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Abstract—We present a compact, magnetically dispersive 

engineered surface for resonant inductive Wireless Power 

Transfer (WPT) that significantly enhances the performance of 

an inductive link, increasing the efficiency and/or working 

distance. The proposed metasurface measures 6 cm × 6 cm × 0.1 

cm, achieving a greatly reduced thickness over a 3D 

metamaterial, especially relative to the long wavelength at the 

chosen operating frequency of 5.77 MHz, which is in the range of 

typical wireless biomedical implants. Such feature is obtained by 

virtue of an extremely compact connected double-spiral unit cell, 

which provides high inductance values despite the small size. We 

prove through numerical simulations that the proposed 

metasurface considerably lowers the electric field level with 

respect to traditional 2 or 3-coil WPT systems, while maintaining 

the same magnetic field level at the receiver. In addition, we 

conducted efficiency measurements on a fabricated prototype, 

confirming the performance of our design. The excellent 

efficiency enhancement, combined with the resulting low electric 

field, makes the proposed metasurface an attractive solution for a 

number of WPT applications, especially where the exposure in 

terms of Specific Absorption Rate (i.e. SAR) is one of the major 

concerns, such as in biomedical implants and rechargeable 

devices.  

 
Index Terms— Low frequency, magnetic field, metamaterial, 

metasurface, unit cell, Wireless Power Transfer (WPT). 

 

I. INTRODUCTION 

ESONANT Inductive Wireless Power Transfer is a fast-

growing area of electromagnetic research. Originating 

with Tesla’s first studies on wireless energy transmission 

between a resonant transmitter and receiver [1], this 

technique has since been used in a wide variety of 

applications. Rechargeable devices, automotive applications 

and biomedical implants are just some of the more popular 

current examples [2]–[9]. For biomedical applications, 

inductive resonant wireless power transfer systems typically 
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operate at very low working frequencies (i.e. few MHz) 

[10]–[12]. By operating in the quasi-magnetostatic regime, 

non-magnetic human tissues have minimal impact on the 

field strength and pattern, leading to reliable and predictable 

power transfer through the body. Moreover, operating in this 

regime minimizes undesired thermal energy deposition in the 

tissue (i.e. ohmic heating characterized by the Specific 

Absorption Rate) [13], [14], making the technique one of the 

most convenient ways to deliver power to an implant without 

using wire connections.  

Despite the above advantages, a major concern when 

operating in the near field is the quick decay of the field 

itself, which is proportional to the cube of distance 

(|H|~1/d3). For this reason, significant effort has been 

directed towards viable solutions that improve both 

efficiency and working distance in inductive wireless power 

transfer applications.  A particularly active area of research 

is devoted to the integration of metamaterials and 

metasurfaces to enhance the performance of WPT systems 

[15]–[26]. These engineered materials consist in either a 3D 

(metamaterial) or 2D (metasurface) arrays of subwavelength 

unit-cells that produce beneficial bulk electromagnetic 

properties (permittivity, permeability, conductivity) not 

found in nature [27]–[33]. For example, several works have 

shown that a negative permeability can enhance magnetic 

evanescent waves [16], [22], [34], [35], thus increasing WPT 

efficiency.  

In some applications, metasurfaces have an advantage 

over 3D bulky metamaterials, since their reduced thickness 

makes integration in WPT systems easier [36]. Among 

metasurfaces for inductive WPT, printed planar resonators 

and wires in different arrangements are very popular: it has 

been demonstrated that spiral resonators, split rings, in a 

single or double layer configuration are able to improve the 

efficiency of the inductive link [17], [18], [23], [37]–[41]. 

However, one common problem associated with printed 

metamaterials relies in the relatively large ohmic losses [41]. 

