

A simple visualisation of a Mobius strip can be created by taking a strip of paper, twisting it half a turn, and
then taping the ends together. One can move along the total length of the strip without crossing a boundary edge.
As a result, this geometry structure has the mathematical property of being non-orientable’.

The electromagnetic properties of ring-based resonators have been the focus of a wide range of research
efforts. Ring resonators have been used in antenna design®*, frequency selective surfaces™®, metamaterials”®
and more’. Resonators created from helically wound dielectric/metal tape have been shown to exhibit interest-
ing electromagnetic properties. These “chiral Swiss roll” structures support a strongly negative refractive index
regime above the fundamental resonance!®!!.

As far as the authors are aware, the majority of published work focused on the electromagnetic properties
of Mdbius-like structures was conducted by Pond et al.}>"'%. In this work, Mobius resonators were created by
twisting a conducting wire and creating a structure with twice the path length when compared with a standard
ring of the same radius. As a result, the resonant frequency of the Mobius strip is half that of the standard ring.
This could be used to reduce the size of resonators.

The miniaturisation of printed antennas using the concept of a Mgbius strip was investigated by Kim et al.'®.
The fabricated antenna resembled a spiral with a “bridge” out-of-plane to link the start and end, creating a
pseudo-Mobius geometry. The proposed design showed it was possible to reduce the average radius by 1/3—com-
pared to a classic ring—while keeping the resonance frequency the same. Ballon et al.'” investigated the rotational
properties of eigenfunctions of Mébius loop topology and their cylindrical ring counterparts. Interestingly, it
was shown that the Mébius loop gave rise to half-integral harmonic excitations.

The investigation presented here is focused on ring and Mdébius-like resonators that were designed to have
a fundamental resonance at 2.5 GHz, as well as additional resonate modes due to the geometry. Since the radar
cross section (RCS) is typically used in experiments to investigate the response of these type of resonators, and
since this information is currently not available within the literature, this will be the focus of our work. The RCS
is a measure of the power scattered in a given direction when an object is illuminated by an incident wave. The
RCS is given by the ratio of the power scattered, Ps, to the power incident, P;, when measured at the radius, 7,
of the object:

(1)

However, the scattered power is measured at an antenna, P,—the measurement is not located at the object.
Therefore, an additional factor is required, as the signal would be greater by 47 2. If the receiver is co-located
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Figure 1. Schematic diagram of (a) the ring resonator and (b) the Mébius resonator. R is the centreline radius,
t is the thickness of the dielectric, and w is the width of the PEC. The blue colouring visualises the dielectric
material and the grey visualises the PEC layer.

with the source then the RCS is known as the monostatic RCS. If the receiver is positioned at a different location
to the source, this term is known as the bistatic RCS. The scattered power can be influenced by a range of factors
that include: the material, the size (relative to the wavelength), the incident angle, and the polarisation of the
transmitted and received radiation.

Results

Design of the ring and Mo&bius strip resonators.  Two structures of interest were designed within this
investigation. The first was a standard dielectric ring with a perfectly electric conducting (PEC) surface on the
outer and inner boundaries of the ring (Fig. 1a visualises the PEC as grey and the dielectric material as blue).
The second resonator was a dielectric Mobius strip with a PEC layer (Fig. 1b). See Supporting Information for
rotational animations of the ring and Mobius geometries.

COMSOL Multiphysics was used for the modelling of these structures. COMSOL Multiphysics is a finite
element analysis, solver and multiphysics simulation software. The finite element method (FEM) is a commonly
used method for solving computational electromagnetic problems. Our model was based on the benchmark
RCS of a metallic sphere model supplied by COMSOL Multiphysics'®". The resonant structure was centred in
a spherical modelling domain surrounded by Perfectly Matched Layers (PMLs). The built-in scattered field for-
mulation was used with a time-harmonic background field of the form exp(—ikox). The RCS was subsequently
calculated using COMSOL:s built in far-field calculator.

