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ABSTRACT Deploying 2-D arrays of multiple transmitters is a promising approach for extending wireless
power transfer (WPT) to wide surfaces. However, these arrays involve ‘‘null zones,’’ where the transfer
efficiency drops significantly. Although this problem can be hypothetically addressed by employing a
receiver array and dynamically selecting the appropriate transmitter/receiver pair, designing receiver arrays
that achieve high efficiency throughout the surface remains a challenging task. In this study, we propose a
genetic algorithm (GA)-based approach to designing receiver arrays free of ‘‘null zones’’. Themain objective
is enhancing worst-case scenarios, which in contrast to improving best-case scenarios, reveals significant
complexities due to the need for considering numerous possible placements. We overcome this problem by
establishing a design flow that leverages the simulated transfer efficiency at numerous positions throughout
the surface. Our approach increased the simulated transfer efficiency at the worst position from 3.8% to
42.6%, and we confirmed these results through measurements at the extracted points.

INDEX TERMS Genetic algorithm, magnetic resonance coupling, wireless power transfer.

I. INTRODUCTION
Wireless power transfer (WPT) is being increasingly adopted
as a key technology for conveniently powering ubiquitous
electronic devices (e.g., mobile phones, laptops, etc.). Var-
ious approaches for WPT have been explored, including
microwave WPT [1], [2], laser WPT [3], [4], inductive
WPT [5], [6], capacitive WPT [7], and 2-D waveguide-based
WPT [8], [9]. In particular, WPT via magnetic resonant
coupling (WPT-MRC) allows efficient powering under mis-
aligned conditions, which makes it a promising technology
for autonomous charging [10]–[17].

A primitive WPT-MRC system consists of a transmit-
ter (TX) resonator that generates an oscillating magnetic
field and a receiver (RX) resonator that receives energy via
electromagnetic induction. As WPT-MRC is based on the
near field, the power transfer efficiency rapidly decreases
as the distance between the TX/RX pair increases [5],
[18], [19]. Several approaches have been explored to
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extend the range, such as TX coils with special wiring
patterns [6], [20], [21], 3D cavity-based TXs [22]–[24], and
large-scale 2D TX resonator arrays [25]–[30].

In particular, 2-D TX arrays offer advantages such as
flexible layout and convenient installation [27], [28]. Typical
2-D TX arrays dynamically activate the TX most strongly
coupled to the RX to achieve high efficiency throughout the
deployed surface However, these 2-D TX arrays involve ‘‘null
zones,’’ where the retrorse magnetic fields are canceled out
and the efficiency drops significantly near the edges of each
TX [31], which requires users to avoid these areas when plac-
ing devices. These ‘‘null zones’’ may be resolved by packing
multiple receivers as an array, which conceptually resembles
array antennas used for enhancing the channel diversity in
far-field communication systems [32]. However, the design
method of these arrays remains an unsolved challenge [33].

While many studies on resonator design have successfully
enhanced the efficiency at the ‘‘best positions’’ [34], [35],
designing RXs that enhance the ‘‘worst position’’ efficiency
is challenging owing to the need for considering the cou-
pling at numerous positions. This challenge becomes more
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complex when multiple TXs/RXs are integrated. Meanwhile,
computational methods such as the genetic algorithm (GA)
have been used to successfully solve many complex problems
in the field of wireless technology, such as antenna design,
channel assignment, and system control [36]–[41].

In this study, we propose an approach for designing
RX arrays free of ‘‘null zones’’ by leveraging the GA.
By leveraging the GA for considering numerous placements
on the TX resonator array, the efficiency in the worst case
can be improved. We note that preliminary results based on
this method were presented in [42]. This study extends the
aforementioned study in the following aspects:

• A full description of the proposed approach, including
the design considerations of the GA, details of the res-
onator shape encoding, and a precise description of the
studied system.

• Analysis of an additional RX coil array encoding,
which provides a better understanding of the proposed
approach.

The remaining of this article is organized as follows.
Section II describes the studied WPT system and Section III
describes the proposed RX resonator array design method.
Section IV presents evaluations of the designed RX res-
onator array through simulations and measurements. Finally,
Section VI concludes the paper.

II. SYSTEM MODEL
A WPT-MRC system with multiple TX and RX resonators
is considered in this study. Hereafter, we refer to these TX
and RX sets as TX resonator arrays and RX resonator arrays,
respectively. The geometry and the equivalent circuit of the
considered system are shown in Fig. 1 and Fig. 2, respectively.

A. SYSTEM LAYOUT
Fig. 1 shows an overview of the studied system. The
TX array was composed of 400 mm × 400 mm loop res-
onators with a 20-mm gap. The RX array was composed of
2 or 4 loop resonators fitting in a mobile-phone-sized
130 mm × 60 mm rectangular plane. Overlap between the
resonators was not allowed to preserve their thinness and
compatibility with low-cost manufacturing processes such as
printed circuit board (PCB) processes for future deployment.
All the resonators were composed of copper wire having
a diameter of 1 mm for simplicity. The connected series
capacitor tunes the resonant frequency to 6.78 MHz, which
is used as an industrial, scientific, and medical (ISM) band.
Premising usage scenarios such as a mobile phone (RX)
casually placed on a desk (TX), the TX and RX arrays were
assumed to face each other with a fixed gap of 10 mm.

