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Scattering cross-section is one of the main properties, characterizing an object in wireless applications.
Resonant phenomena increase the electromagnetic visibility of a scatterer while keeping its footprint
small. However, the single-channel limit or Chu-Harrington limit imposes a tight upper bound on a scat-
tering cross-section of subwavelength objects. Being derived for a dipolar response, this limitation can be
bypassed if several resonances of a structure are spectrally co-located and contribute constructively to the
scattering. Subwavelength structures, obeying this design concept though hardly achievable in practical
implementations, are called superscatterers. Here we demonstrate a superscatterer realization, based on
a circular bundle of vertically aligned metal wires, optimized to demonstrate 5 multipoles, resonating at
nearly the same frequency. As a result, the scattering cross-section becomes 12 times larger than object’s
geometrical cross-section. Owing to the multipolar multiplexing within the structure, the scattering is 7
times larger than the dipole single-channel limit. Additionally, as a result of the constructive interference
of several multipoles, scattering directivity up to 10 dB is observed. Wire-bundle superscatterers may be-
come an attractive architecture for many applications, including compact directive antennas, radar chaff
and beacons, long-range RFID tags, and many others.

© 2022 Elsevier Ltd. All rights reserved.

1. Introduction

Tailored electromagnetic scattering governs a wide range of
wireless communications, where efficient antennae and beacons
are required to support reliable links. Typically, these devices are
separated into two categories, each obeying different design rules.
While electrically large structures can be addressed by physical op-
tics tools, elements with wavelength-comparable features require
full-wave analysis [1]. Here we consider small scatterers with an
aim to increase their scattering cross-sections. This special prop-
erty is especially valuable in a range of low frequency (typically
below 10 GHz) applications, including miniature RFID tags [2-4],
small radar beacons and radar chaff [5-9]. In the optical domain,
highly scattering subwavelength plasmonic and all-dielectric parti-
cles are used in solar cells, thermal therapy, color displays, lithog-
raphy, and many other nanophotonic applications [10-13].

Maximal scattering efficiency of a resonant object depends sev-
eral parameters, though it does not depend on scatterer’s size
when low-loss materials are in use. The quality factor of the res-
onance, however, drops dramatically with the size reduction and
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is bounded from below by the Chu-Harrington limit [14,15]. While
the beforehand discussion is applied to objects operating on dipole
resonances, the contribution of higher-order multipoles changes
the picture quite dramatically. The contribution of a spherical reso-
nant multipole (a channel) to the scattering cross-section is limited
by (2¢4+1)A%/(2m), where ¢ is a total angular momentum. Typically,
a single-channel limit is defined for a dipole resonance, for which
¢=1 and, consequently, the maximal scattering cross-section is
3A2/(27) [16]. Operation on higher-order multipoles, e.g. magnetic
quadrupole or octupole, can, in principle, improve the scattering
efficiency [17,18], constrained by symmetry group considerations.
Furthermore, the spectral overlap of several resonances makes an
additive contribution to the overall performance of a structure.
Subwavelength objects, demonstrating scattering efficiently above
the single channel limit, are called superscatterers. Several su-
perscatterer designs have been proposed and include a core-shell
multilayer sphere [18] and a multilayer cylinder [16,19]. At a mi-
crowave frequency range, the superscattering effect was experi-
mentally shown for a multilayer cylinder, e.g. in [20]. It is worth
noting that the beforehand mentioned structures have closed-form
analytical solutions, which allow performing a fast optimization
over a large set of parameters to design spectral overlap of sev-
eral resonances. Typically, this task is quite involved, as eigenfre-
quencies of a system, based on strongly coupled resonators, can
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Fig. 1. Schematics of a circular wire bundle-a set of vertically aligned wires are
equidistantly distributed on a cylinder surface.

differ significantly from those, obtained with a negligible coupling.
To obtain a high level of modal degeneracy extensive efforts are re-
quired [21], including geometrical symmetry breaking approaches
[22]. Taking into account those constrains, several complex struc-
tures were recently reported [23,24]. Scattering performances are
typically assessed versus the dipole single-channel limit. For exam-
ple, a subwavelength corrugated cylinder [24] was shown to bypass
the limit by a factor of 3-6, while multilayered cylinders demon-
strated an improvement by a factor of 4-6 [20,25].

