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ABSTRACT: This paper focuses on enhancing the efficiency of wireless power transfer (WPT) using metamaterials (MTMs) only in the
transmitter section, without modifying the receiver section. Power transfer efficiency (PTE) is the ratio of the actual power to the load
resistance R;oqq that is transmitted to the load to the maximum available power at the source, V;. Enhancing the PTE of a WPT system is
essential, given the wide range of WPT applications. Magnetic MTMs can significantly increase PTE. This research proposes a structure
for the transmitter (Tx) coil and receiver (Rx) coil, incorporating the MTM slab, in a WPT system to enhance efficiency. The MTM was
fabricated on a thin FR-4 substrate and positioned in front of and behind the Tx coil. Full-wave simulations show a clear improvement
in coupling after adding the MTM plate. The transmission coefficient S»; is increased by 0.4 when the MTM is placed in front of the Tx
coil. When the two plates of the MTM were inserted, the S>; improved by 0.2 compared to a single slab due to dielectric losses. In all
cases, the magnetic field became more distributed and focused on the receiver side after the addition of the MTMs. The power transfer
efficiency reaches 53.3% with double-layer MTMs at 12 MHz and a distance of 35 mm. Finally, the results of the measurements and
simulations showed acceptable agreement, indicating that the proposed method is effective in overcoming reduced efficiency issues. The
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proposed design is suitable for various electronic applications, such as multiple-device charging pads.

1. INTRODUCTION

he need for WPT has increased because the wires used to-

day have many limitations and can be replaced with wire-
less power transfer. Convenient charging, wireless power trans-
fer WPT systems own considerable promise for a variety of
applications, such as sensor networks [1], consumer electron-
ics [2], robotics [3], electric cars [4], and biological implants
[5]. PTE is a system’s ability to transmit power to the receiver.
However, as the transfer distance increases, the PTE of the
WPT system drops precipitously due to magnetic field diver-
gence in under-coupled regions. Researchers suggested sev-
eral methods to enhance PTE, including frequency tracking [6],
impedance matching [7], relay resonators [8], and magnetic-
field shaping to improve the coupling between Tx and Rx coils
[9]. To enhance the coupling between (Tx) and (Rx) coils, sev-
eral researchers have proposed using MTMs to regulate mag-
netic fields in WPT systems, thereby improving efficiency.
MTMs have unique characteristics not found in natural materi-
als [10-12]. They have been utilized in several fields, includ-
ing absorbers, antennas, and biosensors [13—15]. This sophis-
ticated material can manipulate electromagnetic waves, mak-
ing it an optimal choice for improving efficiency and extending
the transfer distance in WPT systems [16—18]. The exceptional
characteristics of MTMs enable the design of structures that can
bend, reflect, and absorb electromagnetic waves, thereby meet-
ing the needs of WPT applications [19]. Ongoing research in
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this domain shows that MTMs will significantly enhance the
capabilities of the WPT technique [20]. Diverse MTM con-
figurations, including superconducting MTMs, reconfigurable
MTMs, and laterally positioned MTMs, have been incorpo-
rated with WPT systems [21-23]. Flexible MTMs have been
extensively utilized in various applications, including energy
harvesting, electromagnetic wave absorption, and mechanical
MTMs [24-26]. In [27], a compact WPT structure that inte-
grates deep learning and a reconfigurable metasurface is pro-
posed to enable smart power routing. The utilization of the
MTM between the Tx and Rx terminates the sharp decline of
the PTE in the traditional inductive coupling [28]. The follow-
ing articles [29-33] addressed the role of MTMs in enhancing
the performance and efficiency of WPT systems by mitigating
the negative propagation properties of both p and e.

Figures 1(a) and (b) explain the distribution of the magnetic
field with/without MTM.

In this article, we propose an MTM slab with resonance coils
for Tx and Rx to find the best location of the MTM plate us-
ing a sequence of steps, in front of Tx, behind it, and double
plates, with the first one in front of the Tx and the other one
behind it, and study their effect on the PTE and the distribu-
tion of the magnetic field in the transmitter and receiver sides,
respectively.
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FIGURE 1. The WPT system, (a) the magnetic field without MTM, (b) with MTM.
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FIGURE 2. The RLC circuit model represents the Tx, Rx coils, and MTM.

