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ABSTRACT This study proposes a low-frequency metamaterial(MM) coupled with an equivalent circuit
model to emulate the behavior of an MM-based Wireless Power Transfer (WPT) system. For this purpose, the
electromagnetic simulation and Finite Element Analysis (FEA) of the proposed MM-based WPT system are
performed in ANSYS three-dimensional (3D) High-Frequency Structured Simulator (HFSS). In addition,
numerical analysis of the circuit design of the proposed structure is performed in a MATLAB simulation
environment to evaluate its transfer characteristics. While some methods, including effective medium theory
and transmission line circuit model, have been exploited to explain the physical mechanism of MM-based
WPT systems, some of the reactive parameters and the fundamental physical interpretation have not been
clearly expounded. In contrast to existing theoretical models, the proposed approach focuses on the effect
of system parameters of the MM and transfer coils on transfer characteristics, coupled with its effectiveness
in analyzing complex circuits. A design prototype is fabricated for experimental measurement of power
transfer efficiency and medium parameters using the KeySight ENA 5061 vector network analyzer (VNA),
confirming the validity of the proposed design. The excellent efficiency enhancement and mutual coupling
make the design an attractive solution for WPT applications. A close agreement of the experimental results
and numerical simulation validates the accuracy of the analytical model.

INDEX TERMS Wireless power transfer, finite element analysis (FEA), metamaterial, power transfer
efficiency, ANSYS, high frequency structure simulator (HFSS), equivalent circuit model, transfer function.

I. INTRODUCTION

In the last few decades, immense research effort has cul-
minated in a broader utilization of Wireless Power Trans-
fer (WPT) system as an alternative power transmission
mechanism in mobile computing [1], wireless charging of
biomedical body implants [2], consumer electronics and
wireless charging of Electric Vehicles (EV) [3], [4]. How-
ever, despite its increasing penetration, reliability concerns
stemming from high power dissipation, leakage Electromag-
netic Field (EMF), and low power transmission efficiency
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(PTE) for wide range WPT systems remain largely unre-
solved. In light of this, attention has shifted to metamate-
rial (MM) as a preferred candidate for range extension and
performance enhancement of WPT systems. As exhibited
in Figure 1, MM(s) are generally categorized as double
negative (DNG)/left-handed media, w-negative (uNG) or
e-negative (e NG) depending on the polarity of medium prop-
erties, including the refractive index (n), effective perme-
ability (1), effective permittivity (¢7), and the amplitude of
magneto-inductive wave (MIW). Double-negative/ negative
index MMs (NIMs) are the first and most investigated of
all MM structures and they typify a generic description for
left handed materials, exhibiting negative refractive index,
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n, as depicted in (1), and hence supports perfect lensing
(¢f = —1,and, uy = —1) [5].

n=—Jire M

When operated at resonance, electromagnetic (EM ) fields are
confined inside the resonators, leading to a periodic exchange
of electric and magnetic energy. Outside the resonators, how-
ever, the EM fields decay evanescently and do not carry
away energy unless coupled to the tail of the evanescent
wave of another resonator. With an NIM, the amplitude of
evanescent waves can be enhanced such that the distance
between the two resonators is small. The strategy for design-
ing an NIM borders on reconstructing and modulating its
structural properties, including effective permeability (1),
and effective permittivity (¢;) coupled with optimization of
physical parameters such that the reconstructed MM exhibits
left-handed characteristics (1y < 0 and ¢ < 0). Mean-
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FIGURE 1. Classification of metamaterial (MM) based on the polarity of
effective permeability, (17) and effective permittivity (¢¢). E, B, k, Vpp
denote the electric field, magnetic filed, wave number, and phase velocity,
respectively.
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while, the evanescent wave amplification property of MM
is of significant interest in this study. This finds explana-
tion in the fact that magnetic resonance coupling depends
on evanescent wave amplification of near magnetic field.
Considering the fact that inductive WPT and evanescent wave
amplifier harness only the magnetic field for power transfer,
it goes without saying that a negative real part of effective
permeability (uy < 0) is a satisfactory requirement for the
material under test to achieve negative refractive index [6].
Besides, it is worth mentioning that for practical realization
of alow frequency MM design, the MM unit cell must satisfy
homogenization criterion, which stipulates that for effective
medium properties to be valid, the sample size (/) of the unit
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cell must be extremely small in comparison to its wavelength
(I <« X) at the resonant operating frequency [6], [7].
Following these issues, this manuscript proposes a low
frequency metamaterial (MM) coupled with an equivalent
circuit model for exploring the transfer characteristics of
a MM-based WPT system. While several methods, includ-
ing interference theory [8], [9], transmission line circuit
model [10], [11], and effective medium theory [12] have
been widely exploited in literature to explain the physics
of MM-based WPT systems, some of its reactive param-
eters, and the basic physical interpretation have not been
clearly expounded. In contrast to existing theoretical models,
the proposed methodology focuses on the effect of system
parameters and transfer coils on the system transfer functions,
which is pertinent in analyzing complex systems. Besides,
most existing MM(s) in the literature suffer from high power
dissipation, stemming from their inherently high microwave
and radio frequencies [13], [14], which imposes high switch-
ing losses on the power switches while also subjecting the
passive components to high voltage and current stresses [15],
[16], [17]. Essentially, the proposed MM-slab consists of a
4 x 4 periodic array of MM unit cell exemplified in Figure 3.
Moreover, a four-coil structure depicted in Figure 2, com-
prising the drive coil (dr), transmitting coil (7x), receiving
coil (Rx), and load coil (/) is utilized for theoretical analysis,
the MM-slab being posited between the Tx and Rx coils.
Specifically, the main contributions of this manuscript are
presented below:
i designs alow frequency metamaterial (MM) sample for
enhancing the efficiency of a WPT system
ii develops an equivalent circuit model for emulating the
transfer characteristics of MM-based WPT system.