Both the standard metallic ring and the M6bius strip were designed with a radius (R)—as measured from
the centreline of the strip—of 20 mm, a width (w) of 10 mm and a thickness (#) of 7 mm. The ring and M6bius
strip geometries were designed in a 3D design software (Autodesk AutoCAD) and imported into COMSOL
Multiphysics. The inner and outer surfaces of the ring—the same surface for the Mobius strip—were then selected
as PEC layers. The thickness of the resonators (i.e. the inner volumes) were given the dielectric constant of
€ = 4.17 — 0.2j (mimicking a lossy glass-reinforced epoxy laminate material, known as FR4), leaving the edges
between the PEC upper and lower layers exposed.

At GHz frequencies most metals act as exceptionally good conductors with skin depths that are of order 10°
times smaller than the wavelength. As such, the vast majority of any absorptive losses will occur in the dielectric
spacer material, especially since the electric fields are highly localised within this medium. This allows the use
of PEC boundary conditions to mimic the metal coatings, massively reducing the required mesh elements in the
model and making the calculations far more tractable.

RCS of the ring and Mobius strip resonators. It is first useful to understand the simplest system, in this
case the ring resonator. The initial investigation focused on the RCS response of two different orientations for
two polarisations. The incident plane wave propagated along the x-direction with the two polarisations defined
as: E-field in the y-direction (E, = exp(—ikox)) and z-direction (E, = exp(—ikox)), respectively. The first orien-
tation—known as ring-on’'—had the ring orientated in the yz plane, as depicted in Fig. 1. The second-known as
‘edge-on’ had the ring orientated in the xz plane.

Figure 2 shows the results of the first investigation. Figure 2a and b show the RCS when the ring resonator is
illuminated by a plane wave polarised with E;, and propagating in the x-direction. The large fundamental mode
is visible at 2.5 GHz with an additional mode at 1.4 GHz.

The fundamental resonance of a metallic ring occurs when the wavelength is equal to the circumference,
Cring = Aring. This would be expected to be the same for these PEC coated dielectric structures. However, an
additional mode would be expected across the dielectric layer. The dielectric mode corresponds to dipoles
present across the thickness of the dielectric. These dipoles are spatially small, so they are poorly coupled to the
radiation—the poor coupling resulting in the sharpness of the modes.

The thickness and dielectric loss were chosen to optimise the relative strength and bandwidth of the mode
across the dielectric layer, see Supporting Information, Fig. S1. For a ring resonator, integer wavelength quan-
tisations around the dielectric rings are allowed. For the incident radiation to couple to the modes there needs
to be a non-zero net dipole moment. In this orientation, summing over the components of the dipoles in the
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Figure 2. The RCS response of the ring resonator as a function of frequency. (a) E, illuminating ring-on, (b) E,
illuminating edge-on, (c) E; illuminating ring-on, and (d) E; illuminating edge-on.

z-direction around the ring sheds light on the allowed coupling of the modes. The only mode with a non-zero
net dipole moment is the 1-wavelength mode. All higher order—even and odd—wavelengths have a zero net
dipole moment as the top half cancels with the bottom half. As a result of the dielectric properties, there is a
sharp increase in RCS at 1.4 GHz, followed by a reduction in the RCS at 1.5 GHz.

Figure 2b shows that the fundamental resonance cannot be excited when illuminated edge-on. The oscillat-
ing maxima and minima observed are the result of the specular reflected waves and the back-scattered creeping
waves interfering constructively and destructively. This is known as the Mie resonance region and typically occurs
when the wavelength is comparable to the structure’s dimension®.

Figure 2c shows that, due to rotational symmetry, the RCS response is the same for both polarisations for
the ring-on orientation. Figure 2d again shows the Mie resonance region, with a sharp 1.4 GHz mode due to the
dielectric layer being excited in this orientation. A second—weakly coupled—dielectric mode can be observed
at 2.8 GHz. Due to the combination of orientation and polarisation, the net dipole moment of the 2-wavelength
mode is non-zero.