While the beforehand mentioned designs of superscatterers
were capable to surpass the limit, they all share the same funda-
mental constraint. Working with higher-order resonances necessar-
ily implies having a strong near-field accumulation. This stored en-
ergy is dissipated due to material losses of constitutive elements.
Consequently, lossy materials and lumped elements in superscat-
terers architectures possess the main constraints, limiting the per-
formances.

Here we investigate a structure made of vertically aligned
highly conductive (copper) wires, placed in a densely packed cir-
cular array-a bundle (Fig. 1). The wires are thrust in a foam host,
which is transparent for GHz waves. We optimized the structure
towards spectral overlap of resonances and succeeded in the co-
location of five lower-order multipoles. As a result, the dipolar
single-channel limit was overcome by a factor of 7. The struc-
ture was tested at an anechoic chamber, demonstrating the scat-
tering cross-section of 80 ¢cm?2, while its geometrical area is only
2RL = 6.6 cm?. Though the overall scattering cross-section is a su-
perscatterer performance measure, the directivity also plays a role
in many wireless applications. This factor is governed by relative
phases between multipole contributions. Here, an additional out-
come of our investigation is a strong forward scattering, approach-
ing directivity of 10.5 dB at the operational region.

The manuscript is organized as follows: electromagnetic prop-
erties of a 6-wire bundle are investigated numerically and param-
eters for the high-scattering regime are identified. Detailed stud-
ies of the phenomenon are performed next and ‘multipoles to
eigenmodes mapping’ is provided, revealing the main mechanism
of the superscattering. Then an experimental confirmation of the
obtained results is given before final discussions, concluding this
work.

2. Wire bundle resonator: numerical analysis and optimization
2.1. Scattering analysis

Wire bundle resonator was taken as a test object owing to its
overall parametrization simplicity with though a large number of

independent degrees of freedom. The structure is characterized by
several parameters, which can be considered as degrees of free-
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dom in optimization. Here, the resonator radius will be taken as
a variable and an additional frequency sweep will assist in finding
characteristic spectral features. While it is quite clear that several
resonant multipoles should be spectrally overlapped and interfere
with proper amplitudes and phases, there is no recipe how to find
out a suitable geometry. We have taken a geometry, based on 6
wires, which is an empirically obtained compromised number. This
structure has 4 modes, which emerge from hybridization of dipo-
lar resonances on individual wires, as it will be discussed in details
hereinafter. Taking a larger number of wires makes the modal hier-
archy much more complex, while taking fewer does not provide a
state of the art performance, as we found empirically. Dimensions
of each individual wire were fixed - 20 mm in length and 1 mm
in diameter. The finite diameter of the wire introduces a correc-
tion to its dipolar resonance, shifting it to a lower frequency - fy
~ 6.45 GHz in this case. Wire’s material is copper with its moder-
ately low ohmic losses (electric conductivity is 5.96 - 107 S/m). A
dense package of the wires in the bundle gives rise to a significant
near-field coupling. The latter leads to modes hybridization, which
tremendously changes the electromagnetic properties of the struc-
ture. In order to investigate this effect, we performed a numeri-
cal analysis of scattering using CST Microwave studio, frequency
domain solver. Fig. 2(a) is a color map, demonstrating the scat-
tering cross-section normalized to the single-channel dipole limit
(0ot = 3A2/(27)), as a function of the resonator radius R and the
operation frequency f. Scattering boundary conditions have been
applied on the calculation domain, which was taken to be twice
larger than the scatterer. The incident field is linearly polarized
along the wires (Fig. 1). The color map allows identifying three
resonant branches, which start overlapping at a certain frequency
range if the structure radius is properly chosen.

To understand the predicted highly efficient scattering phe-
nomenon, a detailed analysis will be performed next. To bypass
the single-channel limit, several resonant multipoles should in-
terfere constructively with a proper relative phase to build up
a strong scattered field. However, multipoles are not eigenmodes
of the structure and the system response is built up by its res-
onant modes. While a trivial mapping between resonances and
multipoles does exist for structures with rotational symmetry,
in the general case each eigenmode can have far-field radiation,
composed of several multipolar contributions. For example, Mie
modes in isotropic cylinders and spheres, being exited by an in-
cident wave, have far-field signatures in a form of spherical multi-
poles [14]. Eigen modes in structures with broken or incomplete
(even discrete rotational symmetry) symmetries require several
spherical multipoles for describing far-field scattering. Circles in
Fig. 2(a,b) demonstrate radius-dependent dispersion of the eigen-
modes. Those modes in this system can be described with phase
of surface currents, flowing on the wires. E.g. fundamental dipo-
lar mode, where there is no any change in the phase over the
wires in the system is defined as m0, mode with 1 phase varia-
tion is m1, etc. Relevant modes are depicted in the right inset to
Fig. 2. Lines in Fig. 2(d,e) show the dispersion of the multipoles
[26]. In the multipole decomposition we consider electric dipole
(ED), magnetic dipole (MD), electric and magnetic quadrupoles (EQ
and MQ), and electric and magnetic octupoles (EO and MO0) [27-
29]. Obviously, those resonant branches do overlap, but there is no
one-to-one mapping between them. This behavior will be further
discussed in detail.

