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Optimizing an electromagnetic 
wave absorber for bi‑anisotropic 
metasurfaces based on toroidal 
modes
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The design and optimization of an electromagnetic wave absorber for far‑field wireless power 
transmission (WPT) is the subject of this research study. The goal of the research is to effectively 
absorb energy from ambient RF electromagnetic waves without the usage of a ground plane 
by employing metasurfaces with chiral components.By integrating trioidal moments into the 
design theory, the objective is to create a metasurface that functions in two frequency bands and 
produces high‑quality resonance. The study also explores the dual non‑homogeneity property of 
structures, polarization tensor coefficients, and the electromagnetic response of non‑homogeneous 
metasurfaces. Based on the relative orientation of induced fields and moments, it delves deeper 
into the two basic possibilities for dual non‑homogeneous elements. The development of chiral 
metasurfaces and the notion of electromagnetic chirality and its implications for polarization 
properties are introduced.
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Providing energy to operate daily life electronic devices has been a very important challenge for mankind, and 
many researchers in the related fields are focused on this topic. Wireless power transmission technology is a new 
method to renew the energy of electronic devices and also a solution for the faced challenges. This technology is 
based on power transmission through electromagnetic waves in the medium of free space and the surrounding 
space of daily life. The concept of wireless power transmission goes back to the findings of Nikola  Tesla1 in the 
last century, and the emergence of microwave technology after him brought the first practical wireless power 
transmission  system2 into academic communities, and made it a subject for research and development for 
researchers and developers of technology markets. Research on the classification of far-field power transfer has 
advanced rapidly with the emergence of artificial materials and structures known as metamaterials. Metamateri-
als have led to significant advancements in various technological fields and, particularly, in the manipulation of 
electromagnetic fields 3. A power transmission system in the category of far-field power transmission, known as 
an energy harvesting system in conventional research sources, has significant advantages compared to near-field 
coupling-based power transfer. One of these advantages is that the power transfer path is converted to common 
and long-distance routes. This research aims to enhance rectenna efficiency by utilizing a two-dimensional planar 
array, where its elements are recognized as unit cells of a metasurface. Instead of designing a high-gain directional 
antenna, the focus of this study is on improving efficiency through this planar array  configuration4. In the most 
general case, if the induced surface electric current in metasurfaces is considered to be generated by both the 
electric and radiative magnetic fields, and also if the duality of this phenomenon, meaning that the magnetic 
induction is influenced by both the electric and radiative magnetic fields, is observed, such metasurfaces can be 
referred to as dual non-homogeneous medium. The electromagnetic response of a homogeneous metasurface 
is determined by the electric dipole moment or torroidal vector (P) and the induced magnetic dipole moment 
or toroidal vector (m,g) within the constituent unit cells forming the metasurface. In a comprehensive linear 
formulation, the relationships between the induced electric and magnetic dipole moments and the external fields 
at a given location can be written as follows:
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which are electrical, electric-magnetic, magnetic-electric and magnetic polarization tensor coefficients, respec-
tively. The electromagnetic response of non-magnetic natural materials is usually determined by the electrical 
polarization coefficient, while the other polarization coefficients can be neglected due to the extremely small 
dimensions of the constituent particles of the natural material. A general answer related to all the introduced 
polarization coefficients can be achieved when artificial materials and structures (metamaterials and metas-
urfaces) are designed in such a way that the dimensions of its components (unit cells) are comparable to the 
wavelength of the external fields in the position of the unit cell. Assuming that the components of a metasurface 
are reprocal, the following conditions are valid for the polarization tensor coefficients:

Which operator T performs the transpose operation on the tensor coefficients. It can be observed that the 
magnetic-electric polarization coefficient is completely determined by the electric-magnetic polarization coef-
ficient, and it fully exhibits the reciprocal property. As mentioned, the non-zero and non-negligible values of 
these two coefficients indicate the dual non-homogeneity property of the structure.

According to Eq. (1), two basic scenarios can be defined for the dual non-homogeneous reciprocal elements, 
based on the relative orientation of the induced field and moment.

Recent advancements in the field of multifunctional metasurfaces, composed of compact unit cells, have 
opened up new possibilities in ultra-high-speed trigonometric  operations5. A key development is the non-inter-
leaved bidirectional Janus metasurface, which, with its broken mirror symmetry, encodes multiple functionalities 
in full-space scattering channels with different propagation directions and polarization, thereby exploiting four 
independent information  channels6. The integration of deep learning has further broadened the scope, with the 
experimental demonstration of a compact optical trigonometric operator that responds to incident light source 
modes, generating accurate results in the output  layer5. As the field evolves, these metasurfaces are anticipated 
to play a crucial role in a range of applications, from structured light conversion and optical imaging to multi-
functional optical information  processing7,8.

Related works
Surface‑based electromagnetic wave absorber
A. The field vector and the induced moment vector are in the same direction
An induced current is generated under the influence of a vertical electric field, leading to the emergence of a 
magnetic moment aligned with the external electric field. This scenario occurs in spiral components where the 
current loop is perpendicular to the field radiation direction, as shown in Fig. 1a. In a general classification, 
chiral elements contribute to the emergence of the first scenario.

B.The field vector and the induced moment vector are orthogonal
The induced current by stimulation of a vertical electric field, forms a magnetic moment perpendicular to the 
external electric field. This scenario occurs in components and elements where the orientation of the formed 
current loop aligns with the direction of the field radiation. The second scenario is represented by omega ele-
ments, according to a general classification (Fig. 1b).
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(a) Metal spiral as a Chiral element (b) Ω Shape as an omega metal element

Figure 1.  Two fundamental scenarios for nnon-homogeneous dual-responsive elements.
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Electromagnetic chirality
Chirality is a geometric concept. We call a shape or object chiral when it cannot be superimposed onto its mirror 
image through translation and rotation; in other words, it lacks bilateral symmetry. A chiral element can be either 
right-handed or left-handed. Figure 2 shows a simple helix as a canonical example of a chiral element, which, if 
it exhibits right-handedness, its mirrored image exhibits left-handedness.