Amid other important technical limitations, the working 

frequency is often too high for the usual WPT applications 

[15], [17], [19], [22], [37], [38], [41], [42]. In addition, the 

dimension of the unit cell is typically too large for it to offer 

a practical solution [13], [15], [17], [19], [34], [35], [39]. To 

the best of our knowledge, the most compact lateral size for 
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a WPT metamaterial unit cell measures 1/10000 of the 

applied wavelength [20]. However, the design consists of a 

3D unit cell with a depth dimension of 2 cm, making 

difficult the integration of the metamaterial in a WPT 

system, especially considering the compact size of novel 

electronic devices. 

In order to overcome these limitations, we propose an 

ultra-thin magnetically dispersive surface (i.e. a 

metasurface), exploiting a compact connected double-spiral 

unit cell. In addition, we aim to maintain a low operational 

frequency (MHz), as typical for inductive WPT systems. 

Finally, we aim to minimize the electric field produced by 

the transmitter, while maintaining the equivalent high level 

of magnetic field at the receiver (and thus, the efficiency). 

Such a feature can be extremely useful in all applications in 

which the exposure in terms of Specific Absorption Rate 

(SAR) is a major concern, for instance in biomedical 

implants and rechargeable devices. 

The paper is organized as follows: in Section II we 

introduce the unit cell and the metasurface design and 

electromagnetic characterization; in Section III we present 

the WPT set-up, chosen as test case, and we describe the 

advantages in using a metasurface in comparison with a 

traditional 3-coil system in terms of lower electric field 

production; Section IV reports the efficiency results from 

numerical simulations and the comparison with experimental 

measurements obtained over a fabricated prototype. Finally, 

conclusions follow. 

II. METASURFACE DESIGN AND CHARACTERIZATION 

A. Unit cell and Metasurface design 

As briefly described in the introduction, metamaterials and 

metasurfaces are composed of arrays of unit cells whose main 

feature is to be extremely small with respect to the wavelength 

at the operating frequency. This property causes the entire 

array to act as a homogenous material for impinging 

electromagnetic waves [28] (i.e. homogenization criterion); 

the large wavelength is not able to resolve the small structure 

of the slab; thus, it is possible to consider the array as a 

continuous medium. 

The advantage in using such structures lies in the fact that it 

is therefore possible to design materials with exotic and non-

conventional electromagnetic properties, not usually found in 

nature. These properties include: negative dielectric 

permittivity, negative magnetic permeability, and negative 

refractive index. Furthermore, it is possible to design the 

metamaterial to show one or a combination of the stated exotic 

properties in all three spatial dimensions or only in some 

privileged directions (i.e. anisotropy) [27]–[33]. 

The basic properties of metamaterials and metasurfaces rely 

on the unit cell design. In fact, the characteristic 

electromagnetic behavior is due to the resonant nature of the 

unit cell [43]. In order to develop a metamaterial for inductive 

WPT applications, a highly inductive resonant unit cell - 

capable of fully satisfying the homogenization criterion (i.e., 

compact dimensions) and of operating at a very low frequency  

 
(a) 

 
(b) 

Fig. 1. (a) Top views of the two separated spirals; the different orientation of 

the winding in the two cases (right and left handed, respectively) can be seen. 

(b) Picture of the complete unit cell: the two spirals form a single connected 

highly-inductive structure. 

(i.e., few MHz) - is generally needed. Further, the unit cell 

must have a sufficiently high Q-factor (low ohmic losses) to 

enhance the response of the artificial material. With these 

goals in mind, we propose a design consisting of two 5-turn 

spirals - one “left handed” and the other “right-handed” (Fig. 

1(a)) - connected at both extremities [44]. In this way, a 

continuous structure is realized (Fig. 1(b)), through which the 

current flows in the same direction, thus enhancing the 

magnetic field. 

The simulated unit cell (Feko Suite, Altair, Troy, MI, USA) 

was realized with a 26 AWG lossy copper wire. Each of the 

two spirals was 10 mm in diameter and was separated from the 

other by 1 mm. 

The designed unit cell has a total inductance of 397 nH and 

was made resonant at 5.16 MHz by adding a 2.4 nF capacitor. 

