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Abstract—Free-positioning and multi-user supportive
wireless power transfer systems represent the next-
generation technology for wireless charging under the Qi
standard. Traditional approaches employ multiple transmit-
ting coils and multi-channel driving circuits with active
control algorithms to achieve these goals. However, these
traditional approaches are significantly limited by cost,
weight, and heating due to their relatively low efficiency.
Here, we demonstrate an innovative approach by using
a metasurface to achieve free-positioning and multi-user
compatibility. The metasurface works as a passive device
to reform the magnetic field and enables high-efficiency
free-positioning wireless power transfer with only a single
transmitting coil. It shows up to 4.6 times improvement in
efficiency. The metasurface also increases the coverage
area from around 5 cm by 5 cm with over 40% efficiency
to around 10 cm by 10 cm with over 70% efficiency. We fur-
ther show that the system can support multiple receivers.
Besides increasing the overall efficiency, we demonstrate
tuning the power division between the multiple receivers,
enabling compensation of receivers of different sizes to
achieve their desired power.

Index Terms—Metasurface, wireless power transfer,
strongly coupled resonators.

I. INTRODUCTION

W
IRELESS power transfer (WPT) systems have shown

their broad applications in charging mobile devices

[1], electrical vehicles [2]–[4], sensing platforms [5], and

implanted medical devices [6]. Inductive WPT is the most

commonly used method among radio frequency WPT [7],

acoustic WPT [8], and laser WPT [9]; it uses the magnetic
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near field to transmit power across distance [10], which has

the advantages of high power volume, safety, and low radio

frequency interference [11]. However, inductive WPT systems

are greatly limited by the fast spatial dispersion and low

penetration depth of the transmitting (Tx) coil’s magnetic near

field. To achieve sufficient efficiency, the receiving (Rx) coil

usually requires precise alignment to the Tx coil [12], [13].

Free-positioning WPT systems are proposed to eliminate such

a requirement, which saves the users tremendous efforts in

such alignment and also increases the success rate of charging

[14].

Free-positioning WPT systems typically employ multiple

Tx coils [15]. The Tx coils are driven by independent active

feeding channels to be selectively activated when they are

close to the Rx coils [10], [16]. Multi-user compatibility

is also an advantage of the free-positioning WPT systems

[17]. Due to the increased coverage area and tunability of

the power-carrying magnetic field, more than one charging

device can be coupled to the WPT transmitter [18], [19].

Therefore, one can charge multiple devices simultaneously

with a single wireless charging pad. However, the complexity

of the system significantly increases the cost and weight of

the wireless charger. Complicated power electronics also limit

the number of Tx coils, which further limits the resolution of

the magnetic field control and the charging efficiency. These

disadvantages prevent the commercial application of such a

technology, represented by the freeze of AirPower’s release

[20].

To achieve free-positioning WPT without multiple Tx coils,

we employ the concept of metasurfaces. Metasurfaces are

structural materials that consist of a periodic array of res-

onators [21]. In our previous work, we have developed the

coupled-mode theory of a novel near field metasurface capable

of shaping the magnetic field on demand [22]. We have theo-

retically demonstrated its applications in magnetic resonance

imaging [22], [23] and WPT [24]. In this paper, we interpret

the theory with a mutual induction model and extended it by

developing the optimized configuration of the metasurface to

maximize the efficiency. We validate the application of free-

positioning and multi-user supportive WPT experimentally

using the Qi standard, which is the most commonly used

WPT protocol for mobile devices [1]. Compared to a single

Tx coil WPT system, the metasurface significantly increases
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the peak efficiency from 48.2% to 77.5% and enables a near-

flat efficiency distribution across around 10 cm by 10 cm area

with an efficiency of over 70%. The metasurface WPT system

supports multiple receivers and precisely controls their power

division by changing the reactance distribution. We further

show the enhanced efficiency in charging multiple receivers

with different sizes, a significant challenge in traditional de-

signs to charge the smaller receiver. Such a size difference can

be compensated by the metasurface to achieve similar power

delivery.

II. THEORETICAL ANALYSIS

A. Mutual Coupling Model of Metasurface-Enhanced

WPT system

The metasurface-enhanced WPT system uses the metasur-

face to reform the magnetic field. As shown in Fig. 1, the

metasurface consists of an array of unit cells being strongly

coupled to each other. The metasurface is coupled to the Tx

coil and the Rx coil, serving as a highly tunable passive

relay between the transmitting side and the receiving side.

