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Introduction

Wireless power transfer (WPT) is an emerging technology permitting the transmission of elec-
trical energy without a physical connection, useful in situations where supplying energy via a
wired connection is impractical or undesirable. Relative power levels and transmission distances
for three categories of WPT as described in [1] are shown in Fig. 1, with potential applica-
tions also shown for each. Near-field WPT operates at short ranges with varying power levels,
depending on the application and size of the transmitting and receiving elements [2-6]. Radio
frequency (RF) energy harvesting can operate at typical communication distances of meters to
kilometers, but the power capability is limited, usually below the milliWatts (mW) level, due
to the low energy levels of communication signals [7-9]. High-power, far-field transmission via
beamed microwaves has also been studied. Proposed systems are intended to transmit Megawats
(MW) of power from satellites in orbit down to the ground [10].
Near-field inductive WPT involves magnetic coupling between transmitting and receiving
coils. An example of a two-coil inductive WPT setup is shown in Fig. 2. A power source excites
a transmitting inductive coil. The magnetic field generated by the transmitter is coupled to a
receiving coil, which connects to a load. The delivered power is highly sensitive to changes
in the alignment of the coils [2]. As shown in Fig. 2, if the coils are too close together or not
properly aligned along the same axis, the power transfer efficiency (PTE) is impacted. In an
uncompensated system, the device receiving power must be accurately placed with respect to
the transmitter to maximize energy transfer, which hampers practical usability.
Previous work in the literature has attempted to improve positional resilience and realize
self-adaptive WPT with a variety of methods. It has been theoretically and experimentally
shown that frequency tuning maintains stable PTE despite changes in coil position [11, 12],
but such methods are limited at high frequencies due to Federal Communications Commission
(FCC) bandwidth constraints [13]. In [14-16], switches are used to reconfigure an impedance-
matching network of capacitors, which permits self-adaptive WPT at a stable frequency.
Reference [12] also demonstrates active impedance-matching using a bank of dc-biased varac-
tor diodes. However, the required control and matching circuits for either scheme considerably
increase the complexity of the system [17]. As such, some passive designs have been pro-
posed, including novel coil geometries [18, 19]. These avoid the complex circuit layouts of active
designs, but strict physical constraints may preclude their application.
© The Author(s), 2024. Published by It has been. shown in [17, 20] that it is possible to use varactors to Freate nonlinear resonators
Cambridge Univ,ersity Press in association for self-adaptive WPT. In contrast to the dc-biased varactors used in [12], the proposed non-
with the European Microwave Association linear WPT design automatically tunes the varactor capacitance based on the ac voltage level.
Efficient power transfer can be passively maintained across the operating range using a relatively
simple topology.
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Figure 1. Applications of WPT, plotted in terms of relative transmission distance
and power level. WPT = wireless power transfer.

and introduces a simple methodology for designing the required
nonlinearity in position-independent WPT systems; these design
guidelines were followed when implementing the experimental
WPT circuit. It then proposes ways to optimize the design further.
Section “Linear WPT circuits” gives an overview of linear WPT
circuits, discussing the theory behind positional sensitivity and
the fundamental operating principle behind some self-adaptive
schemes. Section “Nonlinear WPT design” discusses the nonlin-
ear WPT circuit as well as the design procedure and its limitations.
Section “Results and discussion” shows the measured results for
the linear and nonlinear WPT circuits, with comparisons to simu-
lation. Section “Conclusion and future work” concludes the paper
and proposes a pathway for further study.

Linear WPT circuits
Network analysis

The general layout of a linear, two-coil inductive WPT circuit is
shown in Fig. 3. It comprises a transmitting loop and a receiving
loop, both of which are RLC resonators. The topology shown con-
sists of two series resonators and is often termed a series—series (SS)
circuit; other topologies exist with parallel resonators as well [17].

The circuit is driven on the transmitting side via the voltage
source V;,, which can be modeled alongside an internal resistance
R,. This source takes the place of an RF power circuit that would
be used to inject the voltage in a practical system. For the pur-
poses of this study, PTE calculations are based purely on the V;,
and resistance values.