2. THE EQUIVALENT CIRCUIT OF THE PROPOSED
WPT WITH AND WITHOUT THE METAMATERIAL

The objective of the proposed design is to determine the optimal
location for the MTM plate and enhance the PTE using one or
two MTM plates. In the first case, one MTM slab is placed near
the transmitter coil to focus the magnetic field and efficiently
transmit it to the receiver. In the second case, double layers of
MTMs are used, one opposite the Tx coil and the other behind it,
to reduce magnetic-field leakage and enhance efficiency. Fig. 2
represents the equivalent circuit of the proposed design for both
cases. The circle loops, magnetic resonance coils, and MTM
slabs can be modeled by a series RLC as shown in Fig. 2. The
Tx and Rx coils with MTM are characterized by an RLC model
circuit. Driver coil is described as Rp, Lp, and Cp, while
the MTM slab is defined as Ry, Ro, L1, Lo, and Cy, Cs. The
receiver coil is described as Rg, Lg, and C, the load loop is
defined as Ry, Ly, and Cy,.

Figure 2 illustrates the equivalent circuit for all wireless
power transmission system designs employed in this study.
A graphical depiction of the equivalent circuit describes the
adopted WPT analysis situations. This model, shown in Fig. 2,
is used to determine the equivalent relation and solve the sys-
tem. Fig. 1(a), without MTMs, is a simple WPT that applies
Kirchhoff’s principles, enabling us to derive the equations for
the system’s voltage and current, as demonstrated below. The
coupling effects among the source, Tx, Rx, and load coils are
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neglected to facilitate calculations while still accurately repre-
senting the system’s main interactions.

Vs Zp JjwMpr 0 0
0 jwMpr Zr jwMrgr 0O
0 |0 JwMrr Zg JwMRr,
0 0 0 JjwMpgr, Zp
Ip
Ir
In (1)
Iy
Zp=Rs+ Rp + jwLp + — (1a)
jwCp
Zr= Rr +ijT + — (lb)
JjwCr
Zr=Rpr+ jwLp + - (1c)
JwCR
Z1,=Rroad + Rr, + jwLy, + (1d)

JwClr,

Ip, I, Ir, and I}, refer to the currents in the drive coil, Tx coil,
Rx coil, and load loop, respectively. The matrix Equation (1) is
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solved for the voltage across Rload, as shown in Equation (2).

_ (jw)’  MprMrrMprRread 2

- (ZpZrZrZi +w? (M ZrZr,
+MZpZpZy, + M3, ZpZr))
+W4M%TM}2?,L

VLoad

VSource

In the following analysis, we will examine a four-coil magneti-
cally coupled resonant wireless power transfer system utilizing
metamaterials, as illustrated in Fig. 1(b). Applying Kirchhoff’s
laws enables us to obtain the matrices for the voltages and cur-
rents of each loop, as shown in Equation (3).

0 Zi  jwMip 0 0 0 0
VS jWMlD ZD jwMDT 0 0 0
0 _ 0 jwMDT ZT j(.dMTQ 0 0
o | O 0 jwMpy Zz jwMsgp O
0 0 0 0 jwMsr Zr jwMpgr
0 0 0 0 0 jwMRL ZL
I
Ip
I
. 3)
Ir
Iy,
Z1 =Ry + jwLi + - (3a)
JwCi
Zy =Ry + jwLs + — (3b)

JwCs

I, and I, refer to the currents in MTM1 and MTM2, respec-
tively. The matrix Equation (3) is solved for the voltage across
Rioad, as shown in Equation (4).

_ (jw)® - MyipMprMpoMagMgr - Rioad @)
(MfDMQTzM,%LWG + Aw?

+Bw2 + Z1ZDZTZ2ZRZL)

VLoad

VSource

A=M7p, (M} ZoZr+M3gZr Z1+ M3, 21 ZR)
+MFo M3 Zy Zp+MpbypZy (Mpp Zo + M3RZ1) (4a)

B=M3?pZ7 22221+ MprZ1 ZoZpZ1+ M35 2, Zp 21 2R
+M22RZ1ZDZTZL +M123L212DZ2ZT (4b)

Assuming that the generator and load are conjugate matched
to the reference impedance of the system, the efficiency of the
WPT system can be determined from Equation (5), where the
po and pi are the output and input power. In practical design,
coil design and spacing are optimized using an electromagnetic
simulation program (CST Studio Suite), while the analytical
model is used to explain observed trends and validate physical
intuition.