It is not surprising that the interaction between an electromagnetic wave and a collection of chiral objects 
and elements with distinct right-handed/left-handed properties leads to variations in the polarization properties 
of the electromagnetic wave. Such a process is known as electromagnetic  chirality9.

Metachirality
Chiral elements, which exhibit dual-handedness properties, can form structures called chiral metasurfaces. These 
metasurfaces consist of unit cells composed of chiral elements, such as simple helices. In a chiral metasurface, 
the chiral elements are arranged with a specific spacing distance, and their induced electric and magnetic dipole 
moments align in the same direction perpendicular to the metasurface. This configuration enables interaction 
with electromagnetic waves on the  metasurface10.

Toroidal dipole moments
Electric dipole moments arise from the separation of positive and negative electric charges, while magnetic 
dipole moments arise from closed loop currents. Mathematically, electric and magnetic dipole moments can be 
expanded into multipole moments of charge and current distributions, as described  in11. The simplest radiation 
configuration that introduces the electric dipole moment is the separation of electric charges into positive and 
negative components. Inverting this configuration reverses the direction of the electric dipole moment, indicat-
ing that the electric dipole moment does not possess symmetry under this transformation. On the other hand, 
under such a coordinate inversion, the direction of the magnetic dipole moment does not change, as changes in 
the direction of the current compensate for the changes in spatial coordinates.

The concept of toroidal moment or toroidal multipole moments was not introduced in classical electrodynam-
ics for the expansion of charge and current distributions until Yakov Zel’dovich, a physicist from the Soviet Union, 
challenged the conservation of parity in fundamental particles based on classical theory in 1957 and argued that 
the explanation for balance and parity requires the introduction of new  concepts12. In 1967, Dubovik and col-
leagues associated these new concepts with classical electromagnetics by introducing “polar toroidal multipole 
moments,” represented by the toroidal multipole moment vector denoted as t13.

The term “toroidal” is used because it was first demonstrated that such a toroidal arises from the distribution 
of current on a structure in the form of a toroidal coil. Dubovik and colleagues showed that toroidal moments, 
such as electric and magnetic multipole moments, belong to a family of multipole moments. They attempted to 
express these moments using a classical expansion that existed for members of the old multipole family with the 
introduction of the polar toroidal moment, a new family of multipole moments potentially exists, called “Axial 
Toroidal Multipole Moments.” These moments exhibit vector properties in spatial coordinate transformation, 
and their dipole moment vector is defined as “g”14.

Although the axial toroidal moment may seem like a conceptual concept due to the absence of magnetic 
charge, its complete justification in electromagnetics was achieved in later years through non-linear optical effects 
in continuous  media15. In later years, the toroidal moments were extensively analyzed and decomposed, and 
charge and current distributions leading to toroidal moments were  introduced16–18. However, despite increas-
ing theoretical understanding of this emerging concept, empirical and practical evidence of toroidal moments 
was scarce. The awareness of toroidal moments grew within the research community with the emergence of 
metamaterials in the new millennium. Metamaterials, composed of unit cells, exhibit strong electric perme-
ability scattering for cells with a strong electric dipole response, and effective magnetic permeability scattering 
for cells with a strong magnetic dipole response. By induction, cells with strong toroidal moments should be 
 identifiable16. In 2002, further analysis of the radiative properties of arbitrary charge and current distributions 
also considered the toroidal moment as a fixed member of the multipole moments. Its calculation was possible 
through the usual Cartesian coordinate  expansion19.

Figure 3 illustrates a unit cell of one of the first designed examples of surface-based absorbers for energy 
harvesting. Its efficiency is demonstrated at different angles of the incident radiation field within a specified 
frequency band shown in Figure 3-b.

In terms of energy harvesting capability, the surfaces transfer the received power by each resonator to a 
rectifying circuit through a combining network. This concept has been discussed in several  references21–24. The 
input impedance of each branch of the power combiner can be modeled with a resistance (along with a ground 

(a) Simple spiral and its mirrored image (b) Triple helix spiral and its mirrored image

Figure 2.  Examples of chiral elements.
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port). Therefore, in the design of surface energy harvesters, each unit cell is typically loaded with a grounded 
 resistance25,26. In Fig. 4, you can see the simple schematic of an RF energy harvesting network.

The use of arrays of bow-tie cells has been another improvement in the field of energy harvesting, particularly 
in increasing the bandwidth. This has been discussed in  reference26. Another fundamental advancement in this 
research area has been the significant improvement in achieving multi-band and multi-polarization capabilities 
in the designed surface arrays for energy  harvesting27–29.

The approach and methodology presented  in30 can be considered as an important and innovative effort in the 
field of multi-polarization energy harvesting in surface structures. Figure 5 illustrates the designed unit cell from 
the front view (Fig. 5a) and the back view (Fig. 5b) in this reference. It indicates the complexity of the design 
and the potential decrease in efficiency due to the complexity of the power transfer mechanism introduced by 
the absorbed power.

(a) Structure embedded with SRR resonator (b) Energy harvesting efficiency at various
field incidence angles

Figure 3.  Reference20 results.

(a) A block diagram of energy harvesting network. (b) Schematic of feeding network under excitation of horn antenna.

Figure 4.  The output block diagram of energy harvesting network.

(a) Frequency selective surface front view (b) Frequency selective surface back view

Figure 5.  Embedded structure in Ref.30.
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Chiral elements for energy harvesting and optimization of these elements
Chiral surfaces have been introduced as an alternative to the reviewed surfaces that utilized resonators for 
designing the unit cell, requiring the presence of a ground plane and loading each cell through vias to create a 
rectifying network.

Polarizable electric-magnetic components of the same subwavelength wavelength serve as substitutes for 
using resonators in this category of surfaces for energy harvesting, and chiral elements are one type of these 
components for forming such a classification of surfaces.