We note that while the coil weight is critical in mobile
applications, the skin depth of copper in the used frequency
bands is ∼20µm, which allows the use of thin, light-weight
conductors with minimum loss in efficiency. Moreover,
the standards that ride on this frequency band (e.g., AirFuel)
often fabricate coils using PCBs instead of rigid wires. As our

FIGURE 1. Geometry of the proposed WPT-MRC system, consisting of a TX
resonator array and an RX resonator array. For the TX, the outlines
indicate the coil pattern, whereas for the RX, the outline of the whole
array is shown.

FIGURE 2. Equivalent circuit of the studied WPT-MRC system.

approach can be easily applied to PCB processes, multiple
coils can be deployed with nearly no addition in weight.

B. PRINCIPLE OF OPERATION
The equivalent circuit of the studied system is shown in Fig. 2.
Only one TX resonator and one RX resonator within the
arrays are activated at once. Therefore, when the total num-
bers of TX and RX resonators in the system are m and n,
respectively, there will be m× n available pairs.

In this selection, the obtainable transfer efficiency for all
pairs of RX and TX resonators is evaluated, and the pair with
the highest efficiency is solely activated. Both the TX and
the RX resonators can be selected by controlling the relays.
This procedure requires a communication link to feed the
received power back to the TX, and this selection process
can be easily introduced as most WPT standards such as
AirFuel and Qi have integrated communication protocols
(e.g., load-modulation, Bluetooth.) [43], [44]. Note that while
the resonators within the array are close to each other, the non-
active resonators are left open; hence, no current flows and
cross-coupling can be practically ignored.

Using the numbers of TX and RX resonators, m and n, and
representing the transfer efficiency using the i-th TX and the
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j-th RX as ηTXi,RXj, the transfer efficiency of the WPT-MRC
system, η, can be expressed as

η = max
i=1,2,··· ,m
j=1,2,··· ,n

ηTXi,RXj. (1)

C. EQUIVALENT CIRCUIT
In the design process, the transfer efficiencywas computed by
modeling the TXs andRXs as pairs of inductively coupled LC
resonators, as shown in Fig. 3. The design of the RX array is
iteratively updated based on this computed transfer efficiency.
The circuit parameters M ,RTX,RRX are required for this
evaluation, and as a large number of evaluations are neces-
sary to execute the GA, the parameters fixed through this
iterative design process (RTX) were obtained using Ansoft
HFSS, an FEM-based electromagnetic solver, whereas the
parameters that change over the iterations (M ,RRX) were
calculated by following analytical methods that involve a rel-
atively low computational burden. The mutual inductanceM
was calculated using the Neumann formula as follows [18]:

M =
µ0

4π

∮
C1

∮
C2

ds1 · ds2
d

, (2)

FIGURE 3. Equivalent circuit used for the evaluation of transfer efficiency.

where C1 and C2 are the routes of the conductive line of the
TXs and RXs, respectively, µ0 represents the space perme-
ability, and d represents the distance between the differential
sections ds1 and ds2. The ESR of the RX resonators,RRX, was
calculated as the product of the wire length and the resistance
per unit length considering the skin effect at 6.78 MHz. The
capacitors were selected such that they satisfy the following
conditions [19]:

ω0 = 2π f0 =
1

√
LTXiCTXi

=
1√

LRXjCRXj
, (3)

where LTXi,CTXi,LRXj, and CRXj represent the self-
inductance and series capacitance of the i-th TX resonator
and j-th RX resonator, as shown in Fig. 3. The power source
was assumed to be a 0� power source such as a class-D
switching amplifier. We defined the transfer efficiency as the
proportion of the power consumed by the load to the total
power consumption. We assumed that the load impedance
tracks the value that maximizes the transfer efficiency, con-
sidering prior studies on maximum efficiency point tracking
mechanisms [45], [46]. The resulting load impedance Zload

and transfer efficiency ηTXi,RXj are given as follows [47]:

Zload =

√√√√{
RRXj +

(ω0Mi,j)2

RTXi

}
RRXj, (4)

ηTXi,RXj =
Pout
Pin

=
Re(Vout · Iout)

Re(Vin · Iin)

=
(ω0Mi,j)2{√

RTXiRRXj +

√
RTXiRRXj + (ω0Mi,j)2

}2 , (5)

where RTXi and RRXj represent the ESR of the i-th TX res-
onator and the j-th RX resonator, respectively.