iii designs an experimental test-bed for evaluation of pro-
totype sample while analyzing measurement results to
validate the accuracy of the analytical model

The rest of the paper is presented as follows: Section II com-
prehensively describes the physics-based model derivation
and equivalent circuit analysis of the proposed MM-based
WPT structure. Moreover, the sensitivity of the proposed sys-
tem to lateral and angular misalignments is concretely investi-
gated. Further, section III explicitly analyzes the electromag-
netic simulation, characterization, and parameter extraction
of the proposed MM. In Section IV, efficiency and mutual
impedance measurements are conducted on a fabricated pro-
totype to ascertain the performance-enhancing capability of
the proposed design. By leveraging printed circuit board
technology (PCB), the unit cell is fabricated into a planar
structure of a 4 x4 periodic array to form an MM-slab.

Il. PHYSICS BASED MODELING AND ANALYSIS OF THE
PROPOSED DESIGN

A. EQUIVALENT CIRCUIT MODELING OF THE PROPOSED
METAMATERIAL BASED WPT SYSTEM

In order to simplify the equivalent circuit model of the pro-
posed structure, the circuit schematic of the proposed MM
unit cell is modeled into coupling coils as seen in Figure 3(a).
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FIGURE 2. Equivalent circuit schematic of the proposed metamateria
slab consists of a 4 x 4 periodic array of MM unit cells in Fig. 3.
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cell based on ANSYS HFSS
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(b) Equivalent lumped resonant RLC circuit representation
of the proposed MM in Figure 3(a)

FIGURE 3. Front view of proposed MM unit cell as designed in ANSYS
HFSS.

Based on [18] and [19], each unit cell can be represented as
a resistance-inductor-capacitor (RLC) resonant circuit exhib-
ited in Figure 3(b) where L,,, Cp,, and R, are the lumped
circuit inductance, capacitance and resistance of the unit cell,
respectively, and the subscript m = 1, 2, 3... 16 denotes the
number of resonant unit cells in the MM-slab. As shown in
(2), the resistive component, R, consists of the ohmic loss
(R,) and dielectric loss (R;) due to the dielectric substrate.

(@)

Similarly, the capacitive component has been modeled as
the sum of the stray capacitance, (Cs), and compensation

Ry =R, + Ry
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I (MM) WPT system based on four coil structure. The metamaterial

capacitor, Ceopm, as exhibited in Eq. (3).

Cin = Cs + Ceom 3

It is worth stating that the resonant frequency of the MM
structure can be adjusted and tuned by varying the value
of the compensation capacitor (Cc,,;), accordingly, leading
to optimized performance of the WPT system. Further, the
metamaterial slab, which is posited between the Tx and Rx
coils in Figure 2 is designed based on a 4 x 4 periodic
array of the MM unit cell in Figure 3. Essentially, such
a loosely disconnected array of metamaterial cells can be
considered as a multiple repeater coils or booster network
for achieving evanescent wave amplification and coupling of
near magnetic field. Besides, the current flow through each
unit cell of the MM-slab can be assumed identical and in
phase while representing the entire system as a lump circuit
model, in which the distribution of the parameters is ignored.
Moreover, the parameters of the four coil structure in Figure 2
is expounded as follows:

¢ Lgy, Cg4r and Ry, are the self-inductance, capacitance and
resistance of the driver coil, respectively.
Ly, Cic and Ry, are the self-inductance, capacitance and
resistance of the transmitting coil, respectively.
Ly, Crx and R, are the self-inductance, capacitance and
resistance of the receiving coil, respectively.
L;, C; and Ry are the self-inductance, capacitance and
resistance of the load coil, respectively.
Ly, C,, and R, are the self-inductance, capacitance and
resistance of the metamaterial, respectively.
M 4,4, is the mutual-inductance between the driver coil
and transmitting coil.
M 4, 1s the mutual-inductance between the driver coil
and each MM-slab.
My 1s the mutual-inductance between the transmitting
coil and MM-slab.

o

VOLUME 10, 2022



W. Adepoju et al.: Equivalent Circuit Modeling and Experimental Analysis of Low Frequency MM for Efficient WPT

IEEE Access

& M, is the mutual-inductance between the MM-slab

and receiving coil.