In this section, the findings  of31 regarding the analysis of a dual non-isotropic medium composed of chiral 
elements will be examined, along with its approach for extracting maximum power from electromagnetic fields. 
Ref.31 has formulated Eq. (3), which represents the dependency of the transverse component of the radiated field 
on the power at its own point of propagation

For the classification of chiral elements as a category of dual non-isotropic response for interaction with elec-
tromagnetic waves, the Eq. (4) has utilized for the polarization coefficients of a simple helical chiral structure, 
as shown in Fig. 632.

Assuming that l is the length of the element and ω is the angular frequency, Ztot represents the total imped-
ance of a simple helical chiral structure as a chiral element, including the sum of the input impedance of the loop 
and the parts that correspond to a dual-polarized electric antenna. In classical sources such as 33 and modern 
antenna  theory34, we should seek an equivalent for it. Assuming that this impedance value only has a real value 
at the resonance of the element, disregarding absorption losses and considering it dependent on scattering losses, 
the following real value can be presumed for it:

where RRad is the radiation resistance of the element [38], and S is the area of the loop, given by S = πR2 , where 
R is the radius of the loop. η0 and k0 represent the impedance and wave number of free space, respectively.31 has 
obtained the optimal values for the conditions of a pure real wave with circular polarization as follows:

The present research will investigate the power extracted from radiation under similar polarization conditions 
but with general propagation conditions, where the wave number includes an imaginary component, in follow.

The  source35 introduces a planar source with a unit cell consisting of a simple helix with l = 1.005 cm and 
R = 0.874cm , as shown in Fig. 7. This structure serves as a chiral element, creating a non-concentric dual-
homogeneity environment.

These optimal values for the designed element correspond to the optimal dimensions derived in Eq. (6), 
which were obtained using an approach similar to that employed in Ref.31. However, in the present source, a 
closed-form equation for the optimal values of the chiral element is calculated.

This structure is specifically tailored for harvesting energy from electromagnetic waves with circular polari-
zation within the surrounding environment. Unlike the reviewed examples in “Metachirality” , where surfaces 
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Figure 6.  Each of the unit cells of Chiral Metasurface with radius R and length l.
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composed of enhancers were studied as unit cells, this structure does not include surfaces coupled with the 
ground plane, and the absorbed energy is not transferred to the load through a via.

Toroidal moment and classical multipole expansion
In the  source36, a comprehensive analysis of the multipole expansion using vector potentials and electromagnetic 
fields is performed to establish a connection between the Toroidal and classical multipole expansion.

In summary, by comparing the electric field generated by an electric dipole E(p), which depends on the elec-
tric dipole moment, the coefficient 1/r or the radiation zone, the propagation direction vector n and the wave 
number k, as shown in Eq. (7)11, with the electric field calculated from the Toroidal multipole, E(t), as presented in 
Eq. (8) in the current source, a relationship between the Toroidal and classical multipole expansion is established.

A general far-field electric field, denoted as E(tot) , in the radiation zone is given by Eq. (9), which is consistent 
with the results  in42.

Attention to the Eq. (9) clarifies the issue that choosing a charge and current distribution with magnetic dipole 
moment as p = −jkt will result in the vanishing of the electromagnetic fields in the radiation zone. Although 
this disappearance of fields with such a distribution will also nullify the electromagnetic fields originating from 
the distribution in the equation E(tot) , we did not address these fields. This conclusion confirms the existence of 
configurations known as “Anapoles” in the classical description, which refers to a distribution of charges and 
currents that neither radiates nor interacts with external electromagnetic  fields37. It supports recent findings in 
the field of fundamental particle  physics38.

The approach reviewed in this section will serve as a tool in incorporating toroidal moments in the calcula-
tions for designing electromagnetic wave absorbers based on metasurfaces in follow.

Achieving high‑quality factor through toroidal moment excitation
Resonance with a high-quality (Q) factor has garnered attention due to its positive attributes in electromagnetic 
sensing efficiency. It can also be beneficial in energy harvesting applications from electromagnetic  waves39. Sub-
radiant behavior of such resonances enhances power reception by trapping and maximizing electromagnetic 
energy in the near-field region of the power receiver.

One of the well-known methods to achieve high-Q resonance is through the interaction between bright 
and dark modes, as observed in resonance phenomena referred to as “Fano resonance”40–42. Increasing the Q 
factor can also be achieved by exciting two opposing toroidal moments within a metamolecule composing of 
metamaterials or periodic structures. The excitation of sub-radiant multipole moments of dark mode nature in 
periodic structures has been  studied43.

However, investigating such excitations is highly challenging due to the difficulty in observing and charac-
terizing the geometry-dependent toroidal moments and excited modes. Consequently, previous studies in this 
field have been largely limited to the regime of optical waves, where studying the interaction of waves with very 
short wavelengths with materials and microscale structures has been  practical44.
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Figure 7.  Reference35 results.
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Although the microwave regime has also been studied for the development of the concept of nonradiative 
mode excitation, thanks to the extensive possibilities for modifying and manipulating  structures45, breaking the 
symmetry inside unit cells of metasurfaces, which have no continuous unit structure and allow for the creation 
of opposing and coherent toroidal dipole moments within them, has been  explored46.

Method and results
Design of optimized single‑cell
In the most general case, an electromagnetic wave absorber based on surfaces exhibits linear relationships 
between induced moments and incident radiation fields for each individual unit cell on the surface, which can 
be expressed in the following Eq. (1). Here, Eloc and Hloc represent the localized electromagnetic fields of the 
assumed plane wave radiation on the surfaces. To ensure a homogeneous response for each wave polarization and 
surface orientation, the surface is assumed to have uniaxial symmetry. Such symmetry allows the division of the 
tensorial polarizability values in Eq. (1) into coefficients of the transverse unit tensor It  and the perpendicular 
unit tensor Jt  . These coefficients are referred to as co-directional and cross-directional polarizability coefficients, 
respectively. Please note that the response of the assumed elements or unit cells to the incident radiation fields 
is determined in the plane perpendicular to the radiation  direction47.