The capacitor was simulated adding a series resistance of 0.1 

Ω, accounting for expected typical losses. The resulting Q-

factor was 66.3, due to the moderate ohmic losses. The 

resonant frequency was chosen within the range typically 

employed for inductive WPT, especially for biomedical 

applications. Table I summarizes the unit-cell design 

parameters. 
TABLE I 

UNIT CELL PARAMETERS 

Parameter Value 

Outer diameter 10 mm 

Inner diameter 2 mm 

Copper Wire gauge 26 AWG 

Inductance 397 nH 

Added Capacitance 2.4 nF 

Q-factor 66.3 

Resonant frequency 5.16 MHz 

 

From a theoretical point of view, an infinite array of unit 

cells should be realized in order to fully satisfy the ideal 

metasurface requirements. Clearly, such a slab is not 

physically realizable, and there are practical limitations to  
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Fig. 2. Metamaterial CAD representation: 6 × 6 planar array of unit-cells. 

consider as well. Firstly, the design must remain compact in 

order to employ the slab in practical applications; moreover, 

an increased number of unit cells results in increased ohmic 

losses. Thus, we realized a compact metasurface, choosing an 

array of 6 × 6 unit cells as a suitable compromise between 

magnetic field enhancement, compactness and low losses (Fig. 

2). In particular, the array dimensions were chosen in the same 

order of the ones of the 3-coil system we aim to compare with. 

Obviously, other array sizes may be chosen for different 

applications to fit their designing specifications.  

The extremely reduced thickness allows us to easily 

preserve the working distance between transmitter and 

receiver compared to the case without the slab, while 

significantly enhancing the WPT efficiency.  

 

B. Metasurface Electromagnetic Characterization 

In order to understand the physics of the interaction 

between the metasurface and the electromagnetic field and 

subsequently exploit that understanding to achieve high 

performance in WPT applications, a numerical 

electromagnetic characterization study of the proposed 

metasurface was performed. In the literature, the 

characterization of a 3D bulk metamaterial is a well-

established topic: techniques exploiting reflection and 

transmission coefficients (or S-parameters as well) of a plane 

wave impinging on a sample of the metamaterial have been 

commonly applied [45]. Owing to the fact that a metasurface 

cannot be correctly modeled as a slab of bulk material, it 

should be, in fact, more properly thought of as a planar array 

of scatterers of thickness in the extreme subwavelength region 

(i.e., a “single layer metamaterial”). Several works in literature 

have developed rigorous interpretations for a metasurface’s 

electromagnetic behavior where the metasurface is interpreted 

as a thin impedance sheet [36], [46]–[48]. By exploiting 

boundary conditions for the electromagnetic field at the 

interfaces of the sheet, it is possible to define dielectric and 

magnetic surface susceptibilities, thus avoiding the extraction 

of fictitious bulk properties.  

Hence, following the theory developed in [47], we 

characterized the properties of the slab in terms of surface 

susceptibilities. Specifically, we numerically simulated a 

planar array composed of the designed unit-cells by exploiting 

periodic boundary conditions; in this way, we considered an 

ideal infinite array, thus fulfilling the theoretical hypothesis  

 
(a) 

 
(b) 

Fig. 3. (a) Simulated metasurface with an impinging plane wave: reflection 

and transmission coefficients can be used to recover the surface 

susceptibilities [47]. (b) Computed magnetic surface susceptibility of the 

metasurface along its perpendicular axis (z-axis in (a)). 

for the extraction method. Then, we separately simulated TE 

and TM plane waves impinging on the slab at different angles, 

obtaining the reflection and transmission coefficients and, in 

turn, the surface susceptibilities, as described in [47] (Fig. 3). 

As expected, given the geometrical properties of the unit 

cell, we found a significant surface susceptibility only for the 

magnetic field in the direction perpendicular to the surface. 

