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Abstract: Multiple-input multiple-output (MIMO) wireless power transfer (WPT) technology which
employs multiple transmitter (TX) coils to simultaneously couple power to the receiver (RX) coil
has proved to be an effective technique to enhance power transfer efficiency (PTE). Conventional
MIMO-WPT systems rely on the phase-calculation method based on the phased-array beam steering
concept to constructively combine the magnetic fields induced by the multiple TX coils at the RX
coil. However, increasing the number and distance of the TX coils in an attempt to enhance the PTE
tends to deteriorate the received signal at the RX coil. In this paper, a phase-calculation method
is presented that enhances the PTE of the MIMO-WPT system. The proposed phase-calculation
method considers the coupling between the coils and applies the phase and amplitude to calculate
the coil control data. From the experimental results, the transfer efficiency is enhanced as a result of
the transmission coefficient improvement from a minimum of 2 dB to a maximum of 10 dB for the
proposed method as compared to the conventional one. By implementing the proposed phase-control
MIMO-WPT, high-efficiency wireless charging is realizable wherever electronic devices are located in
a specific space.

Keywords: beam steering; multiple-input multiple-output (MIMO); multiple transmitters; phase
control; power transfer efficiency (PTE); wireless power transfer (WPT)

1. Introduction

Wireless power transfer (WPT) technology continues to witness a tremendous growth
as it proves to be a relatively effective mode of power supply for a wide range of applications
including electric vehicles, medical implants and consumer electronics [1,2]. The power
transfer efficiency (PTE) of WPT systems, however, greatly depends on how well power
can be coupled from the transmitter (TX) coil to the receiver (RX) coil [3].

WPT via inductive coupling achieves a higher transfer efficiency providing the TX and
RX coils are placed in close proximity and are perfectly aligned with each other. The PTE,
however, deteriorates drastically as the TX and RX coil distance increases [4]. Thus, WPT
via resonant inductive coupling has been proposed in several studies [5]. WPT via resonant
inductive coupling can exchange power efficiently with much larger transfer distance
compared with the conventional WPT via inductive coupling. However, for WPT via
resonant inductive coupling, the TX-RX coil distance must be optimized below a threshold
value to prevent over-coupling, which deteriorates the PTE [6].

Recently, much attention has been focused on finding alternative means to provide a
higher degree of freedom and safety to improve the user experience of WPT. The use of
multi-coil configurations such as the multiple-input multiple-output (MIMO) WPT systems
which consist of multiple TX/RX coils, or both, have been presented in several studies [7,8].
The MIMO-WPT system usually consists of multiple TX coils to simultaneously transmit
magnetic energy to a single RX coil, in order to attain the benefits of added gain and
diversity effects [9]. The magnetic field-based MIMO wireless charging method shows
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higher transmission efficiency because it can transmit high amounts of power by synthe-
sizing magnetic fields generated in individual transmission coils. Figure 1 illustrates the
MIMO-WPT system with the TX coils installed underneath the table that delivers the power
to charge a device placed at an arbitrary position on the table.

Coil installed under the table

PO

&
<

Figure 1. [llustration of the MIMO-WPT system with multiple TX coils installed underneath the table.

For efficient long-distance wireless power transmission, a number of wireless charging
solutions have been implemented using RF, infrared rays, ultrasonic waves, etc. Ossia’s
Cota® demonstrated the use of RF to provide long-distance wireless power via a device
consisting of hundreds of omni-directional antennas [10]. Moreover, Energous Corp. has
implemented a long-distance wireless power transmission using its RF-based WattUP®
technology that can charge multiple devices at the same time from a distance [11].

Furthermore, an ultrasonic wireless charging device named uBeam transmits a signal
using a high ultrasonic band frequency of 45 kHz to 75 kHz. The ultrasonic transmitter
is configured similarly to the electrical principles of the phased-array antenna, and forms
an ultrasonic beam synthesized in free space through thousands of small speakers [12].
Additionally, a magnetic MIMO (MagMIMO) system has been developed by scientists at
MIT, which can wirelessly charge cell phones and portable devices placed about 50 cm
away using multiple TX coils [13].

Most of the literature studies presented above for long-distance wireless power transfer
employ the conventional phase-calculation method based on the phased array concept to
transmit power efficiently from multiple TX coils to a single RX coil.

In this study, we show that for the conventional phase-calculation method of the
MIMO-WPT system, as the number and distance of the TX coils increases in a bid to
increase the PTE, the synthesized magnetic field beam deteriorates, with the formation
of multi-lobes. We further propose a new method to calculate the phase applied to the
individual TX coils which incorporates the coupling coefficient between the TX coils, in
order to transmit optimal power to the RX coil placed at an arbitrary position by the
MIMO-WPT wireless charging method depicted in Figure 1.