The determination of these coefficients depends on the element type with which the interaction of radiated 
fields is examined. Chiral elements, which will be used to extract maximum power from electromagnetic radia-
tion fields in the optimal design of unit cells, do not have a reciprocal component in their polarizability due to 
the property of reciprocity in the coupling of electric and magnetic moments. Because the assumed element’s 
response to the radiated fields occurs in the x − y plane (with the z axis chosen as the symmetry axis), the 
electric and magnetic fields of the incident plane wave separate into transverse and normal components upon 
encountering the surfaces of the unit cell in time.

Plane wave radiation is considered to be parallel to the symmetry axis and perpendicular to the surfaces in all 
stages of optimal unit cell design. Therefore, the interaction of these fields with the polarizable element assumes 
that the fields D and B are separable correspondingly into transverse and normal components. The transverse 
components of the electric and magnetic fields are assumed to be as follows:

If such a separation is done for the wave vector of this plane wave, such that we have k = kt + βâz , then the wave 
impedance Z can be obtained 47.

The characteristic impedances ZTM and ZTE in relation to the wave impedance are equal to:

The linear relationship between electric and magnetic moments and transverse fields can be simplified as follows:

To optimize the design, we consider a unit cell consisting of two chiral elements with a distance of d between 
them. For each separate electric moment p1 , p2 , and magnetic moment m1 , m2 , it is assumed that the polariz-
abilities are unaffected by the mutual component interactions.

The magnetic moment pair m1 , m2 generates a toroidal moment at a distance d1 between them, which can be 
obtained using the following general  equation48.

And simplifying our problem, it can be expressed as follows:
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The vectors rm1 and rm2 represent the positions from the location of the first and second magnetic moments to 
the location where the toroidal moment t is formed. Additionally, the toroidal moment g created by the electric 
moment pair at a distance d2 can be determined as the dual of Eq. (19) using Eq. (17).

The vectors rp1 and rp2 represent the positions from the location of the first and second electric moments to the 
location where the toroidal moment is formed. By substituting the equations into Eq. (16) the expressions for 
the new moments, For the toroidal moment t we have:

And for the toroidal moment g, we have,

These two Eqs. (20 and 21) can be simplified into the following equations:

The power generated due to the interaction of radiation fields and the chiral element pair is assumed to be 
determined by the Eq. (23),

The first term in Eq. (23) is equal to,

The coefficient α−co
ee  is used to express the relationship between the transverse electric field and the resultant 

electric dipole moments of the first element and the second element, which are represented by the difference 
α−co
ee  and αco

ee,1 in Eq. (16). Similarly, αco
ee,2 is the coefficient for expressing the relationship between the transverse 

magnetic field and the resultant electric dipole moments of the first element and the second element, which are 
represented by the difference α−co

em,1 and α−co
em,2 in Eq. (16). The third expression, after performing inner product 

multiplication with the resultant magnetic dipole moments of two chiral elements and the mixed component of 
the transverse radiated magnetic field, is given by Eq. (25).

Calculating the second term in the general power relation (23) gives the result,

Calculating the fourth term in the general power relation (23) gives the result,

Implementing circular polarization conditions for the radiant field in the form of and substituting the four 
computed terms in the power Eq. (23) yields the result,
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âz × p1 −

d2

2
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âz ×

[
(αco

me.1 + αco
me.2)Et + (αco

mm.1 + αco
mm.2)Ht

]

(21)g = d2

4
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]

(23)g = d2

4

[
(α+co
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We simplify the real part of some expressions and we have,

The obtained general form in Eq. (23) can be examined for various conditions of radiant waves, including propa-
gating or attenuating waves. If we assume that the conditions for β are according to Eq. (30) and the impedance 
conditions are given by Eq. (31),

The special case where n = 1+ j will simplify Eq. (29) to the form (Eq. 32) in the end.

Results
Absorber surface simulation
In this section, the results obtained from the simulation of a single cell of absorber surfaces are presented. The 
structure considered for the simulation is introduced and theoretically analyzed in pervious section. These 
simulations were conducted using the CST Studio Suite software. The purpose of these simulations is to achieve 
an optimal design and incorporate the findings into the theoretical analysis discussed in pervious chapter.

For the simulation, the proposed structure for a single cell is enclosed within a waveguide. The lateral walls 
of the waveguide are assigned periodic boundary conditions, while the top and bottom walls are fed with Flo-
quet ports labeled as Zmax and Zmin as shown in Fig. 9. It is implicit that the incident sheet wave is assumed to 
have circular polarization based on the assumption discussed in pervious section. The distance of the structure 
from the lateral walls in each simulation is chosen such that the lattice constant a, which is the distance between 
the centers of each unit cell, is maintained. The Floquet ports are exclusively used in the simulation of planar 
periodic structures.

According to the Eq. (6), we randomly select an interval for the length. Please note that we have not yet 
calculated the optimal length as we require the values of t and δ (Fig. 8). Here, for a number of lengths, we find 
these values for a more optimized state. It is important to note that these results will not currently provide the 
best energy absorption percentage.

A simulated sample of an optimized structure with l = 1.9 cm, according to Eq. (6) from the Ref.31, exhibits 
the best performance in energy harvesting at a frequency of 1 GHz. Additionally, two smaller samples with 
l = 1.23 cm and l = 0.95 cm, with an amplification factor of 1.03 for the second element compared to the first 
element and a rotation angle of 25 degrees for the second element relative to the first element, as shown in Fig. 10, 
will yield results. The scatter parameter plots for these structures, shown in Fig. 10, exhibit noticeable movements 
similar to the results observed in structures with stimulated Tröger’s motifs.