Figure 3(b) suggests a useful physical and practical 

interpretation of the surface behavior. Specifically, we 

recognize a paramagnetic region before the resonance point, in 

which the real component of the magnetic susceptibility is 

positive. The consequence is that the metasurface reacts to 

incident magnetic fields with a magnetization of the same 

direction, thus reinforcing the field itself. On the other hand, 

we can observe a diamagnetic region after the resonance, in 

which the metasurface magnetization is opposite to the 

impinging magnetic field. Finally, we have the resonance 

region where a sudden phase shift of the susceptibility is 

observed. Therefore, one of the optimal configurations for 

WPT applications is when the operation frequency 

corresponds to its magnetic resonance where we expect the 

maximum amplitude for currents, as it happens for traditional 

3-coil systems. This explains the increase in efficiency due to 

the metasurface.  

III. WPT TEST CASE 

A. Transmitter and Receiver Design 

The proposed WPT test case consists in a fed transmitter 

coil mutually coupled with a passive receiver coil. The 

transmitter and the receiver coils were identical, 4-turn 

planar spirals with a 4 cm average diameter. Fig. 4(a) shows 
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the 3D CAD model realized within the design environment 

of FEKO simulation software.  

The spirals were designed with a 26 AWG lossy copper 

wire and were made resonant at 5.77 MHz. This corresponds 

to the resonant frequency of the metasurface shown in Fig. 3, 

where WPT performance can be maximized. The transmitter 

was equipped with a 560-pF capacitor in series with a 5 Ω 

resistor that emulates the source resistance of a typical power 

amplifier for WPT applications [49]. The receiver, coaxially 

placed 40 mm above the transmitter, was equipped with a 560-

pF capacitor and a series resistive load of 43 Ω, representing 

the useful load at which the output power was evaluated. The 

coil parameters are summarized in Table II. Starting from this 

simple system, we then inserted the metasurface between the 

transmitter and the receiver, in order to enhance their mutual 

coupling (Fig. 4(b)), placing the slab as close as possible to the 

transmitter (i.e., 1 mm away) and preserving the useful 

working distance (the slab and the receiver were spaced by 40 

mm). 

This WPT setup allows us to extract a “bulk” magnetic 

permeability of the metasurface using the below method, as 

proposed in [17]. It consists of a system made of two mutually 

coupled coils, where one coil is actively fed, while the voltage 

at the other coil terminals, induced by mutual coupling, is 

constantly monitored. The ratio of the induced voltage in the 

second coil in presence (V2) and in absence (V1) of the 

metasurface gives the effective bulk permeability: 
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The procedure described in (1) can be easily performed 

through numerical simulation, applying it directly to our WPT 

setup of Fig. 4. Since the mutual coupling between the two 

coils depends on distance (and consequently also the 

permeability), this method is not exact. Indeed, the condition 

for bulk properties is the independence from the thickness or 

from the measurement environment. Nonetheless, it is 

qualitatively useful to compare such effective bulk 

permeability with the surface magnetic susceptibility reported 

in Fig. 3. This method for bulk permeability extraction is 

carried out on the actual experimental setup; thus, it is 

reasonable to expect that the extracted bulk permeability will 

follow the surface susceptibility trend (remembering that,

1r m = + ). 

We indeed obtained for the bulk permeability an analogous 

trend as that of the surface susceptibility.  

 

B. Traditional 3-Coil Systems and Metasurface Comparison 

Here we compare the performance of our metasurface 

system with a traditional 3-coil system for WPT. 
 

TABLE II 

TRANSMITTER AND RECEIVER PARAMETERS 

Parameter Transmitter Receiver 

Outer diameter 42 mm 42 mm 

Inner diameter 38 mm 38 mm 

Copper Wire gauge 26 AWG 26 AWG 

Inductance 1.36 µH 1.36 µH 

Added Capacitance 560 pF 560 pF 

Source impedance 5 Ω N/A 

Series Load  N/A 43 Ω 

 

 

(a) 

 
(b) 

Fig. 4. (a) CAD model of the adopted TX/RX system for inductive WPT 

experiment (working distance equal to 40 mm). (b) Isometric view of the 

complete system in presence of the metasurface. The designed slab was placed 

1 mm above the transmitting coil and 40 mm away from the receiver. 