III. GENETIC ALGORITHM-BASED DESIGN OF RECEIVING
RESONATOR ARRAYS
To increase the minimum transfer efficiency of the
WPT-MRC system based on a TX resonator array, we present
a GA-based RX resonator array design method. This section
presents a brief overview of the GA, followed by a description
of the encodes and the cost function used in this study. Finally,
the GA-based design process is executed and a WPT-MRC
system operating at 6.78 MHz is designed.

A. GENETIC ALGORITHM
The GA is one form of evolutionary algorithms (EA),
which mimics the features of natural selection such as
mutation, crossover, and selection [37]. In general, GA is
classified into metaheuristics, which are stochastic algo-
rithms known for the capability to deal with various ‘‘hard’’
optimization problems [48], [49]. Metaheuristics typically
involve the following operations: (i) selecting the current
best solutions and (ii) randomization. The selection operation
ensures to hold superior solutions, and the randomization
operation prevents the solution from being stuck in local
optimums.

GA, which we use in this study, is based on the feedback
obtained from the cost function, which is a function of the tar-
get parameters in the optimization process. Any requirement
can be considered as long as a cost function can represent it.
Following Similarly to other metaheuristics, GA adopts two
operations that integrate randomness to reach superior solu-
tions rapidly without falling into undesired local optima. One
operation is the mutation operation, which adds randomness
to individuals, and the other is the crossover operation, which
mixes two individuals with a random proportion.

To implement the GA, we need the following two compo-
nents: (a) an encode representing the individuals as vectors
called chromosomes, and (b) a cost function to evaluate
the chromosomes. As for the GA framework, we used the
GA function available in the MATLAB global optimization
toolbox [50]. We presented a detailed description of the
implemented GA in Appendix A.
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B. ENCODES OF THE RECEIVING RESONATOR ARRAY
To execute a GA that designs the geometry of the RX array,
we need to encode the coil pattern into a chromosome vector.
The elements contained in the chromosomes can be binary,
integral, real, or a mixture of the three [39]. As geometry
is often expressed by parameters with real numbers such as
length or angle (e.g., Cartesian coordinates and polar coor-
dinates), we used vectors of real numbers as chromosomes.
The geometries are encoded into the chromosomes by using
the length of the arrows shown in encode 1, 2, and 3 in
Figs. 4a, 4b, and 4c as parameters. The RX resonators were
designed to form a closed loop constructed by polygonal
lines. Encode 1, 2, and 3 used 7, 9, and 16 real parameters,
respectively, which were all normalized to 1 as described
in Appendix III-B. From below, each chromosome is rep-
resented by a vector (a1, · · · , al) ∈ Rl , where l is the
dimension of the vector. Minimal exception handling was
implemented to prevent the conductive lines from intersect-
ing and to restrict the size of the RX resonator arrays to
the required size. The details of each encode are presented
in Appendix III-B.

FIGURE 4. Encodes of RX resonator arrays used in this study. The gray
lines represent the conductive line. The sizes of these arrays were fixed to
130 mm× 60 mm. Note that these shapes are random shapes generated
from each encodes to provide an overview of the encodes. (a) Encode 1.
(b) Encode 2. (c) Encode 3.

C. COST FUNCTION: MINIMUM TRANSFER EFFICIENCY
The GA searches for the chromosome that minimizes or
maximizes the cost function. Considering the goal of this
study, we selected the minimum transfer efficiency of the
WPT-MRC system, (i.e., the efficiency in the ‘‘worst case’’),
as the cost function to be maximized. However, finding the
exact value of the minimum transfer efficiency is difficult
because of the spatial continuity. Therefore, we defined a spa-
tially discretized version of the minimum transfer efficiency
ηmin,∆d,∆θ , which can be obtained by evaluating the transfer
efficiency at discrete points and angles as described below.
We defined the lattice points of∆d mm spacing as simulated
points. The simulated points for∆d = 10 are shown in Fig. 5.
We placed the RX array at each of these points and varied
the angle of the RX array, θ , shown in Fig. 5, from 0◦ to
360◦ in steps of ∆θ◦. Next, we evaluated η in (1) at each of
these points and angles. Note that we activated the pair of TX
and RXs that achieves the highest transfer efficiency at each
point and angle, as described in Section II. Assuming the 2-D
symmetry of the TX array, evaluations at the simulated points
shown in Fig. 5 are equivalent to evaluations throughout the
surface. When we place the RX array on the simulated points
shown in Fig. 5, the TXs excluding TX1, TX2, TX3, and
TX4 are sufficiently far compared to these 4 TXs; therefore,
we ignored the transfer efficiencies using the other TXs. We
defined the minimum η obtained throughout this operation
as ηmin,∆d,∆θ . ηmin,∆d,∆θ can be expressed using the transfer
efficiency η at each point and angle shown in (1) and x, y, and
θ from Fig. 5 as follows:

ηmin,∆d,∆θ = min
x=0,∆d,··· ,210
y=0,∆d,··· ,210
θ=0,∆θ,··· ,360

η . (6)

FIGURE 5. Simulated and measured points on the TX resonator array. The
points show the positions where the centers of the RX resonator arrays
were placed for evaluation. Considering the symmetry and periodicity of
the TX resonator array, the whole surface can be evaluated by the
presented simulated points.