2.2. Eigenmode analysis

The total number of modes in a bundle (or circular wire array)
consisting of N wires equals (N + 1)/2 if N is odd or N/2 + 1
if N is even [30-32]. Hybridization between higher-order modes
of individual wires is neglected, as it leads to resonances at much



S. Kosulnikov, D. Vovchuk, R.E. Noskov et al.

Journal of Quantitative Spectroscopy & Radiative Transfer 279 (2022) 108065

f 1 fo £/ fo Mode Q-factor
0.4 1.0 1.8 0.8 0.9 1.1 10° 10! 10? 103
. o7 [ f o @ ! T
m () S % I (©3 9 o mo m0
Q S} o 0o
o OOJQ o Oo 6% m0
o 00 o e} 0 oo
50 I XY o m2
[e) [oXe} o) o 00
o} 00 0 o 00 .
~ [e} o o - [e} [e) [¢} o m3
o} 0 o 0 0 oc
0 0 _© o
[e] o O
o) 0 o
[e] [oJe)]
0 IR
o o
(o] o
OO
= 12) - =
5 2
( ) \\\ " =aes ED 9
e
N MD *5
LR -=- EQ | 2
1 - —~
I MQ =
r \ - EO Q
2 v MO | g
. 1 2
S)
R 2
=
| 1 §
0.8 0.9 1.1
f/h f/f

Fig. 2. Numerical analysis of a wire-bundle scatterer. (a) Scattering cross-section, normalized to a theoretical single-channel limit (dipole limit 312/(27)), as a function of
bundle’s radius and operational frequency. Circles show the corresponding resonant eigenmodes. (b) Eigenmodes dispersion, as a function of radius, see legend to the next
panel. (c) Quality factors of the eigenmodes as a function of radius. (d) ‘Zoom in’ on panel (a), the focus is on the main area of interest, where the scattering cross-section
is maximal. Circles indicate eigenmodes from panel (b), lines indicate the multipolar resonant branches from panel (e). (e) Multipoles dispersion, as a function of radius.
Colored lines correspond to multipoles with abbreviations, explained in the main text. (f) Eigenmodes to multipoles mapping. The histogram is the weighted (normalized)
multipole expansion of each eigenmode’s far-field pattern. (m0-m3) Four non-degenerate eigenmodes of the structure, shown as phases of currents on the wires, R = 5 mm.

higher frequencies. Six-wire system supports four nondegenerate
modes m0-m3, if only dipole resonances on the wires are con-
sidered. The modes can be classified with an azimuthal number,
since phase variations of currents on the wires obey the geometri-
cal periodicity of the structure according to the Bloch theorem. It is
worth noting, however, that the azimuthal number has no direct re-
lation to spherical harmonics (Y/™), as it will be shown hereinafter.

The analysis was performed with CST, eigenmode solver, capa-
ble to address open resonators and estimate quality factors (Q-
factors) of the modes. Fig. 2(b) shows the eigenmode dispersion as
a function of the structure radius. Fig. 2(m0-m3) shows the phases
of the currents on the wires. For example, m0 is the fundamental
mode with 6-fold rotational symmetry. Higher-order modes have
alternating phases of the currents, and the index here shows the
number of zero crossings times two. At higher frequencies another
dipolar-like mode m0* emerges and it results from hybridization
of higher-order contributions of the finite-length wires. m0* has
a relatively high Q-factor and affects the scattering at higher fre-
quencies without a significant impact on the region of our inter-
est. Next, it is worth noting that not all the modes contribute
equally to the scattering. Their influence can be assessed by cal-
culating the Q-factors, presented in Fig. 2(c). Q-factor is formed
by an interplay between radiation and material losses. In the case
of highly conductive low loss materials, radiation losses predomi-
nate - this can be seen by comparing m1 (predominantly electri-
cal dipole mode, high radiation efficiency) and m3 (predominantly
magnetic octupole mode, high near-field concentration). This justi-
fication can be made by observing Fig. 2(f), which will be discussed
in detail hereinafter. Fig. 2(c) shows that m2 and m3 are the main
contributors to the scattering owing to the finite dimension of the
structure.