¢ M, is the mutual-inductance between the MM-slab and

load coil.

Meanwhile, Zy,, Zi, Zyx, Z; and Z,, denote the impedance
of the driver coil, transmitter coil, receiver coil, load coil
and each MM unit cell, respectively. Similarly, I, It, L,
I; and I, symbolize the current flowing through the driver
coil (dr) transmitter coil (zx), receiver coil (rx), load coil
() and each MM unit cell, respectively. By leveraging the
concept of coupling theory and applying Kirchhoff’s Voltage
Law (KVL) to the equivalent WPT circuit in Figure 2, the
individual impedance of the resonant coils and the overall
circuit expression of the WPT system can be analyzed as
demonstrated in Eq. (4) and Eq. (5), respectively.

. 1
Zy = Ryx +]<thx - )
wCix

er = Rrx +j<erx -
wCpy
1

Zdr = Rdr +j<der - ) (4)
wCgy

1
Z =R+ R +j<60LL - —
wCL

. 1
Zm = Rm —|—](a)Lm — E)

Vs = (Ry + Zar)lar + joMapeee + joo 300 Mpml+

o+ joManl
0 = joMayxlar + Zpcdix + jo Z,f:] Manln+
e joMuld;

0 =]w Zrl,f:] (Ma'rmldr + Mumlixe + Zind i+

"'+Mmlll>
0 zjderIIdr +jwMtxlItx +Jw Z:y?:] My L+
-+ R+ 2D
(5)

where m (1,2,3...16) denotes the number of resonant meta-
material unit cells. Converting Eq. (5) to matrix form culmi-
nates in

Vs Rs+Zar jwMarex jwMarm - -+ jwMan
0 IWMar  Zyx  jwMin -+ WMy
0 — jWMdrm jWMtxm Zm . jWMml
0 JwMay jwMpg jwMp - - Rp+Z;
Idr
Iix
X Iy 6)
I
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where w = 27 F, in rad /s and F, is the resonant frequency
of the metamaterial unit cell as elicited in Eq. (7).

1
Fr=—r—
" 27/LuCn
Thus, the current flowing through each resonant coil and the
MM-slab can be evaluated based on a numerical solution
of Eq. (6) in MATLAB simulation environment. Given the
weak magnetic coupling between two non-adjacent coils, the

associated mutual inductances M j,, My, My, and Mgy
can be effectively neglected, as depicted in Eq. (8)

@)

Mdrm = Mtxrx = Mml = Mdrl =0 (8)

As would later be described in section IV, the relevant mutual
inductances; Mgy, Mo, Mo, and M, are extracted based
on the electromagnetic finite element simulation of the MM
WPT design. In addition, the calculation results are deter-
mined consistent with the theoretical analysis of Eq. (4) and
Eq. (5). Further, the essential components (capacitor, induc-
tance and resistance) are obtained in line with [20]. Using
the four KVL equations in (4) and the circuit matrix model
in Eq. (6) and harnessing the numerical method presented
in [21] in a Matlab simulation environment, the resulting
voltage transfer function is evaluated as in Eq. (9)
Vi _ @ LicLyeRi/LarLi ©
Vs ZirZixZixZi + w? (Lerererl + LixLinZarZy
+ erLlZertx) + o* (LerthrxLl)

Therefore, the load voltage, Vi, can be evaluated by sub-
stituting the four KVL expressions in Eq. (4) into Eq. (9).
In agreement with [20] and [21] coupled with the expression
in Eq. (9), the equivalent transmission scattering parameter,
S»1, 1s evaluated as shown in Eq. (10)

1
Vi (Rg\?2
1 =2—L< S) (10)

To achieve impedance matching and maximum PTE, both the
source resistance (Ry), and load resistance (R;) are assumed
to be 50€2 [8]. Alternatively, impedance matching can be
realized by a simple adjustment of the distance between the
drive coil (dr) and transmitter (zx), as well as the distance
between the receiver (rx) and load (/) coils.