To describe such a system and calculate the optimal reactance

configuration of the metasurface for maximum transmission

efficiency, we developed the mutual induction model of the

system.




VTx

Vu

VRx



 = jω





LTx MTu MTR

MuT Luu MuR

MRT MRu LRx



 ·





ITx

Iu

IRx





(1)

where italic characters represent scalers, and bold characters

represent vectors or matrices.[VTx, Vu, and VRx are the

voltage of the Tx coil, the unit cells, and the Rx coil(s);

ω = 2πf , f is the operational frequency; LTx, Luu, and

LRx are the self-inductance of the Tx coil, the unit cells, and

the Rx coil(s), respectively; MTu, MTR, and MRu are the

mutual inductance between the Tx coil and the unit cells, the

Tx coil and the Rx coil, and the Rx and the unit cells. Due

to the principle of reciprocity, MuT = MTu, MRT = MTR,

and MuR = MRu. If the metasurface has Nu unit cells, and

there are NRx Rx coils, Vu will be a Nu×1 vector; VRx will

be NRx × 1 vector; Luu will be Nu ×Nu matrix; LRx will

be NRx × NRx matrix; MTu will be 1 × Nu vector; MTR

will be 1×NRx vector; MRu will be NRx ×Nu matrix.

The unit cells are closed-loop with only a compensation

capacitor in series, thus, the voltage of the unit cells is

Vu = ZuIu (2)

where Zu = RuI+j







X1 0 0

0
. . . 0

0 0 XNu






, Ru is the internal

resistance of the unit cell, which is measured to be around

0.075 Ω; I is an Nu×Nu identity matrix; Xi is the reactance

of the i-th unit cell, Xi = ωLu − 1
ωCui

; Lu is the self-

inductance of the unit cell, which is measured to be 1.77 µH;

and Cui is the compensation capacitance of each unit cell.

The coils of the unit cells are identical, therefore, have the

same self-inductance and internal resistance. It is important

Fig. 1. Circuit diagram of a metasurface-enhanced wireless power
transfer (WPT) system with multiple receivers.

Fig. 2. Schematics of the physical configuration of the metasurface.

to note that the compensation capacitance of each unit cell,

Cui, is chosen specifically to control reactance distribution of

the metasurface, and ultimately, the current distribution of the

unit cells and the magnetic field distribution reformed by the

metasurface.

B. Physical Configuration of the Metasurface

Fig. 2 shows the schematic of the metasurface, which

consists of unit cells in a face-centered-cubic structure with

two layers to ensure a strong coupling between the adjacent

unit cells. The z-separation between the two layers is 0.75

cm. For the unit cell, the diameter is 4 cm; the thickness

is 0.75 cm; the periodicity is 3 cm, which is the same in

both the x and y directions. Note that the configuration of

the metasurface is not unique but can be chosen according

to the application. The size, periodicity, and number of unit

cells can be adjusted according to the required coverage area

and Rx coil size. Specifically, more unit cells can be applied to

increase the coverage area; the unit cells should have a similar

size to the Rx coil to provide a high enough field shaping

resolution while keeping a sufficiently low power consumption

of the unit cells.



C. Inverse Design of the Metasurface’s Reactance Con-

figuration

In the following, we introduce how to back-calculate the

required reactance distribution given a targeted current dis-

tribution of the unit cells and the physical configuration of

the metasurface. When there is no receiver, we combine Eq.

(1) and Eq. (2) to get the linear equation for solving the

current distribution of the unit cells as ZuIu = jωMuTITx+
jωLuuIu. Therefore, we can solve the current distribution of

the unit cells, i.e., the metasurface’s mode, as

Iu = jω(Zu − jωLuu)
−1

MuTITx (3)

We set the targeted current distribution of the unit cells as

Iu−tar. By setting the resulting current distribution Iu in Eq.

(3) as the targeted current distribution Iu−tar, we get the

solution for the impedance distribution as

ZuIu−tar = jω(MuTITx + LuuIu−tar) (4)

When the unit cells are strongly coupled, the current distri-

bution is formed mainly by the mutual induction between the

unit cells instead of the external feeding field. In such a case,

the first term to the right of the equation, MuTITx, given by

the mutual induction between the Tx coil and the unit cells, is

significantly weaker than the second term, LuuIu−tar, given

by the mutual inductance between the unit cells (especially

the neighboring unit cells). Under the strong-coupling condi-

tion, the solution of the impedance distribution becomes very

simplified and independent of the mutual inductance of the Tx

coils to the unit cells.