D. GENETIC ALGORITHM-BASED DESIGN PROCESS
We executed the GA-based RX array design method
using the encodes described in Section III-B and the cost
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TABLE 1. Designed RX resonator arrays and simulated minimum transfer efficiency.

function ηmin,∆d,∆θ described in Section III-C; the details
are presented in Appendix A. We set the interval parameters
∆d and ∆θ to 10 and 15, respectively, to achieve a trade-off
between high resolution and quick convergence. Using
∆d = 10 and∆θ = 15, ηmin,∆d,∆θ requires 105 calculations
of the Neumann formula shown in (2) for evaluating a single
RX array, which involves a high computational burden; there-
fore, it is necessary to keep the number of cost function
calculations as small as possible.

The speed of convergence is dependent on the population
size and mutation rate. The population size is the number
of individuals in a generation and the mutation rate is the
proportion of mutation children in a generation. The optimal
values of these parameters are strongly dependent on the char-
acteristic of the cost function ηmin,∆d,∆θ , which is extremely
difficult to analyze owing to the complexity and discontinuity
of the function. Therefore, we followed the suggestions of
prior studies on GA-based antenna design [37]. These studies
indicate that a small population improves the performance
in early generations and a large population improves the
performance in later generations, whereas a lowmutation rate
results in improvement as a group and a high mutation rate
results in improvement in random individuals. Considering
this trend, the population size, mutation rate, and number of
generations were set to 30, 0.2, and 30, respectively.

This results in approximately 103 calculations of the cost
function ηmin,∆d,∆θ in the entire design process, which cor-
responds to approximately 103 × 105 = 108 calculations of
the Neumann formula. Here, we note that the aim of the GA
used in this study is to find a superior local optimum within
a reasonable computation time rather than to find a global
optimum. We executed the GA-based design process four
times for each encode using a 24-thread parallel calculation
on a 2.60 GHz, 24-core virtual machine. The computation
time required for each design process was approximately 5 to
10 days depending on the number of RX resonators in the
encode. Figs. 6a, 6b, and 6c show the largest ηmin,10,15 values
obtained in each generation of the four trials for each encode.
We can observe that encode 3, which has more parameters
than the other two encodes, requires more iterations to con-
verge. The designed arrays with the largest ηmin,10,15 value
for each encode are presented in Table 1c, 1e, and 1g. The
ηmin,10,15 values of the simple-shaped RX resonator arrays are

FIGURE 6. Best simulated minimum transfer efficiency ηmin,10,15 for
each generation. Each line represents a trial. Note that these trials are
numbered randomly. (a)Encode 1. (b)Encode 2. (c)Encode 3.

also presented in Table 1a, 1b, 1d, and 1f to show the baseline.
The position and angle of the RX resonator array when it
obtained the minimum transfer efficiency are expressed in
parentheses below the efficiency value. The results show
that ηmin,10,15 improved to 32.3%, 17.9%, and 42.6% using
encode 1, 2, and 3, respectively, whereas a single RX showed
a value of 3.8%.
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IV. SIMULATION AND MEASUREMENT
We additionally conducted evaluations based on simulations
with higher spatial resolution and measurements at extracted
positions to confirm the simulated results in the previous
section.

A. SIMULATION WITH HIGHER SPATIAL RESOLUTION
In the design process, we set ∆d and ∆θ for ηmin,∆d,∆θ
to 10 and 15, respectively, to achieve a trade-off between
accuracy and quick evaluation. Here, we performed a sim-
ulation with a higher spatial resolution for a more accurate
evaluation; we evaluated ηmin,∆d,∆θ of each RX resonator
array with the resolution parameters set to ∆d = 5 and
∆θ = 5. Table 1 lists the resulting values of ηmin,5,5
and it shows that designing an RX resonator array using
ηmin,10,15 as the cost function also improves ηmin,5,5 in most
encodes. However, the RX resonator array designed using
encode 1 resulted in a large difference between the values of
ηmin,10,15 and ηmin,5,5. The positional dependence of η shown
in (1) was investigated to determine the qualitative reason for
this difference.

B. INSIGHTS FOR EFFICIENCY IMPROVEMENT
To investigate typical trends, we show the η value at each
position with θ fixed to 0◦ for a single RX resonator and
the RX resonator arrays shown in Table 1a, 1c, 1e, and 1g
in Figs. 7a, 7b, 7c, and 7d, respectively.

FIGURE 7. Simulated transfer efficiency at each position. The θ value
shown in Fig. 5 is fixed to 0◦. The positions correspond to the x-axis and
y-axis shown in Fig. 5. The scale bar represents the transfer efficiency.
(a)Single RX resonator shown in Table 1a. (b)RX resonator array shown
in Table 1c. (c)RX resonator array shown in Table 1e. (d)RX resonator array
shown in Table 1g.