Moving on from the ring resonator, the same analysis was conducted on the Mébius resonator. Figure 3a and
b show the RCS when the Mébius resonator is illuminated with a plane wave polarised with E, and propagating
in the x-direction. Figure 3a shows a similar response to that seen for the ring resonator, the large fundamental
mode being unchanged at 2.5 GHz. However, the dielectric mode has shifted in frequency to 2.1 GHz.

Figure 3b shows the edge-on response of the Mébius resonator. Once again, in this orientation the funda-
mental dipolar mode can not be excited, however four relatively equally spaced resonances are observed at: 0.7
GHz, 2.1 GHz, 3.5 GHz, and 5 GHz.

Figure 3¢, d show the RCS when the Mobius resonator is illuminated by E, propagating in the x-direction.
Figure 3¢ once again shows that due to rotational symmetry the RCS response is the same for both polarisations
for the ring-on orientation. Figure 3d further shows that excitation of the 2.1 GHz mode results in a reduction
of the RCS. To understand the origin of the shifting of the dielectric mode, as well as the additional modes, it is
useful to inspect the scattering cross section (SCS) and the absorption cross section (ACS).

SCS and ACS of the ring and Mobius strip resonators.  When an electromagnetic wave interacts with
an object, that object’s scattering and absorption cross-sections quantify the proportion of the incident radiation
that is either scattered or absorbed by the structure?..

Similar to the RCS investigation, the ring and Mdébius resonators were excited with an incident plane
wave propagating along the x-direction with the E-field in the y-direction (E, = exp(—ikox)) and z-direction
(E, = exp(—ikox)), for the two orientations.

Figure 4 shows the SCS (blue line) and the ACS (red line) for the ring resonator. Figure 4a shows the large
fundamental dipolar mode in the SCS response. The spike in both the SCS and ACS is present at 1.4 GHz, due
to the coupling to the dielectric mode. This response corresponds to the previously shown RCS (see Fig. 2, and
the large absorption is a result of the dielectric loss of the material. Figure 4b shows that when illuminating
edge-on the dipolar mode cannot be excited once again. Figure 4c further confirms the rotational symmetry of
the ring resonator. An interesting result can be seen in Fig. 4d: additional absorption modes can be observed at
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Figure 3. The RCS response of the Mbius resonator as a function of frequency. (a) E illuminating ring-on, (b)
E, illuminating edge-on, (c) E; illuminating ring-on, and (d) E; illuminating edge-on.
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Figure 4. The SCS (blue) and ACS (red) response of the ring resonator as a function of frequency. (a) E,
illuminating ring-on, (b) E, illuminating edge-on, (c) E; illuminating ring-on, and (d) E; illuminating edge-on.

2.6 GHz, 4.0 GHz, and 5.4 GHz. These modes correspond to the higher order wavelength quantisations around
the dielectric (24, 3/, and 44...).

Conducting the same analysis with the Mobius resonator reveals additional information regarding the shift-
ing of the dielectric modes. Figure 5 shows the SCS (blue line) and ACS (red line) for the M6bius resonator.
Figure 5a shows the 2.1 GHz mode in both the SCS and ACS, as well as the excitation of an absorption mode at
0.7 GHz (previously only visible in Fig. 3b, when illuminating edge-on). Figure 5b clearly shows all the absorp-
tion modes present within the structure for the investigated frequency range. The absorption modes are present
at: 0.7 GHz, 2.1 GHz, 3.5 GHz, and 5 GHz.
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Figure 5. The SCS (blue) and ACS (red) response of the Mobius resonator as a function of frequency. (a) E,,
illuminating ring-on, (b) E, illuminating edge-on, (c) E; illuminating ring-on, and (d) E; illuminating edge-on.

Comparing the absorption modes from the ring resonator (Fig. 4d) and the Mobius resonator (Fig. 5b), the
origin of the shifted Mobius modes is clear. When a twist is present, there is a switch between inner to outer
charge distributions. As a result, when traversing around the ring and summing over the dipole moments, previ-
ously forbidden modes are present and coupling is allowed. These modes correspond to half-integer wavelength
quantisations around the dielectric rings—for example, 0.5/, 1.54, 2.5/, and 3.54.