The receiving side consists of a simple linear resistance R, to
function as the load. The input impedance of the load in a practical
setup (e.g., a rectifying circuit and a battery) could be considered
in the design of the resonator [17].

The coupling between the inductors is characterized as a mutual
inductance M ,, which is shown in Fig. 1. From [17], this quantity
can be expressed in terms of the coil inductances and the coupling
factor, k, as follows:

M, = k\/L,L,. (1)
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Figure 2. Illustration of two-coil inductive WPT, depicting the sensitivity of PTE to
positional changes. PTE = power transfer efficiency; WPT = wireless power transfer.
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Figure 3. Typical topology of a linear series-series two-coil inductive WPT circuit.
WPT = wireless power transfer.

The coupling factor is a convenient measure of the cou-
pling strength, independent of the inductance values and varying
between 0 and 1. As the inductors become more tightly coupled
due to a higher amount of shared magnetic flux, the coupling fac-
tor increases. A higher coupling factor corresponds to a smaller
distance between the coils and low angular or lateral misalignment.
Conversely, the coupling factor decreases as the inductors become
more loosely coupled due to lower shared magnetic flux. A low cou-
pling factor corresponds to a greater distance between the coils or
greater misalignment.

To maximize power delivery to the load, the loops are matched
withRy, =R, =R, C, =C, =C, and L, = L, = L, and the circuit
is operated at the resonance frequency

1

Wy = 27Tfo = \/T_C (2)
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While the transmitting and receiving circuits will not always be
the same in practice, this condition is required for maximal power
delivery to the load. If the circuits are not identical and additional
resistances or reactances cannot be added to match the receiver to
the transmitter, the maximum achievable power transfer will be
reduced. For the purposes of this discussion, we assume that the
transmitting and receiving loops are matched.

The PTE can be used as a figure of merit by comparing the
power P, realized across R, to the maximum possible power P,,
that the source can deliver to a matched load [17]. For the WPT
circuit in Fig. 1, the PTE is

Puut _ Vgut/RZ
Py Vi/4R,

PTE = (3)

Note that PTE is not the ratio of output to total input power; it
is instead a measure of power delivery. These two different princi-
ples of efficiency versus power delivery are discussed in [3]. In the
case of maximum power delivery, the impedance match described
above would result in equal power dissipation in R; and R,, or
a PTE of 100%. However, energy efficiency expressed as P,,,/P;,
would be 50%, because the total input power is double the power
delivered to R,.

In Fig. 4, the coupled inductors are substituted with an equiv-
alent T-junction, which incorporates the mutual inductance value
M, [21]. This configuration can be solved using standard network
analysis procedures.

Kirchhoft’s voltage and current laws can then be used to find
the output voltage across R,,

. Zy ViR,
Vo = hRy = L , 4
B G ) 1 2 “w
where
Zy =Ry + 1/jwC, + jw (L, — My,)
Z, = R, + 1/jwC, + jw (L, — My,) - (5)

Zy = jwMy,

Equations (3-5) can be used to calculate the PTE. Figure 5
shows the result of a sweep of the coupling factor at the resonance
frequency for an arbitrary example circuit. The PTE is maximized
at a single coupling factor and rapidly drops off in either direc-
tion. The coupling factor with peak PTE is typically referred to
as the “critical coupling factor” and can be indicated by k.. The
maximum of equation (4) may be found by taking the deriva-
tive with respect to k, which yields a closed-form expression for

Figure 4. Equivalent T-junction model of the WPT circuit. WPT = wireless power
transfer.
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Figure 5. Example PTE vs. coupling factor characteristic for an arbitrary WPT

circuit at a single frequency. PTE = power transfer efficiency; WPT = wireless power
transfer.
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Figure 6. Result from sweeping both frequency and coupling factor for an arbitrary
WPT circuit, displaying frequency split. WPT = wireless power transfer.

k. [11]. After simplification, the critical coupling factor becomes
the reciprocal of the WPT circuit’s quality factor Q,

1 C
o donfC 0

With no compensating elements or circuitry, the WPT circuit
achieves maximum PTE at its resonant frequency with this single
coupling factor. Because the coupling factor is a function of posi-
tion, the circuit would have the highest power transfer for only a
particular range of receiver locations and orientations relative to
the transmitter. This is impractical, as the user would be required
to accurately position the receiving element to ensure acceptable
performance. For most situations, it is more desirable to maintain
a high PTE for an extensive range of coupling factors.