 

 
Fig. 5. CAD model of the 3-coil system used for comparison with the 

metasurface. The added spiral resonator was placed 1 mm away from the 

transmitter and 40 mm from the receiver, as done for the metasurface. 

 

In a 3-coil system, a single spiral resonating at the same 

frequency as the transmitter and receiver is placed in the same 

location as the metasurface. It is well-known that a 3-coil 

system can significantly improve the efficiency of the energy 

transfer between transmitter and receiver. Consequently, we 

explore how our metasurface behaves relative to a single coil 

resonator which shares the same external dimensions.  
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Fig. 6. Normalized H-field maps at 16 mm of distance from the transmitter: 3-

coils system (left) and the metasurface (right). The focusing characteristics of 

the proposed metasurface are qualitatively noticeable.   

However, as we demonstrate below, the proposed 

metasurface solution has some unique advantages beyond 

simple efficiency increase. 

In order to realize the comparison, we used the same 

transmitter and receiver described in the previous section. 

Moreover, we designed a single resonant spiral with a 

diameter equal to the characteristic dimension of the designed 

metasurface (i.e., 6 cm, see Fig. 5) to realize a typical 3-coil 

system. We placed transmitter, single resonant spiral and 

receiver in the same geometrical configuration as described in 

Section III.A (i.e. the added resonator was 1 mm away from 

the transmitter and 40 mm from the receiver). 

A first comparison can be carried out by displaying the 

normalized H-field maps for the two configurations at a given 

distance from the transmitter. For example, Fig. 6 shows the 

normalized H-field maps at a 16 mm distance from the 

transmitter. As shown in the figure, a metasurface with the 

same dimensions of the resonant element in the 3-coil system 

produces a more focused magnetic field. This is useful in 

biomedical devices because it reduces unwanted field 

exposure, and, in addition, enables a potential reduction of the 

implanted receiver dimension, since the field is concentrated 

in a smaller area. 

Another major concern in the adoption of a particular WPT 

system arises from electric field exposure. Indeed, whereas the 

biological tissue is non-magnetic (and, therefore, does not 

significantly affect the H-field), it is sensitive to energy 

deposition. Such exposure is typically measured in terms of 

Specific Absorption Rate (SAR, (W/g)) and international 

regulations (for instance, see [13]) define strict limits for SAR 

levels, both for clinical and commercial devices. In order to 

evaluate the E-field due to the proposed metasurface 

compared to the 3-coil system, we chose to compare the two 

cases when the magnetic field in the proximity of the receiver 

is equal. Equivalent H-field at the receiver means that the 

same current is being delivered to the load. Hence, the ratio 

E/H can be used as a metric in order to evaluate the relative 

safety of the two solutions. 

Fig. 7 shows the E-field distribution at a plane located 1 

mm above the metasurface and the added spiral resonator in 

the 3-coil system; as evident, the metasurface configuration is 

able to produce a drastically lower peak E-field. This means 

that we can either have the same available current at the 

receiver load with lower exposure in terms of SAR; or, we can  

 
(a) 

 
(b) 

Fig. 7. (a) E-field maps evaluated 1 mm away from the added spiral in the 3-

coil system (left) and the proposed metasurface (right). (b) E-field along X-

axis (fixing Y coordinate) for both cases. E-field levels produced by the 

metasurface are drastically lower than the traditional 3-coil system.   

 
Fig. 8. Equivalent circuit of an inductive wireless power transfer system; the 

useful load at the receiver is in a series configuration. 

 

increase the amplitude of the magnetic field while maintaining 

the same exposure of a typical 3-coil system, thus increasing 

the amount of current flowing in the receiver.  

We can conclude that the adoption of a metasurface can also 

offer the advantage of lower peak E-field, and therefore likely 

lower average SAR, with respect to traditional 3-coil systems. 

IV. EXPERIMENTAL EFFICIENCY TEST CASE 

Lastly, we experimentally evaluate the proposed 

metasurface in terms of efficiency enhancement for the WPT 

test-case previously described (Fig. 4). In general, the energy 

transferred by the transmitter generates a current in the 

receiver which flows into a useful resistive load (Rload) thanks 

to mutual coupling. In the hypothesis of a series load 

configuration, the equivalent circuit is shown in Fig. 8. 