Furthermore, the sample with a length of l = 1.9 cm exhibits significant behavior in another region. We then 
conduct a case study on this structure to reach a general conclusion about the impact of separating the second 
element from the first element on the generation of specific resonances with high quality factors. Attention to 
the scattering parameter plots in Fig. 11, simulated respectively for amplification factors of t = 1.02 and t = 1.05 
with a fixed rotation angle of δ = 25◦ , reveals that the effect of the amplification factor t on the frequency region 
around 1 GHz is much more significant than its effect on the region around 4.8 GHz. The latter region is highly 
dependent on variations in the rotation angle δ.
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(a) Top view (b) Side view

Figure 8.  Proposed unit cell.

Figure 9.  The simulation conditions of the simple desired structure in the CST Studio Suite software.

Figure 10.  The scattering parameters of the three simulated structures.
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The first resonant frequency with different amplification factors
The first frequency region, as discussed earlier, is highly dependent on the amplification factor t and relatively 
independent of the rotation angle δ . By varying the amplification factor, one can achieve an optimal result for 
energy harvesting efficiency in this frequency region.

The second resonant frequency with a unit amplification factor
To systematically study the impact of the amplification factor of the second element,t , and the rotation angle 
between the two chiral elements,δ , the results obtained from the structure shown in Fig. 8 with a unit amplifica-
tion factor, t = 1 , for various rotation angles δ will provide valuable insights in this regard.

The graph in Fig. 12a represents the real values of the reflection coefficient and transmission coefficient of 
the structure embedded with a unit amplification factor and a rotation angle of six degrees. The observed dis-
continuities in the second frequency region, from 60 to 62mm wavelength, indicate the presence of a resonance 
in the reflection coefficient, as shown in Fig. 12b, for the scattering parameter Zmax.

Increasing the rotation angle to eight degrees results in a shift in the discontinuities of the real values of the 
reflection and transmission coefficients towards longer wavelengths, as shown in Fig. 13a. Consequently, the 
scattering plot is also shifted towards lower frequencies, including the resonant frequency of the second frequency 
region (at 4.8GHz ), as depicted in Fig. 13b.

This behavior observed in the shift of discontinuities, as repeated in the case of δ = 18◦ (as shown in Fig. 14, 
provides us with a suitable insight into the impact of varying the rotation angle of the second chiral element. 
With such an understanding, it is possible to adjust the discontinuities to achieve the most desirable resonance 
in the second frequency region.

The graph in Fig. 15a illustrates the successful attempt to achieve the desired resonance with a rotation angle 
of δ = 30◦ . The scattering parameter plot in Fig. 15b confirms this accomplishment.

Finding the maximum absorbed power
For numerical analysis, the normalized form of the obtained equation for the specified constrained conditions 
in Eq. (32) will be considered as P̃ in Eq. (33).

Figure 11.  (a) The scattering parameters of the simulated structure with a 2% amplification factor. (b) The 
scattering parameters of the simulated structure with a 5% amplification factor.

Figure 12.  (a) The real values of the reflection coefficient and transmission coefficient of the structure 
embedded with a unit amplification factor and a rotation angle of 6 ◦ . (b) The scattering parameter in the second 
frequency region with a unit amplification factor and a rotation angle of 6 ◦.
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The variable P̃ can be modeled in MATLAB software for different values of n, where n relates the length of the 
first chiral element in the unit cell design to a specific wavelength � according to Eq. (34).
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Figure 13.  (a) The real values of the reflection coefficient and transmission coefficient of the structure 
embedded with a unit amplification factor and a rotation angle of 8 ◦ . (b) The scattering parameter in the second 
frequency region with a unit amplification factor and a rotation angle of 8 ◦.

Figure 14.  (a) The real values of the reflection coefficient and transmission coefficient of the structure 
embedded with a unit amplification factor and a rotation angle of 18◦ . (b) The scattering parameter in the 
second frequency region with a unit amplification factor and a rotation angle of 18◦.

Figure 15.  (a) The real values of the reflection coefficient and transmission coefficient of the structure 
embedded with a unit amplification factor and a rotation angle of 30◦ . (b) The scattering parameter in the 
second frequency region with a unit amplification factor and a rotation angle of 30◦.
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The algorithm described in the Fig. 16 is executed in the MATLAB software to obtain the values of P̃ for differ-
ent values of n, using a specific wavelength � = 21.12 cm. The resulting values of P̃ for each n in the range of 1 
to 250, which covers up to a quarter of the wavelength, are plotted as a bar graph.

The obtained values indicate that the maximum value for the function P̃ occurs at n = 45 . Comparing this 
finding with the optimal chiral element length formula in Eq. (34) for the single chiral element at � = 21.12 cm 
suggests the achievement of an improved and generalized result for two elements within a unit cell. Furthermore, 
the use of a optimal length value of l1 = 1opt = 0.97 cm for the first chiral element, where the magnification fac-
tor is t = 1.09 and the rotation angle is δ = 30◦ , confirms the optimal value for the desired resonance in the first 
frequency range, as determined by CST simulation.

Finally, considering the Ref.35 and the absorption power relation as follow,

The normalized absorption power graph has been shown in Fig. 17.
As it’s obvious from Fig. 17, The normalized absorption power for � = 2.112 cm is over than 0.9 which has 

been improved relative to Ref.35 as a bianisotropic unit cell without toroidal configuration. The method’s versa-
tility and flexibility suggest that it can be extended to various other structures, indicating a level of universality 
in its approach to characterizing bianisotropic particles based on reciprocity and magneto-electric  couplings49.

As shown in Table 1, we present the absorption efficiency and frequency for different references. The absorp-
tivity percentages and corresponding frequencies (in GHz) are listed alongside relevant references.

Conclusion
In this study, we proposed and theoretically analyzed a novel design for a chiral metamaterial unit cell aimed at 
optimizing the absorption of electromagnetic waves. The unit cell consists of two chiral elements with a specific 
distance between them. The theoretical analysis involved expressing the polarizability coefficients and deter-
mining the interaction of radiated fields with the chiral elements. The focus was on achieving optimal energy 

(35)l1 =
n

1000
�

(36)PL = S2η0|E0|2(1− |R|2 − |T|2)

Figure 16.  The obtained values for P̃ at each n in the range of 1 to 250.