Ill. METAMATERIAL SIMULATION, CHARACTERIZATION
AND PARAMETER EXTRACTION

A. ELECTROMAGNETIC (EM) sIMULATION AND FINITE
ELEMENT ANALYSIS (FEA)

An ANSYS HFSS model of the proposed four coil WPT
structure with and without MM-slab is exemplified in Fig-
ure 4(a) and Figure 4(b), respectively. In order to validate the
accuracy of the proposed circuit equations, the PTE and trans-
mission coefficient (S21) of the WPT system are investigated
based on a comparative analysis of the EM-simulation and
theoretical model derived in section II. Using the concept of
Finite Element Analysis (FEA), both designs are simulated
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TABLE 1. Parameter specification of MM-based WPT model.

Parameter Symbol Unit  Value
Inductance Lgr, Ly mH 0.7
Lm uwH 1.49
Capacitance Cm pF 40

Compensation Capacitance ~ Ceom pF 600

Resistance Rs, R; Q 50

Rm pF 40
Solution Frequency Fwpr MHz 6.78
Resonant Frequency F, kHz  743.5

in ANSYS HFSS to extract the medium parameters. The
resonant coils are made of three turns of 26AWG copper
wire gauge, each having a diameter of 42mm while the
metamaterial is designed with Litz wire. Litz wire is pre-
ferred because it exhibits minimal saturation and relaxation
at high frequency, an important requirement for mitigating
power loss and enhancing PTE [22]. Further, the complete
WPT set up was excited at 6.78MHz solution frequency in
compliance with International Commission on Non-Ionizing
Radiation Protection (ICNIRP) which stipulates a leakage
EMF < 270mG for human safety [23], [24].

—————————
< Load coil (/] =3
—_  —

——————
S  Receiver (] ——=3
————————

Working distance, d,,

coil to coil spacing

S Drivercoil (di] _———=
—_———————

m‘»
v

(a) Without metamaterial (MM) (b) With metamaterial (MM)

FIGURE 4. ANSYS HFSS simulation model of the proposed four coil WPT
system (a) without metamaterial slab (b) with metamaterial slab.

Meanwhile, the simulation parameters in Table 1 are
chosen in conformity with IEEE standard criterion, which
specifies a 5% maximum harmonic content for ripple min-
imization [25]. The simulation was performed starting with
the original system (without MM-slab). Going forward, the
MM-slab was integrated with the WPT system to enhance
mutual coupling, placing the slab Imm away from the trans-
mitter to preserve the working distance while fixing the
useful working distance at 50mm. The resulting magnetic
field distribution based on the EM-simulation with and with-
out MM-slab is depicted in Figure 5a and Figure 12(b),
respectively. Ostensibly, the distributed magnetic field using
metamaterial is highly concentrated and about x 10 denser
compared to the original Tx/Rx coils without metamaterial.
The observed performance enhancement due to the inclusion
of MM can be attributed to its capability for evanescent wave
amplification which essentially confines near magnetic field
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and leakage flux lines while also converging the traveling
magnetic flux lines towards the rx coil. In addition, it is

H Field
[A/m]
= 7.00

6.13
F 380

I 1.00

(a) Without metamaterial (b) With metamaterial

FIGURE 5. ANSYS HFSS simulation of the proposed metamaterial-based
WPT system, showing the distribution of magnetic field (a) without
metamaterial slab (b) with metamaterial slab.

worth stating that as the distance between the Tx and Rx coils
increases, the distributed magnetic flux diverges, leading to

power loss and a degradation in overall power transmission
efficiency (PTE)
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FIGURE 6. Lateral misalignment based analysis of power transfer

efficiency of a conventional and metamaterial based wireless power
transfer system.

B. SENSITIVITY ANALYSIS: LATERAL MISALIGNMEMT (AL)
AND ANGULAR MISALIGNMENT (9)

In this section, we investigate the effect of lateral and angular
misalignment on the efficiency of the proposed WPT system
in the presence and absence of metamaterial. Figure 6 and
Figure 7 explicitly demonstrate the simulation waveform of
the proposed structure for lateral and angular misalignment,
respectively. Apparently, when the Rx-coil is subjected to
75% lateral misalignment relative to the 7x-coil and MM-
slab, a diminution in PTE for each lateral displacement is
observed. In perspective, for a lateral displacement of 50mm
(based on Figure 6), the waveform shows an efficiency of
21% and 47% for the MM-based and non-MM based WPT
design, respectively. The above results essentially under-
scores the performance enhancing capability of the proposed
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FIGURE 7. Angular misalignment based analysis of power transfer
efficiency of a conventional and metamaterial based WPT system.

metamaterial. Moreover, considering an angular misalign-
ment (0) of 40° as a case in point for both WPT scenarios
(based on Figure 7), it is apparent that the WPT system
using MM achieves a 28% improvement in efficiency. By and
large, the WPT system using MM demonstrates a higher
efficiency and an improved performance for all lateral and
angular misalignment conditions compared to the original
system without MM.