Zj
u = jω

Nu,i 6=j
∑

i=1

Lij
uuI

i
u−tar

Iju−tar

(5)

where Zj
u represents the impedance of the j-th unit cell, Lij

uu

represents the mutual inductance between the i-th and the j-

th unit cell, and Iiu−tar represents the targeted current of the

i-th unit cell. When the internal resistance of the unit cell is

small, i.e., Ru → 0, such a relationship can be constructed

by configuring the capacitance in a way that the reactance of

the unit cells, Xu, equals the imaginary part of the targeted

impedance distribution calculated by Eq. (5), i.e.,

ωLu −
1

ωCuj

= ω

Nu,i 6=j
∑

i=1

Li
uuI

i
u−tar

Iju−tar

(6)

We use an analytical approach instead of numerical simu-

lations to speed up the calculation while solving the mutual

inductance between the Tx coil, the unit cells, and the Rx coil.

The mutual inductance is given by Neumann’s formula

M12 =
µ0

4π

∮

∂Ω1

∮

∂Ω2

1

r12
dl1dl2 (7)

where ∂Ω1 and ∂Ω2 are the contours of the two coils, dl1 and

dl2 are infinitesimal segments on the two coils, and r12 is the

distance between the two infinitesimal segments.

In summary, to form the targeted current distribution, we

need to choose the compensation capacitors of each unit

cell to form the reactance distribution as calculated by Eq.

(6). To achieve an accurate resulting current distribution, the

metasurface needs to follow two criteria: First, the unit cells

need to be strongly coupled. The electrical potential raised

by the mutual induction between the unit cells, especially the

neighboring unit cells, needs to be significantly larger than the

electrical potential raised by the Tx coil. Second, the unit cells

need to have relatively low internal resistance.

D. Optimization of the Targeted Current distribution

The end goal of the metasurface-enhanced wireless power

transfer system is to achieve high efficiency. As we have shown

in our previous paper [24], the proper choice of the targeted

current distribution can result in a highly controllable reformed

magnetic field, and therefore, an enhanced efficiency. In this

section, we extend this method by deriving the theoretically

optimized targeted current distribution with a given Rx con-

figuration.

In a single Rx case, when ignoring the radiation loss, the

efficiency of the metasurface-enhanced WPT system is

η =
|IRx|

2
RL

|IRx|
2
(RL +RRx) + |Iu|

2
Ru + |ITx|

2
RTx

(8)

where RRx and RTx are the internal resistance of the Rx and

Tx coils. When the metasurface is configured according to the

targeted current distribution and follows the two criteria as

discussed in the previous section, |Iu| = |Iu−tar|.

According to Eq. (1), under perfect compensation of the

Rx coil, the Rx coil current can be calculated as IRx =
jω(MRT ITx+MRuIu−tar)

RL+RRx

. Substituting it into Eq. (8), the ef-

ficiency becomes

η =
K

K + |Iu−tar|
2
Ru + |ITx|

2
RTx

(9)

where K = ω2(MRT ITx +MRuIu−tar)
2 RL

(RL+RRx)
2 . The

Jacobian matrix of the efficiency over the targeted current

distribution yields the condition for the maximum efficiency.

∂η

∂Iu
= 0 (10)

Solving Eq. (10), the optimal targeted current distribution is

given by

Iu−tar = cMuR (11)

where c is a constant related to RL, RRx, RTx, MRu,

and MRT . The capacitance distribution given by Eq. (6)

is independent of the absolution amplitude but normalized

distribution of the targeted current distribution. Therefore, the

constant does not matter. This result fits with the active control

algorithm of the coil array for WPT [10]. Unlike these studies,

we do not require any active components to form such a

current distribution.



III. PRACTICAL IMPLEMENTATION AND

EVALUATION

A. Experiment Setup

The overall experiment setup, including the driving and

characterization system, is shown in Fig. 3(a) and the

metasurface-enhanced WPT system are shown in the dashed

box of Fig. 3(a) and Fig. 3(b). The external character-

ization system contains a waveform generator (Keysight

33500B Waveform Generator), an oscilloscope (Agilent DSO-

x 3034A), and a controlling computer. As shown in Fig.