In general, η dropped at two regions: near the center of the
TXs and near the edges of the TXs. Further, η was minimum
at the edges of the TX resonators in the single RX resonator

and RX resonator arrays generated using encodes 1 and 2. By
contrast, η was minimum at the center of the TX resonators
in the RX resonator arrays generated using encode 3. We can
see a qualitative trade-off here, i.e., as the number of RX
resonators on the array increases, the η at the edges tends to
increase, whereas the η at the center tends to decrease. This
implies that the encodes that show similar values of η at the
centers and edges of the TX resonators are likely to achieve
a higher minimum transfer efficiency.

However, in these two regions, η behaves differently when
the position of the RX resonator array is slightly changed:
(i) η discontinuously changes near the edges because of
the intense fluctuation of the magnetic field amplitude and
the uncertainty of the activated resonator pair, whereas
(ii) the η at the center fluctuates slowly because the res-
onator pair that can obtain the best transfer efficiency does
not change frequently. This means that if the value of η is
minimum at the edges, the spatial resolution will severely
affect the value of ηmin,∆d,∆θ , whereas when η takes the
minimum value at the center, the spatial resolution will not
cause a noticeable change in the value of ηmin,∆d,∆θ . From
these insights, we observed that the criteria of the encode are
as follows: (a) the value of η is minimum near the center of the
TX resonators and (b) the value of η at the edges and centers
of the TX resonators are similar.

We also noticed that the RX array geometry resulted in
a highly asymmetric structure. Some may feel this is non-
intuitive, considering the symmetrical setup shown in Fig. 1.
Therefore, we provide our observation in the following. The
resonator pair that obtains the best transfer efficiency should
not frequently change near the center of the TXs; therefore,
the largest RX coil (which typically is the most strongly
coupled) is likely to determine the η at the center. Thereby,
we regard it reasonable that the array is asymmetric and one
of the RXs (RX3 for the case of Fig. 9) is large when the above
criteria is met.

C. MEASUREMENT
We measured the transfer efficiency and the mutual induc-
tance on the points extracted from the simulated points;
the objective of this measurement is to confirm the sim-
ulated results. The experimental setup is shown in Fig. 8.
The measurements were conducted on two series of posi-
tions on the TX resonator array: at equally spaced points
on a straight line with the angle of the RX resonator array
fixed, and at a single point with the RX resonator array
rotated at regular angle intervals. These are indicated by the
arrows (a) and (b) in Fig. 8, respectively. The series of mea-
surements indicated by arrow (a) in Fig. 8 is also expressed
in Fig. 5 as measured points along with the simulated points;
in these measurements, the θ value shown in Fig. 5 was fixed
to θ = 0◦. As for the measurements indicated by arrow (b)
in Fig. 8, the measured point was fixed to (x, y) = (210, 0)
and the angle of the RX resonator array θ shown in Fig. 5
was swept from 0◦ to 165◦ in steps of 15◦. Note that owing to
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FIGURE 8. Experimental setup. Note that measurements considering TX2
are executed by moving TX1 symmetrically with respect to the y-axis.

the symmetry with respect to the x-axis, this is equivalent to
θ being swept from 0◦ to 360◦ in steps of 15◦.
The RX resonator array with the highest ηmin,10,15 and

ηmin,5,5 values, shown in Table 1g, and a 400 mm× 400 mm
TX resonator were fabricated. These coils are composed
of 1 mm diameter copper wire, are tuned to 6.78 MHz by sol-
dering series capacitors, and are appended SMA connectors
for measurements. The fabricated RX resonator array and the
detailed geometry of the array are shown in Fig. 9 and Fig. 10,
respectively.

For the measurements of transfer efficiency and mutual
inductance, the S-parameters at 6.78 MHz for each position
and TX/RX pair were measured using a network analyzer.
The transfer efficiency, defined as the proportion of power
consumed by the load to the total power consumption, was
calculated from these S-parameters by assuming that the
load impedance is optimum [45]. This corresponds to the
efficiency when the load impedance calculated by (4) is
connected; this assumption is known to be promising through
prior work. The mutual inductance was calculated using
the measured S-parameter; the equivalent circuit is shown
in Fig. 2. When the RX resonator array was positioned on
the measured points, the simulated transfer efficiencies using
TX3 and TX4 were low; therefore, the measurements were
conducted for only those pairs that included TX1 and TX2.
The simulated and measured transfer efficiencies are shown
in Fig. 11 and Fig. 12, respectively. Fig. 11 shows the series of
evaluation results for arrow (a) shown in Fig. 8. Fig. 12 shows
the series of evaluation results for arrow (b) shown in Fig. 8.
The simulated and measured mutual inductances are shown
in Fig. 13 and Fig. 14, respectively. Fig. 13 shows the series
of evaluation results for arrow (a) shown in Fig. 8. Fig. 14
shows the series of evaluation results for arrow (b) shown
in Fig. 8. The measured and calculated ESR of the resonators
are listed in Table 2. Note that the measured ESR includes the
ESR of the series capacitors, and parasitic losses from various
non-ideal components (e.g., copper loss of soldering, resister
of connectors, etc.). For the transfer efficiency, although
the measured value is lower than the simulated value,
the trends correspond well considering the ESR difference.