C. MAGNETIC PERMEABILITY EXTRACTION

The extraction of medium parameters is investigated using the
set-up in Figure 2. It consists of four mutually coupled coils,
where the reference coil (driver coil, dr) is actively driven by
a voltage pulse from a function generator, creating a transient
magnetic field, while measuring the induced time dependent
voltage at the terminal of the pick up coil based on mutual
coupling. Consistent with the work in [17], the voltage across
the drive coil and pick-up coils can be expressed as

9 A
V(@) = _Moa_Hz-dS
N (11)
Vi) = —uoungz-dS

where dS is the area of the receiver coil, u, is the free space
permeability, and H, is the z component of the magnetic field
(H-field). Essentially, the effective permeability, iy, of the
samples can be trivially derived from Eq. (11), when the
areas, dS of the receiver coil, and MM sample are made equal.

Q)

M) = F v

12)
where F is a complex Fourier transform. It should be noted
that the validity of (12) is contingent on the assumption that
the H-field between the MM sample and reference/source
cancels out. Concretely, the effective permeability (ur) in
Eq. (12) can be solved numerically in MATLAB simulation
environment, applying it directly to the MM-based WPT
system in Figure 4(b).
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IV. EFFICIENCY ANALYSIS

In general, the efficiency () of a two-coil WPT system is
often written in terms of the inductance of the transmitter (zx)
and receiver (rx), and the coupling coefficient (k) between
them.

_ —ATPFHCLiLyy
 RLRy +4m2F2k2 L, Lyy

n 13)
where L, and L,, are the coil’s self-inductance and F is the
resonant operating frequency [26]. In this manuscript, how-
ever, a different approach for evaluating the WPT efficiency
is explored. Consider a pair of inductively coupled coils
connected to port 1 and port 2 of a Vector Network Analyzer
(VNA) as shown in Figure 8(a). The two-port Z-parameters
(Z11, Z22, and Z,) are extracted using the schematic in Fig-
ure 8(b), where Zj; and Z; represent the impedance at
each port when the remaining port is opened, whereas Z,
is the mutual impedance, representing the shared magnetic
field between the resonant coils. Subsequently, the extracted
Z-parameters are harnessed in the equivalent circuit shown
in Figure 8(b). Given that there is no extant assumptions
regarding the nature of Z, the validity of the 2-port model in
Figure 9 remains intact even when a metamaterial or passive
metasurface is inserted between the zx and rx coils.

ZC
Port 1 ; Port 2
(4
(@)

(b)

FIGURE 8. Schematic of two-inductively coupled coils (a) diagrammatic
set-up (b) equivalent circuit representation.

FIGURE 9. Schematic diagram of equivalent 2-port circuit, describing the
WPT test case. The useful load (Rs) at the receiver is in series
configuration.

Consequently, the equivalent circuits of the two coupled
coils are used to construct the resonant circuit diagram
depicted in Figure 9. Thus, the overall impedance of the £x
and rx coils based on the two-port network in Figure 9 is
expressed as in Eq. (14).

Zr = Ry —|—j(a)Lk — L) k € {tx, rx} (14)
wCy,

where Ly is the inductance of the kth coil; Ci- the kth coil
resonating capacitor, and Ry - total parasitic resistance of the
sub-circuit. Further, the effective Z-parameters, Z11 o and
Z31,ef» of the WPT design can be computed as indicated in

87967



IEEE Access

W. Adepoju et al.: Equivalent Circuit Modeling and Experimental Analysis of Low Frequency MM for Efficient WPT

TABLE 2. Parameter specification for experimental design.

Parameter Metamaterial Transmitter ~ Receiver
Substrate FR4 PLA PLA
Turns 10 5 5
Copper wire guage 26 AWG 26 AWG
Trace Width 2mm 2mm 2mm
Outer diameter N/A 30mm 30mm
Inner diameter N/A 20mm 20mm
Size 64 x 32 x 3mm?® N/A N/A
Capacitance (Ceom)  600pF N/A N/A
Eg. (15)
le,ef = (th - Zc + ZC)H(_ZC + er + RL)
Ry (15)
Doyef =Ze| 5———
RL + er

where Z;, and Z,, represent the impedance of the fx coil
and rx coil, respectively, and Ry is the load resistance of the
receiving circuit. Consistent with [27], the WPT efficiency
() can be computed from the system Z-parameters as shown
in Eq. (16).

| Z21 ef]?