Figure 17.  Normalized power absorption based on wavelength.
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harvesting by considering the toroidal moments generated by the electric and magnetic moments of the chiral 
elements.

The theoretical framework provided insights into the relationships between the design parameters, such as 
the amplification factor and rotation angle, and the generated toroidal moments. The derived equations allowed 
for the evaluation of the power generated due to the interaction of radiation fields with the chiral elements. The 
analysis considered circular polarization conditions and investigated the impact of varying parameters on the 
resonant frequencies.

The systematic study of resonant frequencies with different amplification factors and rotation angles provided 
valuable insights into the tunability of the proposed metamaterial structure. The observed shifts in resonances 
indicated the possibility of adjusting the design parameters to achieve specific resonant frequencies, contributing 
to the controllability of energy absorption.

The studied metasurface, with its narrow-band absorber properties, offers versatile application potential as 
a modulator across various  fields60. Its ability to selectively filter and absorb specific frequencies benefits appli-
cations such as optical filters and  spectroscopy61. Furthermore, the tunable absorption feature allows for real-
time adjustment, making it suitable for sensors and optical devices requiring adaptive  control62. In sensing and 
detection, its selective absorption enhances accuracy, while its high-fidelity modulation capability is crucial for 
precise light control in optical communication and imaging. Its compact and lightweight design further extends 
its utility, enabling integration into portable devices like wearables. Overall, these properties highlight its value 
as a modulator, providing spectral selectivity, tunability, sensitivity, high-fidelity modulation, and compactness 
for a wide range of applications.

Data availability
The datasets used and/or analysed during the current study available from the corresponding author on reason-
able request.

Received: 3 January 2024; Accepted: 11 April 2024

References
 1. Tesla, N. The transmission of electrical energy without wires. Electr. World Eng. 1, 21–24 (1904).
 2. Brown, W. C. The technology and application of free-space power transmission by microwave beam. Proc. IEEE 62, 11–25 (1974).
 3. Engheta, N. & Ziolkowski, R. W. Metamaterials: Physics and Engineering Explorations (Wiley, 2006).
 4. Amer, A. A. G., Sapuan, S. Z., Nasimuddin, N., Alphones, A. & Zinal, N. B. A comprehensive review of metasurface structures 

suitable for rf energy harvesting. IEEE Access 8, 76433–76452 (2020).
 5. Zhao, Z. et al. Deep learning-enabled compact optical trigonometric operator with metasurface. PhotoniX 3, 15 (2022).
 6. Shang, G. et al. A non-interleaved bidirectional Janus metasurface with full-space scattering channels. Nanophotonics 11, 3729–3739 

(2022).
 7. Wang, X. et al. Single-shot isotropic differential interference contrast microscopy. Nat. Commun. 14, 2063 (2023).
 8. Ding, X. et al. Metasurface-based optical logic operators driven by diffractive neural networks. Adv. Mater. 2308993 (2023).
 9. Engheta, N. & Jaggard, D. L. Electromagnetic chirality and its applications. IEEE Antennas Propag. Soc. Newslett. 30, 6–12. https:// 

doi. org/ 10. 1109/ MAP. 1988. 60861 07 (1988).
 10. Yazdi, M. & Albooyeh, M. Analysis of metasurfaces at oblique incidence. IEEE Trans. Antennas Propag. 65, 2397–2404. https:// 

doi. org/ 10. 1109/ TAP. 2017. 26779 51 (2017).
 11. Jackson, J. D. ClassicaL Electrodynamics 3rd edn. (Wiley, New York, 1999).
 12. Zel’Dovich, I. B. Electromagnetic interaction with parity violation. Sov. Phys. JETP 6, 1184–1186 (1958).
 13. Dubovik, V. & Cheshkov, A. Form factors and multipoles in electromagnetic interactions. Sov. Phys. JETP 24, 924–926 (1967).
 14. Dubovik, V. & Tosunyan, L. Toroidal moments in the physics of electromagnetic and weak interactions. Sov. J. Particles Nucl. (Engl. 

Transl.) (United States) 14 (1983).
 15. Dubovik, V. M., Tosunyan, L. A. & Tugushev, V. V. Axial toroidal moments in electrodynamics and solid-state physics. Sov. J. Exp. 

Theor. Phys. 63, 344 (1986).
 16. Afanasiev, G. N. & Stepanovsky, Y. P. The electromagnetic field of elementary time-dependent toroidal sources. J. Phys. A Math. 

Gen. 28, 4565–4580. https:// doi. org/ 10. 1088/ 0305- 4470/ 28/ 16/ 014 (1995).

Table 1.  Comparison of metasurface absorbers: absorption efficiency and frequency ranges.

Sl. no. Year Absorptivity (%) Frequency (GHz) Ref.

1 2015 > 80 2.3 Ref.50

2 2016 > 90 58.6 Ref.51

3 2016 > 80 8.86 Ref.52

4 2016 > 90 4 Ref.53

5 2015 > 90 7.85 Ref.54

6 2016 > 90 3.56 Ref.55

7 2016 > 90 10.8 Ref.56

8 2017 > 90 8.3 Ref.57

9 2020 > 90 1.5 Ref.30

10 2023 > 90 10.85 Ref.58

11 2024 > 96 9.08 Ref.59

12 This work > 92 1.5 –

https://doi.org/10.1109/MAP.1988.6086107
https://doi.org/10.1109/MAP.1988.6086107
https://doi.org/10.1109/TAP.2017.2677951
https://doi.org/10.1109/TAP.2017.2677951
https://doi.org/10.1088/0305-4470/28/16/014


15

Vol.:(0123456789)

Scientific Reports |         (2024) 14:8783  | https://doi.org/10.1038/s41598-024-59503-8

www.nature.com/scientificreports/

 17. Dubovik, V., Martsenyuk, M. & Saha, B. Material equations for electromagnetism with toroidal polarizations. Phys. Rev. E Stat. 
Phys. Plasmas Fluids Relat. Interdiscip. Top. 61, 7087–97. https:// doi. org/ 10. 1103/ PhysR evE. 61. 7087 (2000).