FIGURE 9. The RX resonator array presented in Table 1g was fabricated.
The detailed geometry of this array is shown in Fig. 10.

FIGURE 10. Detailed geometry of the RX resonator array in Fig.9 and
Table 1g. The built-in exception handling mentioned in Section III-B was
activated to prevent overlap of the conductive lines. Therefore,
the configuration does not strictly match encode 3 shown in Fig. 4c.

TABLE 2. ESR of the resonators.

Furthermore, the measured mutual inductance and the simu-
lated mutual inductance are in good agreement.

V. LIMITATIONS AND FUTURE WORK
This section points out two limitations of this study and
the relevant directions for future work. First, we limited the
scope of this study to ‘‘selecting’’ a single RX element out
of the RX array because (i) the system operation procedure
becomes simple, and (ii) the optimum load impedance only
deviates on the real axis (See (4)). We regard (ii) as a ben-
efit because real impedance can be adjusted with simple
hardware (e.g., switching voltage regulator [46]). Meanwhile,
an interesting direction to explore is ‘‘combining’’ multiple
RX inputs instead of ‘‘selecting’’ a single RX. This approach
can ideally achieve higher efficiency; however, we will leave
it for future work because such systems will introduce the
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FIGURE 11. Transfer efficiency between each pair of TX and RX
resonators when using the RX array shown in Fig. 9; the y-coordinate of
the RX array position was varied in these plots. The evaluated points are
indicated in Fig. 5; the angle of the RX resonator array, θ , also shown
in Fig. 5, was fixed to θ = 0◦.

FIGURE 12. Transfer efficiency between each pair of TX and RX
resonators when using the RX array shown in Fig. 9; the angle of the RX
resonator array, θ , shown in Fig. 5, was varied in these plots. The position
of the RX resonator array was fixed to (x, y ) = (210,0).

following challenges: (i) combining power in the proper
proportion requires a complex system configuration that

FIGURE 13. |ω0 M| value between each pair of TX and RX resonators
when using the RX array shown in Fig. 9; the y-coordinate of the RX array
position was varied in these plots. ω0 and M represent the operating
angular frequency and mutual inductance, respectively. The evaluated
points are indicated in Fig. 5; the angle of the RX resonator array, θ , also
shown in Fig. 5, was fixed to θ = 0◦.

FIGURE 14. |ω0 M| value between each pair of TX and RX resonators
when using the RX array shown in Fig. 9; the angle of the RX resonator
array, θ , shown in Fig. 5, was varied in these plots. ω0 and M represent
the operating angular frequency and mutual inductance, respectively. The
position of the RX resonator array was fixed to (x, y ) = (210,0).

introduces additional losses, and (ii) cross-coupling effect
requires sophisticated hardware for compensation [51], [52].
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Another limitation of this study we raise is that we empir-
ically determined the GA’s parameters based on previous
work [37]. For the problem we dealt with, the design process
converged within a reasonable computation time; therefore,
we consider that this approach was sufficient. However, if we
suppose significantly complex situations, we may need to
optimize further the GA’s parameters for convergence within
practical computation time (e.g., designing 3-D charging sys-
tems with six degrees of freedom (6DoF) [53], coil design
considering the interference of metallic bodies [54]). As this
topic is highly dependent on the considered situation
(i.e., cost function and chromosomes), and there is no estab-
lished method for evaluating GA performance in general
setups [37], we leave this exploration for future work.

VI. CONCLUSION
We proposed a GA-based RX array design method to
overcome the challenge in designing RXs based on the
‘‘worst case’’ efficiency throughout the surface. Through
this advancement, significant drops in the transfer efficiency
can be prevented across the TX resonator array. In addi-
tion, we investigated the conditions required for the encodes
to achieve high efficiency in the worst case. By employ-
ing the RX resonator array designed using the proposed
method, the computedminimum transfer efficiency improved
to 42.6%, whereas a single RX resonator array showed a
value of 3.8%. Finally, the designed RX resonator array was
fabricated, and the computed results were confirmed by the
measured results at the extracted positions.