=— x 100 [%]. 16
= N ZiRe ° (16)

The above derivation is chosen due to its simplicity and
explicit dependence on Z-parameters. As would later be
described in section V, the Z-parameters are extracted using
the experimental testbench in Figure 11 while using an opti-
mal value of R;, to maximize the power transfer efficiency.
Moreover, it is worth mentioning that the derived 2-port
model is equally valid and applicable for estimating the PTE
of an MM-based WPT system, incorporating a metamaterial
between the coils. When integrated with MM, however, it is
expected that some power will be stored in the near field of
the MM even when the 7x and Rx coils are self-resonant.
While a complex power can be drawn from the circuit, the
reactive component needs to be removed from the efficiency
calculation since it is not dissipated in the circuit.

V. PROTOTYPE TEST-BED AND EXPERIMENTAL
INVESTIGATION

In this section, a prototype test sample of the proposed MM
was fabricated for experimental measurement and perfor-
mance validation of the proposed metamaterial design. To this
end, both the MM unit cell and MM-slab (4 x 4 unit cell array)
were fabricated with a 26 AWG single-strand copper wires
using PCB technology. Subsequently, the fabricated structure
was posited on a 1mm thick FR4 substrate to safely secure
the copper wires as shown in Figure 10. Furthermore, com-
pensation capacitors were soldered underneath the board in
accordance with the specification in Table 2. In addition, the
Tx-coil and Rx-coil were respectively connected to port 1 and
port 2 of the Keysight ENS061A vector network analyzer
(VNA), using 502 micro SMA connectors. Finally, the sub-
strate slab was provided with external holes, allowing for sup-
port and positioning framework for the experimental set-up.
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(b) Metamaterial slab (4 X 4 unit cells)
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FIGURE 10. Fabricated prototype of the proposed metamaterial (MM).
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| Digital Multimeter

== Microprocessor

FIGURE 11. Experimental test-bed of the proposed metamaterial-based
WPT system showing the Keysight ENA 5061A VNA and the circuit
structure.

Concretely, port 1 and port 2 were utilized for measuring
the S-parameters (transmission coefficient S, and reflection
coefficient, S11) and the Z-parameters. Going forward, the
fabricated MM-slab was integrated with an equivalent coil
design consisting of a Tx- coil and Rx- coil. To preserve
the working distance/loading position, the distance between
the Tx-coil and MM-slab was fixed at 1mm (see Figure 11)
while taking measurements for sweep values of the working
distance (distance between Rx-coil and MM-slab) ranging
from 10mm to 50mm. Afterward, a stimulus with a start
frequency of 100kHz (0.1MHz), a stop frequency of 10MHz,
and 671 data points was harnessed for the coil excitation. For
each working distance, the corresponding scattering param-
eters (S21 and S11), and Z-parameters were extracted and
utilized in subsequent analysis to compute the power transfer
efficiency (PTE) of the proposed system. Further, a prelimi-
nary study of the mutual coupling (Z.) and PTE is conducted
based on the extracted Z-parameters. For the purposes of
performance comparison, the same experimental procedure
was performed on the WPT system without inserting the
MM-slab.

VI. EXPERIMENTAL RESULTS AND

PERFORMANCE ANALYSIS

Using the above experimental set-up, the generated mea-
surement waveforms for transmission coefficient (S>;) and
reflection coefficient (S1;) is exhibited in Figure 12(a)
and Figure 12(b), respectively. Both measurements results
indicate the proposed MM resonates at a frequency of
743.5kHz, which is significantly low compared to the reso-
nant frequency of existing metamaterial designs in published
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FIGURE 12. Measurement waveform of forward transmission (S,;) and
reflection (S;;) coefficients of the proposed metamaterial unit cell using
Keysight E5061A ENA VNA. The MM structure shows a negative real value
of us at the resonant frequency, Fr = 745.5kHz.

literature. Furthermore, when the transmitter (7x) to meta-
material (MM) distance is fixed at 1mm (to preserve the
working distance), and the loading position of the Rx- coil
relative to MM is varied from 10mm to 50mm as exemplified
in Figure 12(b) and Figure 13, the MM obviously resonates
at areasonably constant frequency (F, ~ 743.5kHz) while its
magnitude becomes smaller as the loading position increases.
Essentially, while the magnitude of S>; and Sy largely
depends on the loading position, it has no appreciable effect
on the resonant operating frequency.