2. MIMO-WPT System Modelling and Analysis

Figure 2 shows the schematic diagram of a MIMO-WPT system composed of N number
of TX coils (i.e., T1, T2, ... , T) and two RX coils (i.e., Ry and Ry) placed at arbitrary positions
above the TX coils. Assuming that all the coils have the same physical structure and that all
TX coils are fed individually with the same current, it can be considered that the amount
of magnetic energy (H) generated by the individual coils are the same. In the case where
the phase of the current applied to the individual coils is the same, the magnetic fields (Hj,
H,, ..., Hy) generated from the individual coils are synthesized in an arbitrary direction
(i.e., 0 =00 to generate a summation of the magnetic field (Hr) as illustrated in Figure 2.
Thus, higher power may be transmitted compared to the case in which a single TX coil is
used. When the RX coil moves horizontally by an angle of () with respect to the center of



Sensors 2023, 23, 5312

30f13

the array, the phase of the individual TX coils must be controlled to optimize the magnetic
energy for each RX coil position. Therefore, assuming that the position of the RX coil moves
freely, the phase-control method applied at TX coils can be a key function for the efficient
operation of the MIMO-WPT system.
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Figure 2. Schematic diagram of the MIMO-WPT system.

2.1. Analysis of MIMO-WPT Using the Conventional Phase-Calculation Method Based on the
Phased-Array Concept

From the MIMO-WPT system illustrated in Figure 2, the concept of the beam-steering
control employed for the phased-array antenna technology can be employed to determine
the phases of the individual TX coils in order to transmit optimum magnetic energy to
the RX coil. Figure 3 illustrates the application of the phased-array beam-steering control
method to the MIMO-WPT system, where coils are used in place of antenna elements.

a, a, ay

Figure 3. Illustration of the beam-steering concept of the phased-array antenna with coils implemented.

From the antenna array concept, the total radiated field (E;;) from an isotropic linear
array of N number of elements can be represented as [14]

N .
Eis = Eje X Z Apel®n 1)

n=1

where A, and «,, represent the amplitude and relative phases of the isotropic elements,
respectively, and E;, is the radiation from an isotropic element. The second term in (1)
is termed as the array factor (AF). The antenna array factor is the weight of the array
antenna with periodic element spacing and represents the array response. Assuming that
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the spacing between the elements (d) is fixed and all the elements have identical amplitudes
(i.e., an amplitude of 1), then the AF can be represented as

n=1

N N
AF = Z ej(n_l)(ﬁdSineJ'_‘XO) — Z ej(n_l)L/} (2)
n=1

P = Bdsinf + ag ©)]

where ¢ and p represent the phase difference between two adjacent elements and phase
constant, respectively. In the conventional MIMO-WPT system, the AF is employed to
derive the phase-shifts («) between the TX coils, which are each separated by distance (d)
to transmit optimum magnetic energy to the RX coil.

2.2. MIMO-WPT Based on the Proposed Phase-Calculation Method

In this study, a new phase-control method applied to the coils is presented to improve
the transmission efficiency of the MIMO-WPT system. In the previously used phase-control
method, the phases between each TX coil were determined and used to obtain the desired
synthesized magnetic fields at the receiver. However, due to the close proximity of the
coils, magnetic coupling exists between the TX coils and the TX-RX coils which results
in reflected mutual impedances at the circuits of each of the TX and RX coils. Hence, a
phase-shift due to the coupling from each circuit is introduced. Therefore, the phase of the
input voltages of the coils has to be adjusted to align the currents with the same phase.

Figure 4 shows a circuit diagram composed of N number of TXs and one RX coil and
depicts the mutual coupling (M;,;) between the TX-TX and TX-RX coils. Each coil has
capacitance (C;), inductance (L,;) and resistance (R;). Each TX coil is supplied with a source
voltage (Vs;;) and current (I,).

Rx

Transmitters

M1,

Figure 4. Circuit diagram of MIMO-WPT system with N number of transmitters and one receiver.

Based on Kirchhoff’s voltage Law (KVL), the impedance (Z,) for each TX coil can be
represented in (4) as
Z1 =R+ jwl) +1/jwC
Zy =Ry+jwly+ 1/]wC2
: 4
Zy, =Ry+jwL,+1/jwC,

The mutual inductances (M) are related to the coupling coefficients (Kj;,) by (5).

Mn,m = kn,m \% Lan (5)
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Based on the coupling coefficients between the coils, the phase and amplitude can be
derived using the expressions in (6), (7) and (8) [15]. The phase and amplitude using the
coupling coefficient between individual coils could be obtained mathematically by finding
the coupling relationship between two coils using (6) and calculating the coupling between
multiple coils using (7) and (8).

Vs1 = 1 Z1 — jwlh My, (6)
0= 1222 — jCUIlMlz (7)
VsijwMio

y = 8)
Z1Z5 + (wMy,)?