Overcoupled region

The result in Fig. 5 is a coupling factor sweep at a single frequency—
if the frequency is also swept alongside the coupling factor as
shown in Fig. 6, a phenomenon known as “frequency split” appears
[17]. This trait of WPT circuits is well-studied: above the critical
coupling factor, in the area called the “overcoupled region,” there
are two frequencies at which PTE is still maximized.
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The frequency split can be explained by examining the input
impedance seen by the power source, depicted as Z;, in Fig. 4.
When the circuit is at the resonant frequency (f = f,)) and the coils
are critically coupled (k = k), Z,,, is purely real and equal to R,. The
impedances of the reactive components cancel out, leaving only the
load resistance. Because R; and R, are matched, PTE is maximized.

In the overcoupled region (k > k), the altered coupling factor
results in a nonzero input reactance X;,, due to a shift of the mutual
inductance M ,. At two specific frequencies for each coupling fac-
tor, the reactive elements cancel out again, bringing X;, back to 0.
In these cases, Z;, is again purely real and equal to R,, maximizing
PTE.

The impedance-matching concept introduced by the frequency
split phenomenon forms the basis of the operating principle behind
the nonlinear circuit discussed in this work. In theory, altering
capacitance or inductance would produce a similar result, with
maximized PTE being achievable throughout the overcoupled
region. More details may be found in section “Nonlinear WPT
design”

Linear circuit design

The design of a nonlinear WPT circuit may begin with a linear cir-
cuit, which is enhanced by introducing the nonlinear components.
This section discusses the considerations that went into the design
of the linear WPT circuit used in this work.

Quality factor

The frequency split phenomenon indicates that within the overcou-
pled region, maximized PTE is possible if a compensation method
is introduced. As such, the overcoupled region can be regarded as
the operating range of the WPT circuit. In turn, the critical cou-
pling factor represents the edge of the operating range [11]. The
quality factor of the circuit, Q, directly affects the possible theo-
retical operating range of the WPT circuit due to the relationship
shown in equation (6). Thus, higher quality factors are desirable,
which can be achieved by lowering resistance and capacitance or
increasing inductance. The flexibility to alter the quality factor may
be limited by the application, where circuit parameters may be
fixed.

There is an upper limit to the quality factor. Because compen-
sation methods are not exact and errors will always exist, some
tolerance is required. A high-Q circuit naturally has much tighter
tolerances for every aspect of the design. Thus, a trade-off exists
between robustness and range extension.

Inductor characterization

The inductive coils used in WPT are not typically purchased
oft-the-shelf and must be designed for the specific application.
A natural shape for the coils is a flat spiral, which may satisfy
physical constraints more easily than a cylindrical solenoid and
can easily be modeled using a method from Maxwell’s treatise,
summarized in [22].

Maxwell’s method models the mutual inductance between two
circular, coaxial filamentary coils with radii a and b at a distance d,
as shown in Fig. 7. The coils have zero angular misalignment, i.e.,
they lie on parallel planes. The mutual inductance, in Henries, is
calculated as follows:

M:—MOVE((k—%)FJr%E), )
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Figure 7. Coaxial filamentary coils modeled by equation (7).

Figure 8. Modeling a spiral coil as a group of filamentary circles.

where F and E are elliptic integrals of the first and second kind to
elliptic modulus k [22],

h_ . 2Vab ®)

\Ma+hf+df

The elliptic integrals are well-studied and can be numerically
calculated using built-in MATLAB functions. Equations (7) and (8)
can be adapted to calculate the self-inductance of a single flat spiral
coil by approximating each turn as an individual circular filament,
as shown in Fig. 8. The radius of each circle is halfway between the
start and end points of its respective turn.