The circuital equivalence allows us to describe the system 

through a 2-port scheme: 

 
11 1 12 2 1

21 1 22 2 2

eff eff

eff eff

Z I Z I V

Z I Z I V

+ =


+ =

 () 

where the subscript 1 indicates the transmitting coil and the 

subscript 2 indicates the receiver. Regardless of the passive 

elements between transmitting and receiving coils (in our case,  
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Fig. 9. Picture of the fabricated metamaterial slab; the single strand wires 

glued over the board maintains the ohmic losses low.  

 

the metasurface, Fig. 4(b)), the previous model remains valid. 

Thus, it is possible to perform a 2-port measurement using a 

Vector Network Analyzer (VNA) in order to obtain the Z 

matrix of the system. The advantage of this approach is that it 

is possible to express the efficiency directly through the 

collected Z-parameters. Efficiency is typically described as the 

ratio between the output power dissipated in the useful load 

and the input power and can be related to Z-parameters as 

follows [49]: 

 

 

2

12

11

eff

eff load

Z

Z R
 =



 () 

A. Fabrication 

We fabricated a prototype of the two simulated systems 

shown in Fig. 4 using AWG 26 single strand copper wires to 

realize both the metasurface and the spirals. This choice 

complicated the fabrication process compared to printed 

PCB technology but was necessary to minimize ohmic losses 

[50]. 

For all three components of the system (transmitter, 

receiver and metasurface), we utilized a 0.8 mm thick FR4 

substrate over which we secured the copper wires (Fig. 9). 

We soldered surface-mount capacitors and resistors over 

the boards according to the numerical design parameters 

(Table I and II), and we connected the transmitter and the 

receiver to a VNA (Keysight, E5080A ENA Vector Network 

Analyzer) using a 50-ohm micro SMA connector. Finally, 

each substrate slab was provided with 4 external holes, 

which allowed us to create a nylon support and positioning 

framework for the experimental setup. 

B. Experimental Results 

Experimentally, we confirmed that placing the 

metasurface as close as possible to the transmitter coil 

provides the maximum mutual coupling with the receiver 

(and, consequently, maximum efficiency). This choice also 

has the benefit of not significantly altering the working 

distance with respect to the simple 2-coil WPT system. Thus, 

we placed the metasurface slab 1 mm away from the 

transmitter coil and the receiver coil 40 mm away from the 

metasurface; then, we performed a preliminary study of the 

mutual coupling (i.e. ZM) between transmitter and receiver 

over a certain frequency range. We also performed the same  

 
Fig. 10. Frequency behavior of the mutual impedance between transmitter 

and receiver coils; it can be seen the enhancement produced by the presence 

of the metasurface with respect to the “air” case. 

experiment in the absence of the metasurface for comparison 

purposes. In Fig. 10 we report the magnitude of ZM obtained 

with the numerical simulations and measurements, for the 

two cases. 

It is important to note that the mutual coupling increase is 

entirely due to the presence of the metasurface; indeed, the 

magnitude of ZM relative to the TX/RX alone system is linear 

with frequency, as expected. The experimental results are in 

good agreement with the simulation, although we observe a 

slight shift in resonant frequency (5.77 MHz vs. 6.06 MHz). 

Such effect can be attributed to capacitor and manufacturing 

tolerances. The lower amplitude, on the other hand, is due to 

additional losses from the fabrication process (for instance, 

soldering).  

We then compared the mutual coupling between the two 

cases, i.e. with and without metasurface, at the operational 

frequency. We increased step-by-step the working distance, 

taking care to maintain equal working distances in the two 

configurations (that is, taking into account the position and 

the thickness of the metasurface). As Fig. 11(a) shows, the 

metasurface always outperforms the mutual coupling values 

obtained using the simple TX/RX system. Therefore, the 

metamaterial is effective in enhancing the magnetic field at 

the receiver, demonstrating the validity of the overall design.  