3(a), we use the waveform generator as an AC power supply

to the Tx coil. The operational frequency of the waveform

generator is under the frequency range of the Qi standard,

i.e., 100 kHz∼200 kHz. We use the oscilloscope to monitor

the voltage and the current of the Tx and Rx coils. Both

the waveform generator and the oscilloscope are controlled

by MATLAB R2022a through the National Instrument VISA

2022Q3 interface on the computer.

We use MATLAB to control the frequency of the feeding

voltage and read the voltage in the time domain of the Tx coil

and the Rx coil (both in series with compensation capacitors)

and the voltage of their compensation capacitors (Fig. 3(b)).

The complex voltages are calculated by taking Fast Fourier

transform (FFT) of the voltage signal in the time domain

multiplied with a Hanning window. We calculate the complex

voltages of the Tx coil, Rx coil, and their compensation

capacitors. The complex currents of the Tx and Rx coils are

measured through the complex voltages of their compensation

capacitors as I = V · (jωC).
Fig. 3(b) shows the metasurface-enhanced WPT system,

including a Tx coil, a metasurface, and an Rx coil. Please

note that the separation in the figure does not represent the

practical working condition but is increased to better show

the three components. In the practical setup, the center of the

metasurface is placed 3 cm from the Tx coil and 3 cm from

the Rx coil along the z-axis. The center of the metasurface is

aligned with the center of the Tx coil in the x-y plane. The x-

y position of the receiver is adjustable, and multiple receivers

can be implemented. The metasurface can be removed from

the system while keeping the position of the Tx and Rx coils

to measure the magnetic power density and efficiency without

the metasurface.

The magnetic probe, Rx coil, and unit cells of the metasur-

face are shown in Fig. 3(c). The magnetic probe is an open

coil. Both the Tx and Rx coils are serial-compensated at the

operational frequency of 190 kHz and have 10 turns. The Tx

coil has a diameter of 10 cm and the Rx coil has a diameter of

4 cm. Both the Tx coil and the Rx coil are serial-compensated

at the operational frequency. The Rx coil is in series to a

load with a resistance of 1 Ω. The unit cells are tuned to

different reactance at the operational frequency. Specifically,

we use the compensation capacitances of 410 nF, 480 nF, 580

nF, and 1130 nF to achieve the reactance of 0 Ω, 0.3 Ω, 0.6

Ω, and 1.3 Ω, respectively. And we short the coil to achieve

the reactance of 1.8 Ω. All the coils are wired with No. 20

American wire gauge (AWG) Litz wires. The inductance of all

the coils and the capacitance of all the compensation capacitors

Fig. 3. Photographs of the experiment setup. (a) Overall setup. (b)
Metasurface-enhanced WPT system. (c) Magnetic probe, receiving (Rx)
coil, and unit cells with different reactance.

Fig. 4. Mutual inductance between the unit cells as a function of their
separation in (a) the same layer and (b) the different layers.

are measured with an LCR meter (HP 4284A Precision LCR

Meter).

B. Mutual Coupling Between the Unit Cells

The self-inductance matrix Luu consists of

mutual inductance between all the unit cells,

Luu =







L1 . . . M1Nu

...
. . .

...

MNu1 · · · LNu






, and is critical in solving

the reactance distribution in Eq. (6). The mutual inductance

is decided by the physical displacement of the unit cells.

The metasurface consists of unit cells of two layers, and we

calculate them separately through Eq. (7). To measure the

mutual inductance, we first measure the two-port impedance

between two unit cells, i.e., the open circuit voltage on

the second unit cell divided by the current of the first

unit cell, Z12 = V2

I1

. The mutual inductance between the

two coils is then calculated by M12 = Z12

jω
. As shown in

Fig. 4, the theoretical mutual inductance for both the same

layer (Fig. 4(a)) and the different layers (Fig. 4(b)) fit with

the measurements, which guarantees the accuracy of the

self-induction matrix Luu.

C. Efficiency Measurement

To measure the efficiency, we take the ratio between the

output power of the loading resistor to the input power of the



Fig. 5. Theoretical optimized reactance distribution. (a) Targeted current
distribution by Eq. (11). (b) Reactance distribution by Eq. (6).