In order to reveal the eigenmode contribution to the scattering
efficiency, the far-field should be expanded by a series of multi-
poles, which will be done next.

2.3. Multipole expansion

To assess the scattering performance versus the single-channel
limit, the multipole expansion was performed. Here we use a
spherical multipole basis [27] with six multipoles, which are ap-
propriate to demonstrate convergence to the total scattering with
a sufficient accuracy. Multipole dispersion as a function of the bun-
dle’s radius appears in Fig. 2(e). It is quite remarkable that five
multipoles are almost perfectly co-located at the region, where the
scattering cross-section is maximized (R = 16 mm, f = 6.025 GHz).
This overlap is made possible due to the finite Q-factors. Note, that
the multipoles from the same symmetry group repel each other.
Here, this repulsion is smaller than full width at half maximum of
individual peaks.

2.4. Eigenmodes-multipoles mapping

Finally, the relation between the eigenmodes and multipoles
can be made. This is done by expanding the far-field of an eigen-
mode using spherical harmonics. The task was performed numer-
ically. The results are summarized in the histogram - Fig. 2(f). It
can be seen that the fundamental eigenmode mO0 is primarily ED
with a small contribution of EO. The latter is the result of retar-
dation, originating from a finite size of the structure. Higher-order
m3 mode is solely MO. Eigenmodes m1 and m2 are the mixtures
of four multipoles - EQ, EO, MD, and MQ. Now, the result is evi-
dent - two resonant eigenmodes contribute to scattering, which is
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formed by four resonant multipoles. The fifth multipole (MO) res-
onates nearly at the same frequency, but does not contribute to
the scattering. It is linked to eigenmode m3, which is not excited
by the incident plane wave.

2.5. Far-field scattering patterns

Since higher-order multipoles have nontrivial far-field signa-
tures, their interference can result in peculiar patterns. In this case,
another possible and important outcome of the investigation is
the capability to obtain a directive scattering. From the theoreti-
cal standpoint, so-called ‘Einstein needle-like radiation’ can be ob-
tained if all multipoles constructively interfere with weighted am-
plitudes and adjusted relative phases (e.g. seminal Oseen’s report
[33]). However, there are numerous practical constraints, related to
fabrication tolerance and internal material losses (e.g. [34]).

Electrically small antennas/scatterers, satisfying the condition kr
< 1 (k is a free space wavenumber and r is the smallest radius
of a sphere, enclosing the structure) have inherently small band-
width and directivity, bounded from above by well-known Chu-
Harrington [35,36] and Geyi [37] limits. An executive summary
was done by Pigeon et al. [38]. Those limits, as a function of nor-
malized structure’s size, are plotted in Fig. 3(a). Harrington’s di-
rectivity limit is Dmax = ¢ + 2[ (where [ = kr) can be taken as
an estimate, having a simple closed-form expression. Both Chu-
Harrington and Geyi limits predict a significant drop in the gain
with the structure’s size reduction. Overcoming those limits re-
mains a very challenging and rewarding task, as was mentioned
in the Introduction. To assess the performance of our structure, we
put a point on the graph, corresponding to R = 16 mm structure. It
can be clearly seen that both limits were overcome by several dBs.
This is the result of a partial interference of four multipoles, while
Chu-Harrington predicts having only two, according to the formula
above.

Whereas in [38] authors provided an executive summary on
subwavelength scatterer performances, it is worth noting other ap-
proaches, based on machine learning optimization techniques. For
example, highly directive antennas and scatterers were reported
(e.g. [39] and [40]), nevertheless they do fall into ‘electrically small’
category.

The directivity of our structure as the function of its parameters
appears in Fig. 3(b). High directivity can be obtained for a broad
range of parameters. However, this measure is less practical, as
high directivity should be accompanied by a high scattering for an
efficient interaction. Those two properties, being obtained together,
have practical implications. Fig. 3(c) is the product of the direc-
tivity (linear scale) and the scattering cross-section. This figure of
merit has a clear maximum, where the device has a strong direc-
tive forward scattering, making it operating as a high-performance
Huygens element.