APPENDIX A
DETAILS OF THE GENETIC ALGORITHM
A. ENCODES OF THE RX ARRAY GEOMETRY
1) ENCODE 1
Encode 1 (Fig. 4a) represents the shape of two RX resonators
using seven real parameters a1, · · · , a7. As shown in Fig. 4a,
the conductive lines on the short edge of the array were fixed
to the edges and thus placed on x = ±65 mm. The polygonal
line boundary that vertically divides the geometry of the RX
resonator array was defined by the arrows Ai (i = 1, · · · , 7)
shown in Fig. 4a. From below, the coordinates of the end point
of arrow Ai are represented as (xi, yi). The polygonal line
points for the two RX resonators were placed at (xi ± 5, yi).
The start points of these arrows (0, yi) were placed on the
y-axis, vertically dividing the whole RX resonator array at
equal intervals. The value of xi that represents the length of
the arrow Ai was defined as

xi = xlow + (xhigh − xlow) · ai, (7)

where ai is the i-th element of the chromosome and takes
a value between 0 and 1 as mentioned above. Further,
xlow and xhigh represent the lower limit and upper limit of xi,
respectively, and they were set to −55 mm and +55 mm,
respectively, to prevent the intersection with the conduc-
tive line placed on x = ±65 mm. By connecting the

polygonal line points defined in this process as shown
in Fig. 4a, the geometry of two RX resonators is decoded.

2) ENCODE 2
Encode 2 (Fig. 4b) represents the shape of two RX resonators
using nine real parameters a1, · · · , a9. As shown in Fig. 4b,
the conductive lines on the long edge of the array were
fixed to the edges and therefore placed on y = ±30 mm.
The polygonal line boundary that horizontally divides the
geometry of the RX resonator arraywas defined by the arrows
Ai (i = 1, · · · , 9) shown in Fig. 4b. From below, the coordi-
nates of the end point of arrow Ai are represented as (xi, yi).
The polygonal line points for the two RX resonators were
placed at (xi, yi ± 5). The start points of these arrows (xi, 0)
were placed on the x-axis, horizontally dividing the whole
RX resonator array at equal intervals. The value of yi was
defined as

yi = ylow + (yhigh − ylow) · ai, (8)

where ai is the i-th element of the chromosome and takes a
value between 0 and 1 as mentioned above. Further, ylow and
yhigh represent the lower limit and upper limit of yi, and they
were set to −20 mm and +20 mm, respectively, to prevent
intersection with the conductive line placed on y = ±30 mm.
Finally, by connecting the polygonal line points defined
in this process as shown in Fig. 4b, the geometry of two
RX resonators is decoded.

3) ENCODE 3
Encode 3 (Fig. 4c) represents the shape of 4 RX resonators
using 16 real parameters a1, · · · , a16. As shown in Fig. 4c,
one polygonal line point for each conductive loop was fixed
to the corner of the whole RX resonator array. The remaining
polygonal line points are decoded from the elements of the
chromosome as follows. First, based on the first two elements
a1, a2, the initial point (x, y) = (A1,A2) shown in Fig. 4c
was determined. Elements a1 and a2 are substituted into (7)
and (8) to obtain A1 and A2, respectively. The xlow, xhigh,
ylow, and yhigh values were set to −55,+55,−20, and + 20,
respectively. The four points (A1 ± 5,A2 ± 5) were set
as polygonal line points for the four resonators as shown
in Fig. 4c. The arrows A3, · · · ,A8 define the polygonal
line that vertically splits the RX resonator and the arrows
A9, · · · ,A16 define the polygonal line that horizontally splits
the RX resonator. The arrows A3, · · · ,A8 are parallel to the
x-axis, and the arrows A9, · · · ,A16 are parallel to the y-
axis. From below, the coordinates of the end point of arrow
Ai are represented as (xi, yi). The values yi (i = 3, · · · , 8)
and xi (i = 9, · · · , 16), which represent the start points of
these arrows, are determined as follows. First, y3, y8, x9,
and x16 were set to +30, −30, −65, and +65, respectively,
as shown in Fig. 4c. Then, yi (i = 4, 5) were set such that the
distance from A2 + 5 to +30 was equally divided into three
segments and yi (i = 6, 7) were set such that the distance
from A2 − 5 to −30 is equally divided into three segments.
Similarly, xi (i = 10, 11, 12) were set such that the distance
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from A1 − 5 to −65 is equally divided into four segments
and xi (i = 13, 14, 15) were set such that the distance from
A1 + 5 to +65 is equally divided into four segments. Next,
xi (i = 3, · · · , 8) and yi (i = 9, · · · , 16), which represent
the length of the arrows, were determined. xi (i = 3, · · · , 8)
was obtained by substituting ai (i = 3, · · · , 8) into (7) and
yi (i = 9, · · · , 16) was obtained by substituting ai (i =
9, · · · , 16) into (8). Here, for xi (i = 3, · · · , 8), the xlow and
xhigh values were set to −55 mm and +55 mm, respectively,
to prevent intersection with the conductive line placed on
x = ±65 mm. Meanwhile, for yi (i = 9, · · · , 16), the ylow
and yhigh values were adjusted depending on the length of the
arrows A4, · · · ,A7 to reduce the probability of intersection
of the conductive lines. The adjusting process for ylow was
conducted as follows. Note that the following process was
conducted for each arrow Ai (i = 9, · · · , 16); the process
ends as soon as a value is set in ylow.
• If A6 intersects with x = xi, ylow is set to y6 + 10.
• If A7 intersects with x = xi, ylow is set to y7 + 10.
• ylow is set to −20.