Tx coil

η =
VL

2/RL

Re(VTx
∗ · ITx))

(12)

where VL is the voltage of the loading resistor, RL is the load

resistance, being 1 Ω in the experiment, VTx is the complex

voltage of the Tx coil, ITx is the complex current of the

Tx coil. The current can be measured by the voltage of the

compensation capacitor of the Tx coil as ITx = jωCTxVC ,

where CTx is the compensation capacitance, being 28 nF in

the experiment, and VC is the measured complex voltage of

the capacitor.

IV. COMPARISON OF THEORETICAL AND

PRACTICAL RESULTS

The general optimization of the metasurface-enhanced WPT

system follows three steps: (1) Calculate the targeted current

distribution given by the mutual inductance distribution MuR

(Eq. (11)); (2) Calculate the reactance distribution with Eq.

(6) using the targeted current distribution from step (1); (3)

Choose appropriate unit cells to form the reactance distribu-

tion.

A. Magnetic Field Shaping

When the Rx coil is placed with an offset of one period

(3 cm) to the center of the metasurface in both the x and y

directions, the solved optimized current distribution with Eq.

(11) is shown in Fig. 5(a). We use Eq. (6) to calculate the

targeted reactance distribution based on the optimized targeted

current distribution. In practice, due to the limited option of

the unit cell’s reactance, we discretize the continuous reactance

distribution into the digits of 0 Ω, 0.3 Ω, 0.6 Ω, 1.3 Ω, and

1.8 Ω. For the region with the targeted normalized current

distribution lower than 0.1, we switched off the unit cells by

removing them from the region. The reactance distribution is

shown in Fig. 5(b). Note that in WPT, the accuracy of the

magnetic field shaping does not significantly influence the

efficiency. Therefore, we do not need a lot of digits of the unit

cell to achieve the claimed functions. In some scenarios, even

single-digit switching can achieve a substantial effect [25],

[26]. However, the more complicated tasks that we introduce in

later text such as tuning the power division require a few more

digits of the unit cell’s reactance. We measure the magnetic

power density with an open Rx coil. The magnetic power

density is,

UB =
1

2µ0
|B|

2
(13)

Fig. 6. Spectrum of the magnetic power density with the Rx coil at x
= 3 cm, and y = 3 cm, i.e., the peak location of the targeted current
distribution.

where µ0 is vacuum permeability. The magnetic flux density

can be measured by the voltage of the open Rx coil, VRx−open,

as

B =
VRx−open

jωnπr2
(14)

where n and r are the number of turns and the radius of the

Rx coil.

The magnetic power density measures the magnetic field

reformed by the metasurface. As shown in Fig. 6, the metasur-

face is able to reshape the magnetic field on-demand, resulting

in a more confined magnetic power density distribution with

an increased peak intensity (Fig. 6(b)) compared to the case

without the metasurface (Fig. 6(a)). The measured magnetic

power density distribution confirms this conclusion (Fig. 6(c)

and 6(d)). Note that the magnetic power density does not

directly correspond to the power that the Rx coil receives

with a loading resistor. As when the Rx coil is not an open

circuit, its current will generate potential to the metasurface

and the Tx coil, and result in a reduced current of both the

metasurface and the Tx coil. Therefore, the received magnetic

power density will be reduced. The magnetic power density

here is to confirm the magnetic field-shaping capability of the

metasurface without an external load.

B. Efficiency with a Single Rx Coil

The metasurface can redistribute the magnetic flux and

enhance the efficiency at selected positions. We choose the

targeted location to be offset from the center of the metasurface

by 1 period (3 cm) in both the x and y directions, the same as

we discussed in Fig. 6. We calculate the theoretical efficiency

with Eq. (9). The efficiency distributions without and with the

metasurface are shown in Fig. 7(a) and Fig. 7(b). The peak

efficiency is 38.1% without the metasurface and increases to

67.27% with the metasurface. Furthermore, the peak position

shifts from the center to the targeted region with 3 cm offset

in both the x and y directions.



Fig. 7. Transmission efficiency of a single receiver enhanced by the
metasurface. Theoretical efficiency (a) without and (b) with the metasur-
face. Measured efficiency (c) without and (d) with the metasurface.

We measure the efficiency map by scanning the Rx coil’s

x-y position and calculate the efficiency by Eq. (14). Fig. 7(c)

shows the measured efficiency without the metasurface, which

fits with the theoretical result in Fig. 7(a). The peak efficiency

in this configuration is 35.4% and occurs at the center position.