PTE = 72 — g VEoud

< RSouTce
Y& VSource

RLoad

) = [S21|* (5
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The matrix of the MTM inclusive was mentioned in Equa-
tion (3). The system is reduced to the baseline case by set-
ting the mutual coupling terms M;p, Mo, and Mg to zero
values. In this state, the currents across the MTM impedances
(Z71 and Z5) vanish, and the system reverts to the conventional
4-resonator configuration of the MTM structure. Then, Equa-
tion (4) is simplified to the baseline formulation in Equation

).

3. THE DESIGN PROCEDURE AND THE SIMULATION
RESULTS

Figure 3 illustrates the proposed approach of the WPT system,
which includes a feed source coil, a transmitting coil, the MTM,
a receiving coil, and a load coil.

The source coil is contained within a transmitter coil, and
the Tx is constructed from 4 turns with a spiral shape. The in-
ner diameter of the driving coil is 56 mm, and the capacitor of
the Tx coil is 67 pF, which is connected in series with the re-
sistance (= 50(2). The load coil, combined with the receiver
coil, has 14 turns. The inner diameter of the Rx coil is 32 mm
and is placed 35 mm above the Tx coil. A capacitor (9 pF) was
inserted in series with a resistance load (100 £2) to achieve the
desired resonance frequency. For the MTM to be employed
in practical situations and to prevent ohmic losses, it must be
designed as compactly as feasible with finite unit cells. Fur-
thermore, it is crucial to remember that MTM is excited by a
source in the near field, rather than by a plane wave. Thus, we
achieved an overall external dimension of 168.6 x 168.6 mm?
by realizing a 5 x 5 unit cell of the MTM. These features are
sufficient to improve the mutual coupling coefficient between
the Tx and Rx. Each unit cell consists of a 5-turn spiral res-
onator with a 0.84 mm radius. In the first case, Tx and Rx coils
are studied without using MTM. In the second case, the MTM
is added in front of the transmitter, and then two layers of MTM
are used, one in front of the transmitter and the other behind it.
The most critical dimensions of the proposed design are listed
in Table 1.

4. THE ANALYSIS OF THE DESIGN MTM WITH TX
AND RX COILS

The particular unit cell design is a resonant tank with the metal-
lic traces acting as inductors (L) and the gaps as capacitors
(C). The out-of-phase response of the surface currents at the
resonant frequency of 12 MHz results in an effective negative
permeability, which is a property of a split-ring-like resonator.
The MTM slab is in close proximity to the coils near reso-
nance, where it interacts with the coils’ near field and enhances
the evanescent waves, which would otherwise die off. This
serious increase in the magnetic flux density between the Tx
and Rx coils leads to a significant enhancement in the Power
Transfer Efficiency (PTE). The MTM structure uses magnetic-
field manipulation by passing the flux lines through its high-
permeability/negative-refraction region. It concentrates the
magnetic field, minimizes leakage, and enhances the transmis-
sion coefficient (Sy;). This modulation is manifested in our
Sth-order system matrix (Equation (3)) in which the MTM res-
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FIGURE 3. WPT with resonator and double-sided MTM, (a) the layout shows the distances between the MTM1 and MTM2, (b) a side view of two
coils without MTM, (c) a back view of the MTM, (d) a front view of the MTM, (¢) a bottom view of two coils with double plates of the MTM.
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onators (Z, Z,) result in new coupling paths (M1p, Mo,
M5 ), which are absent in the baseline system. This mathemat-
ical paradigm demonstrates that the MTM is an active modula-
tor of the magnetic connection, not a passive one. Fig. 4(a) and
Fig. 4(b) illustrate the unit cell design and the real and imag-
inary parts of the permeability and permittivity, respectively.
The parametric study was conducted to determine the optimal
values of w (the width of the wire) and g (the gap between
turns) as shown in Figs. 5(a), and (b). The simulations were
performed with CST software to examine the magnetic reso-
nance WPT system with MTM. Two ports of a discrete type are
utilized to simulate the drive loop and load loop. In numerous
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The unit-cell design with the variation of p, and ¢, (a) the real and imaginary parts of 1, (b) the real and imaginary parts of €.

practical applications, the distance between the transmitter (Tx)
and receiver (Rx) in a WPT system is not readily available, so
we examine several distances and calculate their efficiencies.
Fig. 6 shows the simulation results for .S;; between the trans-
mitting and receiving coils without MTM at various distances.