Angular response of the ring and Mobius strip resonators. The final investigation in this work was
focused on observing how the excitation of the absorption modes changes when the ring or Mobius resonators
are rotated relative to the incident radiation. Two rotations were investigated, the first being when the structures
are rotated around the z-axis and the second when the structures are rotated around the the x-axis. See Support-
ing Information for videos of the rotations.

Figure 6a shows a schematic of the rotation, the angle ¢ being swept through 180°. Figure 6b, ¢ show the SCS
for the ring and Mobius resonators, respectively. For both resonators, starting at 0° (ring-on), the fundamental
and dielectric modes are excited, as the angle increases the excitation is decreased until a minimum at 90° (edge-
on). As the angle is increased further, the excitation gradually increases until reaching 180°.

Figure 6d shows the ACS for the ring resonator. There is strong coupling to the 1.4 GHz mode at 0°, which
gradually decreases with increasing angle until 90°. The higher order modes at 2.6 GHz and 4.0 GHz are weakly
coupled at angles between approximately 10° and 70°.

Finally, Fig. 6e shows the ACS for the M&bius resonator, for which the lowest order mode (0.54) is excited
over the full angle range. There is stronger coupling to the 1.54 mode, with the strength reducing as the angle
approaches 90°, which matches the data previously shown in Fig. 5. The higher order Mbius resonator modes
are shown to be more angular independent compared to the modes seen in the ring resonator.

The origin of the angular independence can be explained by thinking about the projected area of the geom-
etry relative to the incident radiation. When the M6bius resonator is rotated around the z-axis, there is always
dielectric material in the plane of the excitation (See Supporting Information). However, for the ring resonator, at
90° in Fig. 6d, the orientation is such that there is only PEC in the plane of the excitation, and therefore coupling
to the modes is not possible.

Figure 7 shows the ACS when the Mobius resonator is rotated around the x-axis, as well as a schematic of the
rotation (Fig. 7a). The dielectric modes supported by the Mobius resonator are completely angle independent
when rotated in this orientation. The ring resonator data is not shown for this geometry since the modes are not
excited, as can be seen at 90° on Fig. 6d.

Conclusion
In this work, the radar cross section of a mathematically interesting shape—a Mdbius strip—was investigated,
along with a ring resonator for comparison. Both resonators consisted of a central lossy dielectric layer bounded
by perfectly conducting layers.

The RCS of both structures was dominated by their fundamental dipolar resonance. However, sharp features
were also present due to additional small dipole moments across the thickness of the dielectric core. To more
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Figure 6. The SCS and ACS response of the ring and Mébius resonators as a function of angle (¢) and
frequency. (a) Shows a schematic of the rotational plane. The SCS response is shown for E; illuminating the (b)
ring resonator, and (c) the Mobius resonator. (d) and (e) show the corresponding ACS.
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Figure 7. The ACS response of the Mébius resonator as a function of angle (0) and frequency. (a) Shows a
schematic of the rotational plane. The response is shown for E, illuminating the Mébius resonator edge-on.

fully understand the response of the resonators, their scattering and absorption cross sections were also calcu-
lated. Narrow-band absorption features were evident in the spectra, with those supported by the ring resonator
arising from integer wavelength quantisations around the ring, and those for the Mobius resonator arising from
half-integer wavelength quantisations. For the case of the M6bius resonator, coupling to these absorption modes
is possible over a wide range of polarisations and orientations.
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The computational results shown further our understanding of the electromagnetic response of Mobius-like
structures. This work will help any future experimental investigations focusing on such structures.