Fig. 7(d) shows the measured efficiency with the metasurface,

which produces a peak efficiency of 63.5% at the position of

x = 3 cm and y = 3 cm.

C. Free-Positioning WPT

We can tune the position of the metasurface-formed mag-

netic flux beam by reconfiguring the center positioning of the

targeted current distribution, and therefore, always target the

magnetic flux beam to the Rx coil’s position to enable free-

positioning WPT. Fig. 8(a) shows the center positions of three

targeted current distributions. The centers are tuned to be offset

by -3 cm, 0 cm, and 3 cm in the x direction, respectively,

and centered in the y direction. These three targeted current

distributions are named as mode 1, mode 2, and mode 3. We

measured the efficiency distribution along the x direction with

and without the metasurface for these three targeted current

distributions. As shown in Fig. 8(b), when tuning the center

of the magnetic flux beam, the peak position of the efficiency

moves accordingly.

The peak efficiency of all the three modes can reach over

75%. Particularly, compared to the efficiency without the

metasurface, where the maximum efficiency can only achieve

48.2% at the center, the metasurface significantly boosts the

efficiency to 77.5% with mode 2. Moreover, due to the

metasurface’s ability in redirecting magnetic flux to an off-

centered position, we improve the efficiency from 35.8% to

74.5% with mode 1 and from 35.0% to 71.1% with mode

3. As shown in Fig. 9, by switching the targeted current

distribution and choosing the one with optimized efficiency,

we get an efficiency of around 75% across a distance of

around 10 cm. Compared to the efficiency distribution without

the metasurface, the metasurface can provide an efficiency

Fig. 8. Efficiency distribution of different targeted current distribution. (a)
Peak positions of the three targeted current distribution. (b) Theoretical
and measured efficiency distribution in the x direction along the dashed
line in (a).

Fig. 9. Free-positioning enhancement enabled by the metasurface.

improvement of up to 4.6 times. Note that although we change

the configuration manually in this paper, the principle can be

easily extended to reconfigurable metasurfaces with digitally

switchable unit cells. A near-flat efficiency distribution can

be obtained at any location within the metasurface’s coverage

region. Therefore, a free-positioning WPT system is enabled

by the metasurface.

D. Multiple Magnetic Flux Beams with Tunable Intensity

Ratio

We can configure the metasurface to form more than

one magnetic flux beam. The targeted current distribution is

summed over two magnetic flux beams centered at x = 3

cm, y = 3 cm, and x = -3 cm, y = -3 cm with intensity

ratios of 1:1 and 2:1. Similar to the single receiver case,

the reactance distribution can be calculated by Eq. (6) and

discretized according to the reactance options of the unit cells.

The results are shown in Fig. 10(a) and 10(b). The measured



Fig. 10. Two beams with tunable intensity ratios. Reactance distribution
of (1) 1:1 and (2) 2:1. Magnetic power density of (1) 1:1 and (2) 2:1.

magnetic power density distributions in Fig. 10(c) and 10(d)

confirm the that the metasurface can redirect the magnetic

flux into two beams with similar intensities and non-equal

intensities. This unique advantage is given by the accurate

field-shaping capability of our proposed metasurface and can

be used to control the power division between multiple Rx

coils and compensate the power difference given by non-

uniformed coupling to the Tx coil.

E. Multiple Rx coils with Tunable Power Division

Multiple Rx coils placed at different locations may require

different power. With the unique advantage of the metasurface,

we can redistribute the magnetic flux into multiple beams with

a controllable intensity ratio. We place two Rx coils at the

positions of x = 3 cm, y = 3 cm, and x = -3 cm, y = -3

cm. We considered two scenarios: uniform Rx coils and non-

uniform Rx coils. For the uniform case, we use two Rx coils

both with a diameter of 4 cm. For the non-uniform case, we

use two non-uniform Rx coils with diameters of 4 cm and 3.2

cm. Both the Rx coils are placed 3 cm from the metasurface

in the z direction. All of the Rx coils are compensated to form

resonance around 190 kHz.

The metasurface can tune the power division between

multiple receivers while maintaining an enhanced or similar

efficiency compared to the case without the metasurface.

