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Abstract 
 

In this paper we introduce an analytical method to control 

the response of conformal metasurfaces with respect to an 

impinging plane wave as excitation source. We first 

develop and present the analytical framework in order to 

achieve a full control over the current distribution within 

the metasurface. Then, in order to prove the theoretical 

model, we design a test-case through a numerical solver, 

consisting in a curved magnetic metasurface excited by a 

plane wave. The obtained numerical results are in excellent 

agreement with the theory, confirming the validity of the 

proposed approach. In this way, an accurate and effective 

control over conformal magnetic metasurfaces can be 

accomplished, extending the possible technological 

applications with respect to the traditional planar 

configuration. 

 

1 Introduction 
 

Metamaterials and metasurfaces have received an 

incredible attention in the last decades [1]. This interest is 

motivated by the extraordinary electromagnetic properties 

that can be achieved by similar structures. Indeed, it has 

been proved that negative permittivity or permeability, and 

even negative refractive index (i.e., the “superlens” 

concept) can be achieved [2]-[3].  

 

Among this wide topic, a particularly interesting class is 

constituted by magnetic metasurfaces [1]. Metasurfaces 

retains a fundamental advantage with respect to their 3D 

counterpart (i.e., metamaterials). As a matter of fact, 

metasurfaces are commonly designed as thin films that 

present a desired surface impedance and, because of their 

compactness, can be easily integrated within modern 

technological applications. Magnetic metasurfaces are 

typically employed in magnetic resonance imaging, 

resonant inductive wireless power transfer and also for 

electromagnetic absorbers [4]-[6]. 

 

Typically, the traditional approach to design metasurfaces 

is by adopting some fundamental hypothesis. Indeed, the 

unit-cell must have subwavelength dimensions, in order to 

apply the homogenization criterion [7]. Further, the array 

constituting the metasurface is considered infinite in 

extent; in this sense, periodic boundary conditions are 

commonly employed to design the unit-cell. Finally, an 

impinging plane-wave is adopted as excitation source. 

Nonetheless, these hypotheses are far too ideal, especially 

when the operating frequency is relatively low. Indeed, in 

such cases, the array constituting the surface is not infinite 

but constituted by a limited number of unit-cells. Hence, 

strong truncation effects may arise and the actual 

metasurface response is significantly different from the 

ideal case. Moreover, this typical approach does not 

consider conformal shapes. Although different works in the 

literature faced this latter problem [8], nevertheless a 

method to practically control the metasurface behavior is 

still lacking. 

 

Thus, in order to overcome these limitations, this paper 

propose an analytical method to model and control 

magnetic metasurfaces, starting from a circuital approach. 

We demonstrate through preliminary full-wave simulations 

that it is possibile to shape the response of a conformal 

metasurface and to eliminate the truncation effects. The 

availability of a simple and effective model can be 

significantly helpful to facilitate the design and to avoid 

computationally expensive simulations for the 

optimization of the system. 

 

The paper is organized as follows. Section 2 is devoted to 

introducing the analytical framework to model and control 

the response of a generic magnetic metasurface; in Section 

3, we present the numerical test-case and the obtained 

results are discussed. Finally, Conclusions follow. 

 

2 Methods 
 

Supposing to have a spherical shape, externally covered by 

a magnetic metasurface, and excited by an impinging plane 

wave (Fig. 1). Further, we hypothesize that the metasurface 

is composed by N magnetic resonant inclusions (like spiral 

or split rings resonators, for instance) and that the operating 

frequency is relatively low to consider the magnetic 

induction as the prevalent exciting mechanism for the unit-

cells. At this point, it is possible to derive the circuital 

equations for the N unit-cells composing the metasurface: 
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Figure 1. Schematic draw depicting the considered case: a 

plane wave impinging on a spherical shape where a 

magnetic metasurface can be laid. 

 

where 	� is the angle between the incident H-field and the 

normal direction to the i-th unit-cell surface, in turn 

represented by the quantity �. 

By expressing the current flowing in each unit-cell ��  as a 

linear combination of a reference current ��  (�� � ���� ), 

then the loading condition for the i-th cell to obtain the 

desired current distribution becomes: 

    ��� � ����	�� ����� � ∑ ����� �!"�#����$%�&�� '              (2) 

where ���� � ()*+,���-  represents the input impedance of the 

i-th unit-cell. 

 

3 Numerical Test-case 

 

3.1 Adopted CAD Model 

 
In order to verify our proposed analytical method, we 

designed a numerical test-case, exploiting an 

electromagnetic solver based on the Method of Moments 

(Feko Suite, Altair, Troy, MI, USA). 

 

We realized a 7×7 array of spiral resonators. Each unit-cell 

consists of a 8-turns planar spiral with a 4 cm diameter, 

realized with a 1.4 mm diameter lossy copper wire. We 

loaded each cell with an opportune capacitor in order to 

obtain the desired response at the chosen working 

frequency (6 MHz). At this point, we projected the realized 

planar structure onto the surface of a sphere with radius 40 

cm in order to realize an example of conformal surface. 