The self-inductance, L, of an N-turn spiral coil is a summation
of the mutual inductance between each pair of wire loops and the
self-inductances of each turn. Each unique pair of loops is double-
counted since the coils can be considered to be in series. The self-
inductance can be calculated as follows:

N N
L= M )
L

where M;; is the mutual inductance between turns i and j.
Equations (7) and (8) may be rewritten as follows:

= (-3) ).
k= —0

\/ (rHrV])erdz '

The radii of the turns are expressed as r; and r;. The dis-
tance d is zero for most pairs {ij} since the turns lie on the

(10)
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same plane. However, to account for the self-inductance of each
turn (where i = j), the distance is set to the geometrical mean
distance of that turn “from itself” [22]. In summary;,

0 P4
rpexp(—1/4) i=j’
where r,, is the radius of the actual wire used. This formulation
allows for equation (10) to be used for the entire summation.

A similar summation can be used to calculate the mutual induc-
tance between two spiral coils at a particular distance as follows:

d= (11)

(12)

In this case, i and j represent the loops on two separate induc-
tors, so in general, the limits of the sums may be different. If the
self-inductance of each spiral coil is known, the coupling factor can
be extracted from mutual inductance using equation (1). Thus, the
expected coupling factor for an inductor design may be estimated
for a range of distances. The circuit parameters may be designed
in tandem with the inductor geometry to estimate the theoretical
maximum operating range of the self-adaptive WPT circuit.

Nonlinear WPT design

As previously mentioned, the frequency splitting phenomenon
shown in section “Linear WPT circuits” forms the basis of the oper-
ating principle behind the self-adaptive WPT circuit in this work.
It indicates that it is possible to use impedance-matching princi-
ples within the overcoupled region to maintain high PTE. It can be
shown using network analysis that altering inductance or capaci-
tance can work in an analogous manner to altering frequency. In
practice, the altered capacitance may be realized using nonlinear
capacitors. The design of the nonlinear WPT circuit is given here
to demonstrate the proposed procedure.

Linear design

Based on the considerations given in section “Linear WPT circuits”
as well as the available components, parameters for a linear WPT
circuit were determined, as summarized in Table 1. A relatively
low quality factor (Q = 4.7) was selected to improve the robust-
ness of the circuit at the cost of potential operating range. With
the resistance fixed at 50 2 due to the output impedance of the
signal generator, the linear capacitance and inductance had to be
designed to achieve the desired quality factor. Note that the linear
capacitance given in Table 1 is to be replaced entirely by the non-
linear capacitors. The power input level would typically be based
on the system requirements. In this case, it could be selected freely,
s0 13.0 dBm was chosen based on the response of the varactors.

Table 1. Wireless power transfer circuit parameters

Parameter Value
Resistance, R 50 Q2
Inductance, L 43 pH
Linear capacitance, C 770 pF
Operating frequency, f 900 kHz
Input power, P +13.0 dBm

https://doi.org/10.1017/51759078724000126 Published online by Cambridge University Press

395

The flat spiral inductors were wound using 10 turns of AWG 30
wire with an inner radius of 10 cm and an outer radius of 15 cm. The
predicted coupling factor for a range of distances was calculated
using equation (12) to verify that the operating range is reason-
able. The result is plotted in Fig. 9. For a quality factor of ~5, the
critical coupling factor is ~0.2, which corresponds to a separation
of around 9 cm.

Nonlinear capacitor design

The design of the nonlinear capacitors involves determining the
ideal values of capacitance at each coupling factor. Equations
(3)-(5) were used to calculate the PTE for a sweep of distance and
capacitance using the values in Table 1. The distance values were
converted into a coupling factor using equation (12). The swept
capacitance values apply to the capacitors on both loops (i.e., both
C, and C, in Fig. 3). The results are plotted in Fig. 10.

There are two modes that appear. In the even mode, the capaci-
tance decreases; in the odd mode, the capacitance increases. It can
be seen from Fig. 10 that the even mode has a much shallower
change in capacitance compared to the odd mode, which is eas-
ier to realize using off-the-shelf components. However, the width

0.9 T T T . . B

o @ o
o N o

Coupling Factor
(=]
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Figure 9. Calculated coupling factor versus distance for the fabricated inductors.
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Figure 10. Result from sweeping coupling factor and capacitance for the WPT
circuit defined by Table 1. WPT = wireless power transfer.
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of the “ridge” in the odd mode is larger than in the even mode,
meaning there is greater tolerance for changes in capacitance at a
given distance. For this reason, the odd mode was selected for this
design.