Ignoring the weak coupling between the Rx coils, the the-

oretical optimized targeted current distribution equals to the

summation of the optimized targeted current distribution of

the two Rx coils. Therefore, the equal power division case

should be approximately the targeted current distribution for

maximized overall efficiency of the two receivers. Due to their

increased total reflected impedance to the Tx coil compared

to the single receiver case, as shown in Table I, the measured

overall efficiency of 71.9% is higher than the single-user case

of 63.5% (Fig. 7). The slight difference in the power of the two

receivers is because the two Rx coils have slightly different

resonance frequencies.

On the other hand, when the targeted beams have different

intensities, the efficiency drop due to the broken spatial

TABLE I
EFFICIENCY AND POWER DIVISION FOR THE UNIFORM RX CASE. THE

EQUAL MODE TARGETS THE TWO RX COILS WITH AN INTENSITY RATIO

OF 1:1. THE NON-EQUAL MODE TARGETS THE TWO RX COILS WITH AN

INTENSITY RATIO OF 2:1.

η1 η2 η Power Ratio

Without Metasurface 27.3% 28.6% 55.9% 1:1.05

With (equal mode) 33.8% 38.1% 71.9% 1:1.13

With (non-equal mode) 39.5% 10.9% 50.4% 1:0.28

Fig. 11. Received power ratio for the two receivers of different sizes.
(a) The spectrum of the received power over the total transmitted power
without metasurface. (b) The spectrum of the received power over the
total transmitted power with metasurface. The metasurface is configured
to the non-equal mode with a peak intensity ratio of 2:1.

symmetry. The mode is not optimized for the maximum overall

efficiency in this case. However, the system shows good

controllability of the power divisions. Specifically, without

the metasurface, the two receivers receive approximately the

same power from the Tx, and the power ratio is 1:1.05.

With the metasurface, in the case of the non-equal mode,

different power is distributed to the two receivers. The two

Rx coils receive 39.5% and 10.9% of the total transmitted

power, respectively. The power ratio is changed to 1:0.28 with

the metasurface. We can see that the overall efficiency in this

case is no longer optimized but the receiver 1 received the

highest power ratio among the three cases (Table I).

When the two Rx coils are non-uniform, the received

power may be significantly different due to their non-balanced

coupling to the Tx coil. The large Rx coil has a stronger

reflected impedance to the Tx coil over the small Rx coil,

and therefore, will gain the majority of the transmitted power.

The small Rx coil can only obtain marginal power from the

Tx coil due to the competing coupling from the large Rx coil.

The metasurface can fix this unbalanced power division issue

by enforcing a higher magnetic flux density to the small Rx

coil. Without the metasurface, the small Rx coil only received

maximumly 4.9% of the total transmitted power, being 8.4

times smaller than the large Rx coil (41.1% as shown in

Fig. 11(a)). With the metasurface, the small Rx coil received

17.5% of the total transmitted at 190 kHz, which is similar

to the 14.6% of the large Rx coil (Fig. 11(b)). The split

peak of the large Rx coil’s efficiency spectrum is because

of the competing power division to the small Rx coil at the

metasurface’s operational frequency of around 190 kHz.



V. CONCLUSION

In this paper, we demonstrate a metasurface-enhanced wire-

less power transfer system that is compatible with Qi standard

and supports multiple users with free-positioning capability.

Our metasurface consists of a double-layer two-dimensional

array of strongly coupled resonators that are capable of re-

shaping the magnetic power density to achieve free-positioning

WPT. To guide our experiment, we provided a mutual induc-

tance circuit model and inversely designed the metasurface’s

impedance configuration according to an optimized targeted

current distribution. In the experiments, we have shown that

our metasurface can achieve an efficiency enhancement of

up to 4.6 times compared to the same condition without the

metasurface. Without the metasurface, efficiency > 40% only

covers an area of around 5 by 5 cm; with the metasurface, we

achieved a close-to-uniform efficiency > 70%, covering an

area of around 10 by 10 cm. By taking the unique advantage

of shaping the magnetic field with our metasurface, we demon-

strated tuning the power division between the multiple Rx

coils to compensate the receivers’ size difference. Although the

metasurface requires manual tuning, the principle can be easily

extended to the automatically reconfigurable metasurfaces. For

the multi-device case, the efficiency is sacrificed for non-

unform power delivery as the targeted current distribution is

not optimized. The optimized current distribution for non-

unform power delivery can be studied in the future.
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