The MTM was added at the midpoint between the transmit-
ter and receiver coils to enhance the coupling between them,
thereby increasing the system’s efficiency. Fig. 7(a) shows the
transmission coefficient as a function of the distance between
the Tx and Rx when an MTM plate is added. The distance be-
tween the transmitter and MTM is also studied, and the obtained
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TABLE 1. Summary of the most critical dimensions of the proposed design.

Parameter Value Description
w 2 mm The width of the wire
g 0.5mm The gap between turns
Ny 4 The number of turns in Tx
No 14 The number of turns in Rx
N3 5 The number of turns in the MTM unit cell
Rq 28 mm The radius of the driver
Ry 16 mm The radius of the load coil
Rs 0.85mm The radius of the unit cell
d 35mm The distance between Tx and Rx
dn, 9mm The front distance between the Tx coil and MTM when using one layer
d. 28 mm The back distance between the Tx and the MTM when using one layer
dm1 14 mm Front distance between the Tx and the MTM when using 2 layers
dm2 20 mm back distance between the Tx and the MTM when using 2 layers
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FIGURE 5. The parametric study of w and g, (a) study w, (b) study g.
S-Parameters [Magnitude] increased at 11 MHz and 12 MHz after moving the MTM slab
U;z N —— 52,1 (d=35) behind the Tx coil, thereby increasing the PTE at these two fre-
0,45 [ \\\ - zii E:jg quencies. The back distance between the MTM and transmitter
S 04 / /X\ /\ \ \ A ' coil is represented as d, (in the case of one layer of the MTM)
5035 \ g and studied from 8 to 28 mm. The obtained results showed an
03 [ YNNG AN . . 0 TEOUS
¢ N1V increase in S, from 0.55 to 0.56 as explained in Fig. 8(b). To
g0 /i AT\ reduce magnetic field leakage and improve efficiency by in-
£ 02 . . . .
Soss pavi N VLA creasing the power transmitted from the Tx coil to the Rx coil,
01 / N we added a second layer of MTM, one opposite the Tx coil and
0.05 = 5 the other behind it. Fig. 9(a) shows the transmission coefficient
0 : ‘ ‘
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Frequency / MHz

FIGURE 6. The S»;1 parameter of the Tx and Rx coils without MTM
for several distances.

results demonstrate an improvement in S>; from 0.15 to 0.55,
as shown in Fig. 7(b).

In the next step, we relocated the MTM plate to the backspace
of the Tx coil to improve the magnetic field focus on the re-
ceiver coil. Fig. 8(a) explains the WPT system’s response for
various distances between the transmitter and receiver. The S,
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as a function of distance. The front distance (d,,,1) and the back
distance (d,,2) were also studied, and it was observed that a
dm1 of 14 mm yielded a high transmission coefficient; there-
fore, So; increased from 0.56 to 0.73, as shown in Fig. 9(b).
The back distance (d,,,2) is also optimized for several values,
and a d,,2 of 20 mm yields a significant improvement in the
So1 parameter compared to other values, as shown in Fig. 9(c).
Fig. 10 shows the “focusing” effect of the magnetic-field dis-
tribution. These plots clearly reveal that the MTM reshapes the
field lines, concentrating the magnetic flux toward the receiver
coil. This increased flux density raises the mutual inductance
Mgy, as predicted by Equations (2) and (4). The magnetic
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FIGURE 10. The distribution of the magnetic field, (a) two coils without MTM, (b) the MTM in front of the Tx coil, (¢) the MTM behind the Tx coil,
(d) with double layers of the MTM.
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FIGURE 11. The efficiency of the proposed design, (a) only two coils without MTM, (b) the MTM in front of the transmitter coil, (¢) the MTM
behind the transmitter coil, (d) with two slabs of the MTMs, one in front of the Tx and the other behind it.