At each distance, the capacitance value in the odd mode that
results in maximized PTE can be used to calculate the voltage
across the capacitor in each loop. When PTE is maximized, the
capacitor voltages are equal, so the same nonlinear design may
be used for both capacitors. If the capacitance is then plotted as a
function of voltage, the ideal capacitance-voltage (C-V') response
is obtained, as shown in Fig. 11. The designed C-V response is
also shown, which will be discussed next. If each linear capaci-
tor is replaced with capacitors with the ideal C-V response, then
maximized PTE can be retained across the operating range.

To realize the nonlinearity, varactor diodes are used, which have
a well-documented relationship between capacitance and reverse
bias voltage Vj [17],

Cjo
C (VR) =

ﬁa
(1+32)
Vii

where Cj, is zero-bias junction capacitance, Vj; is built-in junc-
tion voltage, and m is the grading coefficient. This model is used
in simulation program with integrated circuit emphasis (SPICE)
simulators.

To prevent excessive distortion due to the current-blocking
effects of the diode, a second varactor diode can be used in an anti-
series configuration, as shown in Fig. 12. SPICE simulation can be
used to obtain the C-V response of the antiseries pair. The applied
voltage and resulting current are assumed to be dominated by their

(13)

1.8
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-
S

Capacitance (nF)
NS

0.8

0.6 . . . : : ] .
2.5 3 35 4 45 5 55 86 6.5 7
Capacitor Voltage (V)

Figure 11. Ideal and designed C-V responses.
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Figure 12. A pair of varactor diodes in antiseries configuration.

N~
L

https://doi.org/10.1017/51759078724000126 Published online by Cambridge University Press

West et al.

fundamental components, which are used to calculate the effective
capacitance [20],
1

Ceﬂ = ](,u_V

(14)

An off-the-shelf varactor diode is selected based on the approxi-
mate range of the ideal capacitance and voltage values. Next, SPICE
simulation is used to characterize and design the C-V response
when the selected varactor is implemented in antiseries configu-
ration. More pairs can be added in series or parallel to tune the
response.

For the designed C-V response shown in Fig. 11, five antiseries
pairs of NTE618 are used in parallel. Due to the high steepness of
the ideal curve, it is not practical to achieve a closer match, as a
high number of varactors would be required. In this case, the cho-
sen design is acceptable due to the higher tolerance offered by the
low coupling factor. The designed response is closest to the ideal
response at the critical coupling factor, where capacitor voltage is
highest. The error increases as the circuit progresses deeper into
the overcoupled region.

Results and discussion

The designed linear and nonlinear WPT circuits were simulated
in Advanced Design System (ADS) and evaluated experimentally.
Parasitic resistances R;,,, = 3 {2 were introduced based on the theo-
retical ac series resistance of the inductors, which was rounded up
as a conservative estimate. It was found that this value yielded good
agreement between the simulation and experiment. The nonlinear
circuit was solved using the harmonic balance (HB) simulator in
ADS. A diagram of the nonlinear circuit is shown in Fig. 13.

A picture of the experimental setup is shown in Fig. 14. An
Agilent 33120A signal generator feeds the transmitting loop. A
Tektronix TDS 2022C oscilloscope is used to capture the data. The
coils were kept in angular alignment, and the transmitting coil was
moved to vary the distance between them from 2 to 10 cm.

The node voltages V-V, marked in Fig. 13 were measured.
The voltage across the load V, was used to calculate output power.
The capacitor voltages were calculated from the node voltages (V;
and V, for C, and V; and V, for C,), and the currents in each
loop were determined using Ohm’s law. The signal generator was
modeled as a voltage source with an internal resistance of 50 2
capable of transmitting 13.0 dBm to a matched load, since the volt-
age “behind” the internal resistance could not be measured. This
assumption was used to determine the current in the transmit-
ting loop, i;. The capacitor voltages and loop currents were used
to determine the effective capacitance of the nonlinear capacitors.

Figure 13. Schematic of the nonlinear circuit, including loss resistance and nodes
where voltage was measured.
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Figure 15. Comparison of simulated and experimental results for PTE versus
distance for linear and nonlinear WPT. PTE = power transfer efficiency;
WPT = wireless power transfer.