Next, we compared the efficiency for the two cases for 

different working distances (again maintaining equal 

distance in the two configurations); Fig. 11(b) shows 

significant efficiency increase thanks to the metasurface. For 

instance, for a working distance of 25 mm, the efficiency 

increases from 5% to 7%, thus showing a 40% improvement. 

The metasurface can also be used to increase the working 

distance. Fixing a target efficiency, we obtained a relevant 

increment for the working distance. In the absence of the 

metamaterial, the efficiency is 5% for a working distance of 

25 mm; the same efficiency value is achieved with the 

metamaterial slab for a working distance of 28 mm, thus 

producing a 12% enhancement.  

However, for small working distances (less than 20 mm), 

the metasurface does not provide any advantage in terms of 

performance for the considered WPT system. Indeed, the 

presence of the metasurface also increases the reflected 

impedance at the transmitter and receiver ports. Thus, when 

both transmitter and receiver are close to the metasurface 

slab the overall efficiency of the system can decrease. 
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(a) (c) 

  
(b) (d) 

Fig. 11. Mutual coupling and efficiency comparison at increasing working distances for different configurations. (a) and (b) “Air” and single metamaterial 

slab (numerical simulations and measurements). (c) and (d) Comparison between three measured cases: “air”, 1 metasurface at t he transmitter, 2 

metasurfaces (at the transmitter and at the receiver). It can be highlighted the performance increment due to the metasurface presence. 

Considering the properties of the metasurface that we have 

highlighted in the electromagnetic characterization section, a 

natural extension of the adopted experimental set-up 

consisted of the use of an additional slab of metamaterial, 

placed close to the receiver. Thus, we realized a second slab 

identical to the previous metasurface, placing it 1 mm from 

the receiver. This configuration allows increasing the mutual 

coupling between the transmitter coil and the receiver coil 

and, consequently, the efficiency (Fig. 11(c) and 11(d)). The 

efficiency at a working distance of 25 mm is 12%, resulting 

in a 140% improvement with respect to the air case. On the 

other hand, for a target efficiency of 5%, the working 

distance passes from 25 mm in air to 39 mm with the double 

slab (+ 56%).  

It may be worth noticing that related strategies exploiting 

metamaterials for inductive WPT efficiency enhancement 

have been presented in the literature, such as those 

summarized in [24]–[26]. These solutions can be found 

particularly useful in increasing the coupling coefficients 

between transmitting and receiving coils. Ultimately, the 

determination of the optimal strategy is dependent on the 

specific practical case encountered: for instance, the 

extremely compact dimensions of the proposed slab, together 

with the focusing performance, can be particularly important 

advantages for biomedical implants.  

V. CONCLUSION 

In this paper, we presented a novel design for a metasurface 

useful for efficiency improvement in low frequency inductive 

WPT applications. The extremely low thickness (1 mm) and 

compact lateral size (6 cm × 6 cm) are of significant benefit in 

many application areas, including rechargeable devices and 

biomedical implants. It was demonstrated that the 

metasurface, used at the magnetic resonance point, reinforces 

the current in the transmitter, thus increasing the efficiency of 

the system. Moreover, it was proved that the metasurface 

produces lower electric field with respect to traditional 2/3-

coil systems, thus representing the possibility of realizing safer 

WPT devices. Finally, we performed efficiency measurements 

over fabricated prototypes, showing that the metasurface, 

although extremely thin, is able to significantly increase the 

efficiency and working distance with respect to a 2-coil 

system.  

Further development efforts can be undertaken to optimize 

the proposed design for a real-world scenario, for biomedical 

or industrial applications, taking special care to minimize the 

ohmic losses and to improve the unit cell design. Overall, 

these promising results could open the way to new practical 

applications of metasurfaces in low frequency inductive WPT 

system, increasing the safety through the reduced E-field 

undesired exposure, and overcoming the main limit in the 

literature which rely on the excessive dimensions of the 

proposed unit-cells. 
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