 18. Afanasiev, G. N. & Dubovik, V. M. Some remarkable charge-current configurations. Phys. Particles Nucl. 29, 366–391. https:// doi. 
org/ 10. 1134/1. 953084 (1998).

 19. Radescu, E. E. & Vaman, G. Exact calculation of the angular momentum loss, recoil force, and radiation intensity for an arbitrary 
source in terms of electric, magnetic, and toroid multipoles. Phys. Rev. E 65, 046609. https:// doi. org/ 10. 1103/ PhysR evE. 65. 046609 
(2002).

 20. Ramahi, O. M., Almoneef, T. S., AlShareef, M. & Boybay, M. S. Metamaterial particles for electromagnetic energy harvesting. Appl. 
Phys. Lett. 101, 173903 (2012).

 21. Xu, P., Wang, S.-Y. & Geyi, W. Design of an effective energy receiving adapter for microwave wireless power transmission applica-
tion. AIP Adv. 6, 105010 (2016).

 22. El Badawe, M., Almoneef, T. S. & Ramahi, O. M. A metasurface for conversion of electromagnetic radiation to dc. AIP Adv. 7, 
035112 (2017).

 23. Almoneef, T. S., Erkmen, F. & Ramahi, O. M. Harvesting the energy of multi-polarized electromagnetic waves. Sci. Rep. 7, 1–14 
(2017).

 24. De Marco, R. et al. Low profile dual-band dual-polarized transmit array antenna based on multilayer frequency selective surfaces. 
In IEEE Transactions on Antennas and Propagation (2023).

 25. Almoneef, T. S. & Ramahi, O. M. Metamaterial electromagnetic energy harvester with near unity efficiency. Appl. Phys. Lett. 106, 
153902 (2015).

 26. Alavikia, B., Almoneef, T. S. & Ramahi, O. M. Wideband resonator arrays for electromagnetic energy harvesting and wireless 
power transfer. Appl. Phys. Lett. 107, 243902 (2015).

 27. Zhong, H.-T., Yang, X.-X., Tan, C. & Yu, K. Triple-band polarization-insensitive and wide-angle metamaterial array for electro-
magnetic energy harvesting. Appl. Phys. Lett. 109, 253904 (2016).

 28. Zhong, S.-S. et al. Tri-band dual-polarization shared-aperture microstrip array for SAR applications. IEEE Trans. Antennas Propag. 
60, 4157–4165 (2012).

 29. Ghaderi, B., Nayyeri, V., Soleimani, M. & Ramahi, O. M. A novel symmetric ELC resonator for polarization-independent and highly 
efficient electromagnetic energy harvesting. In 2017 IEEE MTT-S International Microwave Workshop Series on Advanced Materials 
and Processes for RF and THz Applications (IMWS-AMP). 1–3. https:// doi. org/ 10. 1109/ IMWS- AMP. 2017. 82474 43 (2017).

 30. Erkmen, F. & Ramahi, O. M. A scalable, dual-polarized absorber surface for electromagnetic energy harvesting and wireless power 
transfer. IEEE Trans. Microwave Theory Tech. 69, 4021–4028 (2021).

 31. Ra’di, Y. & Tretyakov, S. A. Balanced and optimal bianisotropic particles: maximizing power extracted from electromagnetic fields. 
N. J. Phys. 15, 053008. https:// doi. org/ 10. 1088/ 1367- 2630/ 15/5/ 053008 (2013).

 32. Tretyakov, S., Mariotte, F., Simovski, C., Kharina, T. & Heliot, J.-P. Analytical antenna model for chiral scatterers: Comparison 
with numerical and experimental data. IEEE Trans. Antennas Propag. 44, 1006–1014. https:// doi. org/ 10. 1109/8. 504309 (1996).

 33. Schelkunoff, S. A. & Friis, H. T. Antennas: Theory and Practice (Wiley, 1952).
 34. Lo, Y. T. & Lee, S. Antenna Handbook: Theory, Applications, and Design (Springer, 2013).
 35. Younesiraad, H. & Bemani, M. Bi-anisotropic particles and chiral inclusions for highly-efficient electromagnetic energy harvesting. 

Prog. Electromagnet. Res. M 93, 67–76 (2020).
 36. Nanz, S. Toroidal Multipole Moments in Classical Electrodynamics (Springer, 2016).
 37. Lewis, R. R. Anapole moment of a diatomic polar molecule. Phys. Rev. A 49, 3376–3380. https:// doi. org/ 10. 1103/ physr eva. 49. 3376 

(1994).
 38. Miroshnichenko, A. E. et al. Nonradiating anapole modes in dielectric nanoparticles. Nat. Commun.https:// doi. org/ 10. 1038/ 

ncomm s9069 (2015).
 39. Fowler, C. & Zhou, J. A metamaterial-inspired approach to rf energy harvesting. arXiv preprintarXiv: 1705. 07718 (2017).
 40. Lim, W. X., Manjappa, M., Pitchappa, P. & Singh, R. Shaping high-q planar fano resonant metamaterials toward futuristic technolo-

gies. Adv. Opt. Mater. 6, 1800502 (2018).
 41. Li, Q. et al. Monolayer graphene sensing enabled by the strong fano-resonant metasurface. Nanoscale 8, 17278–17284 (2016).
 42. Xie, Q., Dong, G.-X., Wang, B.-X. & Huang, W.-Q. High-q fano resonance in terahertz frequency based on an asymmetric meta-

material resonator. Nanoscale Res. Lett. 13, 1–7 (2018).
 43. Liu, N., Hentschel, M., Weiss, T., Alivisatos, A. P. & Giessen, H. Three-dimensional plasmon rulers. Science 332, 1407–1410 (2011).
 44. Panaro, S., De Angelis, F. & Toma, A. Dark and bright mode hybridization: From electric to magnetic fano resonances. Opt. Lasers 