3. Experimental demonstration

As it was mentioned in the Introduction, our architecture has
a very high fabrication tolerance and does not include any lossy
materials. We use copper, which is almost lossless material at the
considered frequency range (skin depth 6 < 1.5 um at the consid-
ered frequency range).

Our experimental demonstration is performed on five differ-
ent samples, which appear in the inset to Fig. 4(a). Scattering ex-
periments were performed at an anechoic chamber. Two broad-
band horn antennas NATO IDPH-2018 (Tx and Rx), placed 2 m
apart, were used to transmit and receive the signals. The samples
were located in the middle. Complex S-parameters (S1; and Sqp -
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Fig. 3. (a) Chu-Harrington and Geyi directivity bounds as a function of structure
size, normalized to the wavelength. Purple point-half-wavelength dipole. Yellow
point - our structure (R = 16 mm), overcoming both limits. (b) Directivity of a 6-
wire bundle (dB scale) as a function of normalized radius (to the wire’s length,
L = 20 mm) and the normalized frequency (1 corresponds to the directivity maxi-
mum). (c) Product of directivity (linear scale) and the scattering cross-section nor-
malized to single-channel, presented in Fig. 2(a).
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Fig. 4. (a) Experimental setup-anechoic chamber, two horn antennas (Tx and Rx),
and a styrofoam stage for samples. Inset-photographs of five samples under test. (b)
Total scattering versus radius of structure and frequency for five different samples
-experiment and modeling.

transmission and reflection) were acquired with Microwave Net-
work Analyzer Keysight N5232b. Data acquisition was done in the
range between 2 and 12 GHz. The total scattering cross-sections of
the object in mm? was extracted by applying the optical theorem.
100 mm diameter brass disk was used as a calibration tool. For-
ward and inverse Fourier transformations were applied to perform
the time-domain filtering.

The experimental samples were made from foam holders and
copper wires - 20 mm length, 1 mm diameter. Those parameters
were used in the numerical analysis in all the previous sections.
The radii of the bundles are as follows - R = 5 and 10 mm (before
the resonances overlap), R = 15 and 16 mm (where the perfect in-
terference takes place), and R = 20 mm (where the resonant con-
dition breaks down). Fig. 4 summarizes the experimental results.
Fig. 4(a) demonstrates the overall experimental set-up and sur-
rounding environment of the anechoic chamber. Fig. 4(b) provides
the detailed quantitative comparison between scattering cross sec-
tions of the considered samples and numerical predictions. It is
quite remarkable that the numerical data fit perfectly the exper-
iment. There are two main reasons for that - the choice of the
structure (its simplicity) and an accurate calibration of the experi-
mental setup. In terms of achievable parameters, the obtained scat-
tering cross-section is as high as 8000 mm? which prevails the
single-channel limit by a factor of 7.

4. Outlook and conclusion

The wire-bundle resonator has been designed to demonstrate
superscattering performances, which were subsequently experi-
mentally demonstrated. The core of the effect is the spectral over-
lap between several resonances of the structure. However, simul-
taneous excitation of several eigen modes within a structure does
not guarantee a high scattering. Spherical multipoles, forming a
complete orthogonal basis to span the far-field, provide a com-
plete information on scattering. However, mapping between eigen-
modes and resonant multipoles is not trivial for structures lack-
ing a continuous rotational symmetry. As a result, each eigen-
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mode, leaking to the far-field, can excite several multipoles and,
consequently, contribute to many scattering channels. Our struc-
ture was shown to operate on two resonant modes and, which
is critical, on four resonant multipoles, granting it superscatter-
ing performances. Furthermore, constructive interference between
several multipoles leads to super-directive scattering, which over-
comes Chu-Harrington and Geyi limits. While Cho-Harrington the-
ory predicts having two resonant multipoles in the structure, our
design demonstrates four, elevating the directivity above the com-
monly accepted limitation. Further increasing the number of wires
in the bundle and, probably, breaking its internal symmetry can
lead to elevated performances both in scattering and directivity.
These concepts might open new venues in many wireless appli-
cations, including radar deception, point-to-point communications
at lower frequencies, and many others. For example, constructing
low-frequency compact directive antennas with a bandwidth, suf-
ficient for wireless communications, remains a challenge.
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