Going forward, Figure 14 shows the phase plot of S3i,
demonstrating the same resonant frequency (743.5kHz) as
the magnitude plot. As seen in Figure 15, when the Tx to
MM distance is fixed at 1mm (to preserve the working dis-
tance), and the loading position (Rx to MM distance) is swept
from 10mm to 50mm, the notable decrease in phase angle
is observed as the loading position increases. Nonetheless,
the resonant frequency remains constant at 743.5kHz inde-
pendent of the loading position. Thus, it can be deduced that
while the loading position significantly impacts the reactive
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FIGURE 13. Measured magnitude waveform of forward transmission
coefficients (S,;) and reflection coefficient (S;;), considering a
transmitter to Meta-material distance of 20mm. The resonant frequency
of 743.5kHz is observed consistent with Fig. 12.
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FIGURE 14. Measured phase plot of forward transmission coefficient

(S711) considering 30mm transmitter to Meta-material distance. The
resonant frequency of 743.5kHz is observed.

parameters of the structure, it has no appreciable effect on it’s
resonant frequency. In practice, the incorporation of MM-slab
introduces a phase shift, arising from the reactive parameters
of the MM sample. Given the complex nature of the MM
(more resonant cells) compared to a standard WPT system,
it is expected that the resonant frequency of the device
will be sensitive to variations in material composition and
geometrical parameters [28]. Essentially, the demonstrated
low resonance frequency of the MM sample can effectively
limit the overall power dissipation in the WPT system by
reducing the switching losses on the power switches while
also limiting the voltage and current stresses in the passive
components and power electronics. Meanwhile, the corre-
sponding effective permeability (us) waveform of the pro-
posed metamaterial is exhibited in Figure 16. Consistent with
the S71 and S1; waveforms, the f waveform clearly shows
the metamaterial resonating at a frequency of 743.5kHz.
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FIGURE 15. Measured S,; phase plot for working distance (MM to
receiver) ranging form 10mm to 50mm. A constant resonant frequency
Fr=743kHz is indicated for varying loading positions.

Besides, at F,= 743kHz, a corresponding negative real value
of ur is observed, effectively characterizing the proposed
metamaterial structure.
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FIGURE 16. Plot of effective permeability (1) versus frequency for a unit
MM cell. A negative real value of ;¢ at the resonant frequency, Fr =
743kHz characterizes the MM (a) real effective permeability, u5 .

Lastly, a comparison waveform showing the magnitude
of Sp; versus transfer distance for both simulation and
experimental measurement is exhibited in Figure 17. Based
on the waveform, it is apparent that the simulation results
closely match the experimental measured results, effectively
validating the feasibility of the proposed equivalent circuit
model in verifying the transfer characteristics of the proposed
MM-based WPT system. While the simulation magnitude of
S>1 is slightly larger than its calculated counterpart, the slight
disparity can be attributed to the inherent approximation
in the model analysis. Further, it is notable that both the
simulated and measured magnitude of S; attains maximum
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FIGURE 17. Comparison waveform of measured and simulated forward
transmission coefficient (S,;) versus transfer distance (MM to Rx
distance). Model simulation is based on Finite Element Analysis in ANSYS
HFSS.

value when the MM is placed 250mm away from the Rx coil.
This represents the optimal position of the MM-slab.
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FIGURE 18. Comparison of experimental/measured and simulated
mutual impedance (Z¢) with and without using MM-slab. The peak

mutual impedance for the simulation and measurement corresponds to
790kHz and 810kHz resonance frequencies, respectively.

A. MUTUAL IMPEDANCE, Z

Figure 18 shows a comparison of the mutual coupling (Z,) for
the WPT system with and without metamaterial at the operat-
ing frequency. In order to maintain equal working distance in
the two cases, the position, and thickness of the MM-slab was
taken into account while measurements were taken for each
step increase in working distance and operating frequency.
Concretely, the metamaterial-based system outperforms the
magnitude of the mutual coupling values obtained using the
conventional Tx/Rx system, attaining its peak at the reso-
nant operating frequency. Thus, the validity of the overall
design coupled with the effectiveness of the metamaterial in
enhancing the convergence of magnetic field at the receiver is
demonstrated. Besides, both the simulation and experimental
results demonstrate close matching, albeit with a slight dif-

VOLUME 10, 2022



W. Adepoju et al.: Equivalent Circuit Modeling and Experimental Analysis of Low Frequency MM for Efficient WPT

IEEE Access

ference in resonance frequency (790kHz for simulation and
805kHz for measurement using MM). While on the one hand
the frequency shift could be attributed to capacitive effects
and design approximations due to manufacturing tolerances;
on the other hand, the lower amplitude value is due to the
additional losses from the fabrication process. By and large,
it should be noted that the increase in mutual coupling is
wholly due to the evanescent wave amplification property
of the metamaterial which engenders a coupling and con-
vergence of near magnetic field, leading to reduced leakage
electromagnetic field. Furthermore, Figure 19 shows a close
matching of the simulated and measured Z. as a function
of transfer distance for the WPT system with and without
MM. In comparison to the Tx/Rx coil without MM, the
WPT system using MM engenders higher mutual coupling
for all normalized distances, leading to enhanced mutual
impedance.