Received: 3 February 2021; Accepted: 8 April 2021
Published online: 27 April 2021

References
1. Starostin, E. & Van Der Heijden, G. The shape of a mobius strip. Nat. Mater. 6, 563-567 (2007).
2. Cartwright, J. H. E. & Gonzalez, D. L. Mobius strips before mobius: topological hints in ancient representations. Math. Intell. 38,
69-76 (2016).
3. Wu, T. T. Theory of the thin circular loop antenna. J. Math. Phys. 3, 1301-1304 (1962).
. Miron, D. B. Small Antenna Design (Newnes, 2006).
5. Taylor, P. S., Parker, E. A. & Batchelor, J. C. An active annular ring frequency selective surface. IEEE Trans. Antennas Propag. 59,
3265-3271 (2011).
6. Azemi, S. N., Ghorbani, K. & Rowe, W. S. 3d frequency selective surfaces. Prog. Electromagn. Res. 29, 191-203 (2012).
7. Smith, D. R., Gollub, J., Mock, J. J., Padilla, W. J. & Schurig, D. Calculation and measurement of bianisotropy in a split ring resona-
tor metamaterial. J. Appl. Phys. 100, 024507 (2006).
8. Baraclough, M., Hooper, I. R. & Barnes, W. L. Investigation of the coupling between tunable split-ring resonators. Phys. Rev. B 98,
085146 (2018).
9. Chang, K. & Hsieh, L.-H. Microwave Ring Circuits and Related Structures vol. 156 (Wiley Online Library, 2004).
10. Wiltshire, M., Pendry, J., Williams, W. & Hajnal, J. An effective medium description of ‘swiss rolls, a magnetic metamaterial. J.
Phys.: Condens. Matter 19, 456216 (2007).
11. Wiltshire, M., Pendry, J. & Hajnal, J. Chiral swiss rolls show a negative refractive index. J. Phys.: Condens. Matter 21, 292201 (2009).
12. Pond, J. M. Mobius dual-mode resonators and bandpass filters. IEEE Trans. Microw. Theory Tech. 48, 2465-2471 (2000).
13. Pond, J. M., Liu, S. & Newman, N. Bandpass filters using dual-mode and quad-mode mobius resonators. IEEE Trans. Microw.
Theory Tech. 49, 2363-2368 (2001).
14. Pond, J. M. Mobius resonator and filter. US Patent 6,445,264 (2002).
15. Cooke, S.J. & Pond, J. M. Modes in a mobius wire-loaded cavity resonator. Microw. Opt. Technol. Lett. 31, 6-9 (2001).
16. Kim, M. ], Cho, C. S. & Kim, J. Miniaturized antenna using a planar mobius strip bisected along the circumferential direction. In
2006 European Microwave Conference 827-830 (IEEE, 2006).
17. Ballon, D. J. & Voss, H. U. Classical mébius-ring resonators exhibit fermion-boson rotational symmetry. Phys. Rev. Lett. 101,
247701 (2008).
18. Munn, J. Fast Numerical Analysis of Scattering and Radar Cross-section https://www.mwrf.com/technologies/software/article/21849
126/comsol-fast-numerical-analysis-of-scattering-and-radar-cross-section (2018).
19. COMSOL. Computing the Radar Cross-section of a Perfectly Conducting Sphere https://uk.comsol.com/model/computing-the-
radar-cross-section-of-a-perfectly-conducting-sphere-10332 (2021).
20. Knott, E., Schaeffer, J. & Tulley, M. Radar Cross Section (Radar, Sonar and Navigation, Institution of Engineering and Technology,
2004).
21. Jain, P. K, Lee, K. S., El-Sayed, 1. H. & El-Sayed, M. A. Calculated absorption and scattering properties of gold nanoparticles of
different size, shape, and composition: applications in biological imaging and biomedicine. J. Phys. Chem. B 110, 7238-7248 (2006).

'S

Acknowledgements
This work was also supported by the UK Engineering and Physical Sciences Research Council Prosperity Part-
nership, TEAM-A (EP/R004781/1).

Author contributions

J.K.H. and C.R.L. conceived the main idea of the project. J.K.H. and I.R.H produced the finite element models.
All authors contributed in discussing the results and guiding the computational work. J.K.H wrote the draft
manuscript and all authors commented and provided help in building the final version of the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-021-88280-x.

Correspondence and requests for materials should be addressed to J.K.H.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2021

Scientific Reports |

(2021) 11:9045 | https://doi.org/10.1038/s41598-021-88280-x nature portfolio