field distribution, when two coils are used without MTM, is plates of the MTM are used. The transmission efficiency of
shown in Fig. 10(a). Fig. 10(b) represents the magnetic field the WPT system was evaluated under various cases, as shown
when the MTM is moved in front of the coils, Fig. 10(c) when in Fig. 11. Initially, the simulated resonator coils were used
the MTM is placed behind the coils, and Fig. 10(d) when two without the MTM, achieving an efficiency of 30% at 12 MHz,
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FIGURE 12. The fabrication and measurement process for the suggested design, (a) Tx and Rx coils without MTM, (b) Tx and Rx coils with one slab

of MTM, (c) with two slabs of MTM.
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FIGURE 13. The improvement of Viource and Vioqq for different cases, (a) V,, = 0.54, (b) V,, = 0.58, (¢) V, = 0.66 v, (d) V,, = 0.73v.

as illustrated in Fig. 11(a). In the second case, the MTM layer
was inserted in front of the Tx coil, yielding an efficiency of
35%, as shown in Fig. 11(b). In the third case, the MTM plate
was moved to the back space behind the Tx coil, and the effi-
ciency was measured at 44% for d,,> = 20 mm (where d,,,2 is
the back distance between the MTM and Tx coils), as shown
in Fig. 11(c). Finally, efficiency improved when another MTM
slab was added, reaching 53.3% at d,,,; = 14 mm (where d,,,1

is the front distance between the MTM and Tx coil), as shown
in Fig. 11(d). According to S»; values with and without the
MTM, as reviewed in all previous instances, the resonance fre-
quency remains well-matched, and the power transferred from
the Tx to the Rx coil is increased. Consequently, the observed
enhancement in S>; cannot be attributed to a reduction in mis-
match loss; it is instead a direct result of improved magnetic
flux linkage. Table 2 shows the comparison between the sim-
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TABLE 2. The comparison between the simulated results of this work and other researches on WPT with MTM.

Location of The number of The number of The resonance )
Ref. Efficiency
the MTM slab MTM slabs unit cells frequency

[30] In front of Tx One layer TxT7 6.78 MHz 41.7%
[32] In the middle One layer 5x5 12 MHz 40%
[33] In the middle One layer 5 X5 13.5 MHz 50.5%
This One in front of Tx and

Two layers 5xd 12MHz 53.3%
work the other behind it

0.4 = W/OMTM = ForntMTM -~ BehindMTM == BothsideMTM

VLoad / IVSOurce |
Lo

0 0.1

0.2 0.3
time(us)

0.4 0.5

FIGURE 14. Comparison of the measurement for the output voltage
between various positions of the MTM.

ulated results of this work and other researches on WPT with
MTM.

5. THE FABRICATION PROCESS OF THE PROPOSED
DESIGN

To validate the effectiveness of the suggested design, we fabri-
cate the Tx and Rx coils with MTM, as shown in Fig. 12. The
materials used in fabrication are FR-4 (dielectric constant of 4.3
and the thickness = 1.5 mm) for the MTM design and pure cop-
per for the Tx and Rx coils and MTM unit cells (the thickness
of the copper 0.035 mm). Two capacitors are added to the Tx
and Rx coils, and 25 capacitors are added to the (5 x 5) MTM
to tune the resonance frequency, and the distance between ad-
jacent cells is 25 mm. The measurement results showed agree-
ment with the simulated ones. This study can be instrumen-
tal in the development of WPT applications, such as biomedi-
cal implants and consumer devices. Fig. 13 shows the Vi, rce
and Vj,qq for four cases. The peak of V44 is increasing from
0.45V to 0.73 V, which means enhancing the voltage transfer
efficiency by 0.35%, and it is also noticed that the V' source
remains consistent at 5V (peak voltage), which is important
because the increase in Vj,.q is a direct result of increasing
Viead!Vsource- Fig. 14 compares the measurement and simu-
lation results.

6. CONCLUSION

This article presents the study and analysis of a WPT system
with MTM to improve transmission efficiency. The simulated
results showed that using the magnetic MTM can enhance the
efficiency of the WPT system. Efficiency increases from 30%
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to 53.3% when the MTM plate is used. We study multiple se-
quences with different procedures at the resonance frequency
of 12 MHz with a separation distance of 35 mm between the
transmitter (Tx) and receiver (Rx). The transmission coeffi-
cient improved when inserting the MTM(s) in front of the Tx
coil and in the back space behind the coils. The leakage of the
magnetic field is also reduced and increased in focus toward the
receiver side when MTM slabs are added. The proposed design
was fabricated, and the simulation and measurement results are
in agreement, indicating that the design’s theoretical basis is ef-
fective. The current prototype is best suited for desktop-sized
applications, such as multiple-device charging pads or small
home appliances.
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