90 —— Air- simulated
&\ 80 = ~ = = *Air- measured
:Q =~ Metamaterial- simulated
N 70+ =-=|= = ‘Metamaterial- measured
g S=se.
c 60 - =~
©
® 50|
o
S
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©
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=

20 ‘ ‘ ‘
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Transfer distance (mm)

FIGURE 19. Comparison of experimental/measured and simulated
mutual impedance ( Z¢) against transfer distance with and without using
MM-slab.

B. POWER TRANSFER EFFICIENCY, n

In this section, the experimentally extracted Z-parameters
based on the prototype set-up elucidated in section V (Fig. 11)
were applied to (16) to evaluate the power transfer efficiency
(PTE). For comparison purposes, measurements were taken
for the same loading positions (MM to receiver distance) as
ANSYS electromagnetic simulation. Fig. 20 shows the simu-
lated and measured waveform of PTE against normalized dis-
tance (‘fj—") for the system with and without MM. The normal-
ized distance is based on the ratio of the maximum working
distance (d,,) equivalent to the distance between Rx coil and
MM-slab and parametric working distance (d) considered
in the simulation. Ostensibly, the simulation and measured
PTE are closely matched, the slight difference being caused
by some approximation in the computation of the lumped
element impedances. In addition, when the MM-slab is inte-
grated with the WPT system, the PTE increases significantly
for the entire normalized distances in comparison to the
original system without metamaterial. Using the normalized
distance, 2, as a case in point, it is observed that the PTE
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FIGURE 20. Comparison of simulated and measured transfer efficiency of
the WPT system with and without metamaterial. The normalized distance
is based on the ratio of the maximum transfer distance and parametric
transfer distances ( dTW) considered for the full-wave simulation.
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FIGURE 21. 3D rendering of power transfer efficiency based on

option 006 WPT analysis toolbox in Keysight ENA 5061A VNA. The 3D plot
is represented as a function of the load resistance and freq y sweeps.

increases from 12% (for the original system without MM) to
40% (for the MM-based system), representing a 28 % increase
in PTE. The above increase in efficiency can be explained
through a careful analysis of the efficiency expression in
Eq. (16). Apparently, the WPT efficiency demonstrates a
square dependence on |Z31,.¢|, which is a linear function of
the mutual impedance, Z.. In general, the mutual coupling
and efficiency of a conventional two coil WPT system decays
exponentially as the cube inverse of the working distance,
= 1 /dfv) whereas, with the insertion of MM, the mutual
impedance, Z, is significantly enhanced, leading to greater
improvement in efficiency. The result further accentuates the
effectiveness of the proposed MM in enhancing evanescent
wave amplification, mutual coupling of near magnetic field,
and WPT efficiency.

Additionally, the option 006 WPT analysis feature in
Keysight ES061A VNA offers additional capability for real
time measurement and 2D/3D visualization of power trans-
fer efficiency using arbitrarily variable impedances. For the
purpose of this analysis, the reactance, X, was fixed while Ry,
was swept from 10€2 to 60€2, and the frequency from 100kHz
to 10MHz. The resulting 3D waveform of power transfer
efficiency is depicted in Fig. 21. As indicated by the arrow
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line, the maximum PTE of the WPT system corresponds
to 80%. Following these measurement results, it is exper-
imentally verified that the proposed thin PCB-type meta-
material with negative effective permeability highly enhances
the performance of the WPT system through a confinement
and coupling of near magnetic field.

VIi. CONCLUSION

In this study, a low-frequency metamaterial coupled with
an equivalent circuit model has been investigated to
explore the performance and transfer characteristics of
metamaterial-based WPT system. In addition, a model-based
approach for extracting medium parameters, including effec-
tive permeability and scattering parameters have been
explicitly investigated. The circuit parameters are obtained
by numerical calculation, and Finite Element Analysis
(FEA) coupled with experimental measurement to validate
the system performance. Essentially, both the simulation
and measurement results closely demonstrate the proposed
meta-material resonating at a low frequency (745kHz) which
is significantly low compared to the GigaHertz and Mega-
Hertz resonant frequencies of existing MM structures. Con-
cretely, the performance comparison between the simulation
results and experimental measurement effectively verifies the
validity of the proposed system. While 743kHz is relatively
low compared to the microwave and radio frequency of exist-
ing MM structures, this frequency can be further mitigated
to ensure efficient operation of power switches with minimal
switching losses. Thus, as a future extension of this work,
the utilization of optimization algorithm can be explored
to optimize the physical param- eters of the metamaterial,
potentially lowering the resonant frequency to 85kHz range,
compatible with conventional WPT system. To the best of the
authors’ knowledge, this paper has profound significance for
subsequent theoretical investigation of metamaterial-based
WPT system while offering the potential to drive future
industrial applications.
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