Eng. 76, 64–69 (2016).
 45. Dhouibi, A., Nawaz Burokur, S., Lupu, A., de Lustrac, A. & Priou, A. Excitation of trapped modes from a metasurface composed 

of only z-shaped meta-atoms. Appl. Phys. Lett. 103, 184103 (2013).
 46. Fedotov, V., Rose, M., Prosvirnin, S., Papasimakis, N. & Zheludev, N. Sharp trapped-mode resonances in planar metamaterials 

with a broken structural symmetry. Phys. Rev. Lett. 99, 147401 (2007).
 47. Tretyakov, S. Analytical Modeling in Applied Electromagnetics (Artech House, 2003).
 48. Dubovik, V. & Tugushev, V. Toroid moments in electrodynamics and solid-state physics. Phys. Rep. 187, 145–202. https:// doi. org/ 

10. 1016/ 0370- 1573(90) 90042-z (1990).
 49. Achouri, K. & Martin, O. J. Fundamental properties and classification of polarization converting bianisotropic metasurfaces. IEEE 

Trans. Antennas Propag. 69, 5653–5663 (2021).
 50. Yin, X. et al. Ultra-wideband microwave absorber by connecting multiple absorption bands of two different-sized hyperbolic 

metamaterial waveguide arrays. Sci. Rep. 5, 15367 (2015).
 51. Tang, J., Xiao, Z., Xu, K. & Liu, D. A polarization insensitive and broadband metamaterial absorber based on three-dimensional 

structure. Opt. Commun. 372, 64–70 (2016).
 52. Ozden, K., Yucedag, O. M. & Kocer, H. Metamaterial based broadband rf absorber at x-band. AEU-Int. J. Electron. Commun. 70, 

1062–1070 (2016).
 53. Munaga, P., Ghosh, S., Bhattacharyya, S. & Srivastava, K. V. A fractal-based compact broadband polarization insensitive metamate-

rial absorber using lumped resistors. Microwave Opt. Technol. Lett. 58, 343–347 (2016).
 54. Ghosh, S., Bhattacharyya, S., Chaurasiya, D. & Srivastava, K. V. An ultrawideband ultrathin metamaterial absorber based on circular 

split rings. IEEE Antennas Wirel. Propag. Lett. 14, 1172–1175 (2015).
 55. Ghosh, S. & Srivastava, K. V. Polarization-insensitive single-and broadband switchable absorber/reflector and its realization using 

a novel biasing technique. IEEE Trans. Antennas Propag. 64, 3665–3670 (2016).
 56. Thi Quynh Hoa, N., Huu Lam, P. & Duy Tung, P. Wide-angle and polarization-independent broadband microwave metamaterial 

absorber. Microwave Opt. Technol. Lett. 59, 1157–1161 (2017).
 57. Zhai, H., Zhang, B., Zhang, K. & Zhan, C. A stub-loaded reconfigurable broadband metamaterial absorber with wide-angle and 

polarization stability. J. Electromagnet. Waves Appl. 31, 447–459 (2017).
 58. Fu, C. et al. Design and analysis of a dual-broadband microwave metasurface absorber with flexibility and transparency. Opt. 

Quantum Electron. 56, 291 (2024).
 59. Lv, Q. et al. Quad-band bidirectional metasurface microwave absorber with a patchwork of circular-patch resonators. Mater. Today 

Commun. 108336 (2024).

https://doi.org/10.1103/PhysRevE.61.7087
https://doi.org/10.1134/1.953084
https://doi.org/10.1134/1.953084
https://doi.org/10.1103/PhysRevE.65.046609
https://doi.org/10.1109/IMWS-AMP.2017.8247443
https://doi.org/10.1088/1367-2630/15/5/053008
https://doi.org/10.1109/8.504309
https://doi.org/10.1103/physreva.49.3376
https://doi.org/10.1038/ncomms9069
https://doi.org/10.1038/ncomms9069
http://arxiv.org/abs/1705.07718
https://doi.org/10.1016/0370-1573(90)90042-z
https://doi.org/10.1016/0370-1573(90)90042-z


16

Vol:.(1234567890)

Scientific Reports |         (2024) 14:8783  | https://doi.org/10.1038/s41598-024-59503-8

www.nature.com/scientificreports/

 60. Karimkhani, H. & Vahed, H. An optical modulator with ridge-type silicon waveguide based on graphene and mos2 layers and 
improved modulation depth. Opt. Quantum Electron. 53, 211 (2021).

 61. Karimkhani, H., Attariabad, A. & Vahed, H. High sensitive plasmonic sensor with simple design of the ring and the disk resona-
tors. Opt. Quantum Electron. 54, 344 (2022).

 62. Karimkhani, H. & Vahed, H. A structure of electro-absorption hybrid plasmonic modulator using silver nano-ribbon. Opt. Quan-
tum Electron. 55, 894 (2023).

Author contributions
S.A. conceived the experiment, H.A. and E.A. conducted the experiment, B.A. and M.B. analysed the results. 
All authors reviewed the manuscript.

Competing interests 
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to M.B.

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:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2024

www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Optimizing an electromagnetic wave absorber for bi-anisotropic metasurfaces based on toroidal modes
	Related works
	Surface-based electromagnetic wave absorber
	A. The field vector and the induced moment vector are in the same direction
	B.The field vector and the induced moment vector are orthogonal

	Electromagnetic chirality
	Metachirality
	Toroidal dipole moments
	Chiral elements for energy harvesting and optimization of these elements
	Toroidal moment and classical multipole expansion
	Achieving high-quality factor through toroidal moment excitation

	Method and results
	Design of optimized single-cell

	Results
	Absorber surface simulation
	The first resonant frequency with different amplification factors
	The second resonant frequency with a unit amplification factor
	Finding the maximum absorbed power

	Conclusion
	References