 

Then, we used as excitation source a plane wave directed 

along the x-axis with respect to Fig. 2. In this way, we 

recreated the same geometrical configuration described in 

Fig. 1 between the H-field vector and the unit-cells’ 

surface. The overall CAD model developed in Feko is 

reported in Fig. 2. 

 

 

 

Figure 2. CAD model of the proposed test-case: the 7×7 

metasurface is projected onto the surface of a sphere with 

radius 40 cm. 

 

(a) (b) 

Figure 3. Obtained numerical results: the “standard” (a) 

and the “homogenized” (b) configurations are compared in 

terms of current distribution. As evident, the 

“homogenized” case is able to fully consider the finite size 

and the curved shape of the array. 

 
The proposed test-case was conceived to demonstrate that 

it is possible to eliminate truncation effects and 

inhomogeneities in the unit-cells’ response when they are 

placed in a finite-size and conformal array. In particular, 

we compare the case when the unit-cells are all loaded with 

the same capacitor (i.e., as if the ideal hypotheses about 

metasurface design are matched) against the case when the 

loads are corrected following (2). From a theoretical point 

of view, this is equivalent to impose to zero the unit-cells’ 

input impedance ����  and to choose the current coefficient �� all equal to 1. 

 

3.2 Results 

 
We performed full-wave simulations for the two 

configurations described before. In the “standard” 

configuration, the unit-cells have been all loaded with the 

same capacitor making them resonate singularly at 6 MHz; 

in the “homogenized” configuration, the capacitive loads 

were selected based on (2), thus fully considering the finite 

array dimension and its conformal shape. 

 

Fig. 3 reports the obtained results in terms of normalized 

currents, in the “standard” (a) and “homogenized” (b) 

configurations. As evident from the figure, the 

“homogenized” case is able to perfectly smooth the current 

distribution inside each unit-cell, thus eliminating the 

truncation effect. Moreover, our proposed theoretical 



approach takes into account also the conformal shape of the 

structure through the angle 	.  in (2). These numerical 

results demonstrate the validity of our approach; thus, the 

proposed analytical model can be exploited in order to 

achieve a more effective and practical design for conformal 

metasurfaces. 

 

4 Conclusions 
 

In this paper we introduced an analytical approach to 

describe and control the response of conformal magnetic 

metasurfaces. Differently from the classical approach in 

the literature, our proposed method fully considers the 

finite extent of the slab along with the eventual curved 

profile. 

 

In order to demonstrate the validity of the proposed 

procedure, we designed a numerical test-case, consisting of 

a curved magnetic metasurface excited by an impinging 

plane wave. We obtained an excellent agreement with the 

theoretical considerations, proving that it is possible to 

homogenize the response of all the unit-cell within the 

conformal surface, avoiding undesired truncation effects. 

 

The methodology herein presented can pave the way to a 

more effective way to design metasurfaces when conformal 

shape must be considered. Further development will be 

directed to analyze more complex current distributions and 

to explore possible exotic properties of conformal 

metasurfaces. 

 

5 References 
 

1. B. Pendry, A. J. Holden, D. J. Robbins, and W. J. 

Stewart, “Magnetism from conductors and enhanced 

nonlinear phenomena,” IEEE Trans. Microw. Theory 

Tech., 47, 11, pp. 2075–2084, Nov. 1999, doi: 

10.1109/22.798002. 

 

2. D. R. Smith, “Metamaterials and Negative Refractive 

Index,” Science, 305, 5685, pp. 788–792, Aug. 2004, doi: 

10.1126/science.1096796. 

 

3. F. Costa, A. Monorchio, and G. Manara, “An overview 

of equivalent circuit modeling techniques of frequency 

selective surfaces and metasurfaces,” Appl. Comput. 

Electromagn. Soc. J., 29, 12, pp. 960–976, 2014. 

 

4. S. Zhong and S. He, “Ultrathin and lightweight 

microwave absorbers made of mu-near-zero 

metamaterials,” Sci. Rep., 3, 1, p. 2083, Dec. 2013, doi: 

10.1038/srep02083. 

 

5. D. Brizi, J. P. Stang, A. Monorchio, and G. Lazzi, “A 

Compact Magnetically Dispersive Surface for Low 

Frequency Wireless Power Transfer Applications,” IEEE 

Trans. Antennas Propag., 68, 3, pp. 1887-1895, March 

2020, doi: 10.1109/TAP.2020.2967320. 

 

6. D. Brizi et al., "Design of Distributed Spiral Resonators 

for the Decoupling of MRI Double-Tuned RF Coils," IEEE 

Trans. Biomed. Eng., 67, 10, pp. 2806-2816, Oct. 2020, 

doi: 10.1109/TBME.2020.2971843. 

 

7. A. Alu, “First-principles homogenization theory for 

periodic metamaterials,” Phys. Rev. B, 84, 7, 2011, p. 

075153, 2011. 

 

8. Wu, K., Coquet, P., Wang, Q.J. et al., “Modelling of 

free-form conformal metasurfaces“, Nat. Commun., 9, 

3494, 2018. 

 

 

 

 