Similar to ylow, the adjusting process for yhigh was conducted
as follows. Note that the following process was conducted for
each arrow Ai (i = 9, · · · , 16), and the process ends as soon
as a value is set in yhigh.
• If A5 intersects with x = xi, yhigh is set to y5 − 10.
• If A4 intersects with x = xi, yhigh is set to y4 − 10.
• yhigh is set to +20.

From above, the initial point (x, y) = (A1,A2) and the
14 arrows A3, · · · ,A16 shown in Fig. 4c are determined.
The polygonal line points are placed on (xi ± 5, yi) for i =
3, · · · , 8 and (xi, yi±5) for i = 9, · · · , 16 as shown in Fig. 4c.
Finally, by connecting the polygonal line points defined in
this process as shown in Fig. 4c, the geometry of four RX
resonators are decoded. When intersections of conductive
lines occur owing to the twist of the loop as shown in Fig. 4c,
the polygonal line indicates that the cause the intersectionwas
removed. The points removed in this manner are indicated
in Fig. 4c as removed lines and points. The rule here works
as follows: within the polygonal line points that formmultiple
loops, keep the polygonal line points included in the loop
containing the corner of the RX resonator array and remove
the other points. After these points were removed, the kept
points were connected to form a single conductive loop.

B. FORMATION OF THE POPULATION
The GA consists of the six operations listed below:

1) Formation of the initial population.
2) Evaluation of each individual in the current population

using the cost function.
3) Check if the exit condition is satisfied.
4) Selection of the Nelite elite children.
5) Formation of the Nmutate mutation children.
6) Formation of the Ncrossover crossover children.

Note thatNelite,Nmutate, andNcrossover represent the number of
elite, mutation, and crossover children, respectively. Repre-
senting the total number of chromosomes in each generation

as Ntotal, these integers maintain the following relationship:

Ntotal = Nelite + Nmutate + Ncrossover (9)

Operation 1 is executed only in the first instance of the entire
process, and operations 2 to 6 are executed repetitively until
the exit condition is satisfied in operation 3. In this study,
the exit condition was defined by the number of iterations
executed. This section presents the operations used to form
the populations of chromosomes, which correspond to oper-
ations 1, 4, 5, and 6 in the list.

In operation 1, the Ntotal individuals were generated using
uniform random numbers that take a real value between
0 and 1. Operations 4 to 6 create the (k+1)-th genera-
tion of chromosomes based on the evaluation results of the
k-th generation obtained from operation 2. First, through
operation 2, the Nelite chromosomes that show the highest
values of the cost functions in the k-th generation are guar-
anteed to be included in the (k+1)-th generation. To execute
operations 5 and 6, it is necessary to define three methods:
a method for selecting parent chromosomes, a method for
generating one mutation child chromosome from one parent
chromosome, and a method for generating one crossover
child chromosome from two parent chromosomes.

1) SELECTION OPERATION
In the selection of the parent chromosomes, it is important
to have a high probability of selecting chromosomes that
show superior performance to reach the local optima rapidly.
Furthermore, it is necessary to have a possibility for selecting
random chromosomes to avoid falling into a single local
optimum. Therefore, many GAs adopt a selection method
based on the probability of selection, which is defined to
have a positive correlation with the evaluated values of the
cost function. This study adopts stochastic universal sampling
based on the rank of individuals as the selection method,
in which the probability of the selection of an individual with
a rank R is scaled to 1/

√
R [50], [55].

2) MUTATION OPERATION
The mutation operation is usually an operation that changes
some of the elements within the chromosomes to different
values. In this study, the mutation operation was executed as
follows. The number of mutated children in one generation
and the length of the chromosome (i.e., the number of ele-
ments included in a chromosome) are represented as Nmutate
and l, respectively.
• Select Nmutate chromosomes from the parent gen-
eration based on the selection method described
in Section A-B1.

• For each element in the Nmutate vectors, replace the
element with a uniform random number between 0 and
1 with a probability of p1. Here, p1 is a parameter that
represents the probability of mutation; it was set to 20%
in this study. Note that this operation will be executed
against Nmutate × l elements.

This process results in Nmutate mutation children.
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3) CROSSOVER OPERATION
The crossover operation is an operation that combines two
chromosomes in the k-th generation to form one crossover
chromosome in the (k + 1)-th generation. In this study,
the crossover operation was executed as follows [50], [56].
The number of crossover children in one generation is repre-
sented as Ncrossover.
• Select Ncrossover × 2 chromosomes from the parent
generation based on the selection method described in
Section A-B1.

• Using the Ncrossover×2 chromosomes, Ncrossover pairs of
chromosomes are formed randomly.

• Representing the pair from the parent generation as
xparent1 and xparent2, the child chromosome xchild is cal-
culated as follows.

xchild = p · xparent1 + (1− p) · xparent2, (10)

where p is a uniform random number with a range of
0 < p < 1. This step is executed for every pair of parent
chromosomes.

This operation forms Ncrossover crossover children.
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