Similar procedures were followed in the ADS simulation to find
PTE and effective capacitance.

Figure 15 shows the comparison of simulated and experimen-
tal PTE results for the linear and nonlinear WPT circuits. There
is good agreement between the simulated and experimental linear
circuit. Due to the relatively low quality factor, the range of the lin-
ear circuit is fairly broad; however, this will not always be the case,
particularly for systems with lower resistance.

The simulated nonlinear circuit had a greater range than the
experimental circuit, dropping off in PTE between 8 and 9 cm.
The experimental nonlinear circuit displayed a remarkably sim-
ilar trend, but the end of its operating range occurred at 6 cm.
Between 2 and 6 cm, the experimental nonlinear circuit demon-
strated improvement over the linear circuit while also outperform-
ing the simulation. The discrepancy with the simulation can likely
be attributed to the significant effects that initial conditions can
have on the outcomes of a nonlinear system. The solution found by
the HB simulation may be one of many possible stable solutions.
By manipulating the initial conditions of the experimental circuit
(such as with a startup circuit or by tuning the initial amplitude or
frequency values), better performance may have been achievable at
8 and 9 cm. However, such measures lie outside the scope of this
work and are suitable for further study.

Figure 16 shows the comparison of simulated and experimental
effective capacitance values for the nonlinear WPT circuit between

https://doi.org/10.1017/51759078724000126 Published online by Cambridge University Press

397

", e Ideal
— =7—-C, (Simulation)

—s— C, (Experimental)
— C2 (Simulation)
— &~ C, (Experimental)

Capacitance (nF)

2 2.5 3 3.5 i+ 4.5 5 5.5 6
Distance (cm)

Figure 16. Comparison of simulated and experimental results for effective
capacitance versus distance, along with the ideal capacitance curve.

2 and 6 cm. A trace showing the calculated ideal capacitance for the
odd mode is also shown. The experimental and simulated results
are in good agreement overall. The transmitting-side capacitor C_1
was higher than the ideal capacitance for most of the operating
range, while the receiving-side capacitor C_2 was lower across the
entire range. The nonideal match due to the discrepancy between
C_1 and C_2 resulted in a reduction of PTE. However, with C_1
and C_2 remaining near the ideal capacitance, the self-adaptive
mechanism is achieved. Following the design principle proposed
in this work and introducing the manipulation of initial conditions
has the potential to achieve better results.

Conclusion and future work

In this work, fundamental analysis and design principles behind
linear WPT circuits were presented, followed by a discussion of a
proposed design procedure for position-independent self-adaptive
WPT systems using nonlinear capacitors. An example nonlinear
WPT circuit employing the described design principles was fab-
ricated, achieving an optimum PTE with a large operating range
within the overcoupled region and validating the findings in other
work [17, 20]. Due to the low quality factor, the tolerance to shifts
in quality factor for the linear circuit is relatively high, and the
PTE of the nonlinear circuit is lower than that of the linear cir-
cuit beyond 6 cm. We also reiterate that the theoretical limit of the
nonlinear circuit’s operating range is defined by the critical cou-
pling factor, so higher PTE for k < k_ is not achievable. However,
a linear WPT circuit with a higher quality factor would have a
much steeper roll-off in PTE if critical coupling is not maintained.
In this case, the nonlinear circuit would demonstrate a much
larger operating range in comparison. Furthermore, the experi-
ment demonstrated the efficacy of the design procedure, which
obtains the ideal capacitance for each coupling factor to extract
an ideal C-V characteristic. Tuning or optimization may then be
used to determine an arrangement of off-the-shelf components
that satisfy the requirements.

Electrically tunable ferromagnetic thin-film technologies, as
demonstrated in [23, 24], could enable the introduction of non-
linear inductors to the WPT system, which has the potential to
further improve the PTE over a larger range. Current-dependent
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inductors may introduce transient effects that lead to more reliable
convergence on the desired high-PTE solution. Additionally, the
nonlinearity of the inductors may reduce the steepness of the
required C-V curve, making it easier to achieve using off-the-shelf
components.
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