The voltage (Vs;) and current (I,;) expressions for the nth coil is given in (9) and (10) as
Voy = InZn — jwh My, — jwla My, — jwlzaMszy — -+ - — jwly My, )

_ Va1 + jwh My + jwlb Myy + jwlzsMay + - - - + jwly My
= Z

Using the phase data of the currents derived from (10), the phase applied to each TX
coil (611), the phase of the current at the RX coil (811), and the phase of the current due to
other TX coils (651, 031, - - - , 8,1) can be obtained. The total phase at each of the TX coils is
the sum of the phase shift due to the coupling with the RX coil, and the coupling due to the
other TX coils. Therefore, the phase adjustment (9]) and amplitude adjustment (A]) at the
nth TX coil can be expressed in (11) and (12) as

I, (10)

L

Op =Y O, Vi, i=1,--,nL (11)
k=1
L

AZ:ZAICH/ Vi,izl,--',ﬂ,L (12)
k=1

3. Experimental Results and Analysis

In this section, the effectiveness of MIMO-WPT based on the beam-steering phase-
calculation method, and the MIMO-WPT based on the proposed phase-calculation method
is verified and compared using ANSYS Maxwell electromagnetics software [16]. In the
simulation set-up, the MIMO-WPT system illustrated in Figure 5 is used for different n-TXs
(i.e., three-TXs, five-TXs and seven-TXs) configurations. The distance between the TX coils
(d) is kept at 50 cm while the phase steps (1) of the TX coils are varied from i = 0°, 30°, 60°
and 90°.

ococoocoe

Figure 5. Illustration of the experimental set up for MIMO-WPT.

3.1. Experimental Results for MIMO-WPT Based on the Conventional Beam-Steering
Phase-Control Method

Tables 1-3 show the distribution of the magnetic field (H) with varying phase steps
(1) for three-TXs, four-TXs and five-TXs coil configurations. The ‘Azimuth’ and ‘Elevation’
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columns of Tables 1-3 represent the cross-section of the simulated magnetic field intensity
from the TX coils measured with respect to the xy- and yz-planes, respectively, as shown
in Figure 5.

Table 1. Simulated magnetic field distribution of the beam-steering MIMO-WPT implemented with
three-TX coils.

Phase Step (1)

Azimuth (xy-Plane) Elevation (yz-Plane)

OO

H Field [a/n] H Field [A/n]

1,8561E+01
7.5234E+00|
3.0495E+00|
1.2361E+00|

5.0102€-01
2,0308€-01
8. 2316€-02|
3. 3365€-02)
1, 3524€-02|
5.4818E-03
2., 2220E-03]
9,0064E-0Y
3. BSOBE-BY
1,47976-84
5.9978€-85|
2. 4311E-05|

1.8561E+01
7.5234E+00
3.0495E+00
1.2361E+00
5.8102E-81

2.0398E-01
8.2316E-02
3.3365€-02
1.3524€-02
5.48186-03
2.2220€-03
9. @OBYE-0Y
3. 6506E-04
1.4797E-04
5.9978E-85

2.4311E-05

30°

H Field [A/m] H Field [A/n]

1.6636E+01
6.5434E+00
2.5736E400
1.0123€+00

3.9814€-01
1.5660E-01
6.1592€-02
2.4225€-02
9.5282€-03
3.7476€-03
1.4740E-03
5.7975€-04
2.2802€-04
8.9686E-05
3.5275€-85
1.3874E-85

1.6636E+01
6. 5434E400
2.5736E400
1.0123€+00
3.9814€-01

1.5660E-01
6.1592€-02
2.4225€-82
9.5282€-03
3.7476€-03

60°

H Field [A/n]

1.6684E+01
4.7397E+00
1. 3464E+00
3.8250€-01

1.0866E-01
3.0869E-02

H Field [A/n]

1.6684E01
47397400
1,3464E00
3.8250€-01
1.0866€-01

2.0104E-04
5.7113€-05
1.6225€-05
4. 6891E-06
1.3994E-06
3.71976-87
1.8567€-07

3.74976-07
1.8567€-07

3.0869€-02
8.76926-03
2.49126-03
7.0769€-04
2.0104€-04
5.7113€-05
1.6225€-85
4. 6091606
1.3094€-06

90°

H Field [A/n] H Field [A/m]

1.B744E401
5.6667E+00
1.9178E+00
6. 4906E-01

2.1966E-01
7.4343E-02
2.5160E-02
8.5152€-03
2.8819€-03
9.7533E-04

1.6744E+01
6.5772E+00
2.5836E+00
1.0149E+00
3.9867E-01
1.5660E-01
6.1517€-02
2.4165€-02
9. 4924E-03
3.7288E-03
1.4847€-03
5.7537€-04
2.2602E-04

3.3099E-04
1.1171€-04
3.7888E-05
1.2796E-05
4. 3305E-06
1.4656E-06

8.8783E-05
3.4876€-05
1.3700E-05
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Table 2. Simulated magnetic field distribution of the beam-steering MIMO-WPT implemented with
five TX coils.

Phase Step (1) Azimuth (xy-Plane) Elevation (yz-Plane)

H Field [a/n] H Field [A/n]
1.7145E+01
7.2956E+00
3. 1045E+00
1. 3210€+00
5.6214€-01
2.3921€-01
1.0179€-01
4. 3314€-02
0° 1.84316-02

7.8431€-03

1. 714SE+01
7.2956€400

3.3375€-03
1.4202€-03
6.8433E-04
2.5716E-84
1.8943E-04
4. BSBSE-85

H Field [A/n] H Field [A/n]
1.6469E+01
5.2736E+00
1.6886€400
5.4071€-01
1.7314€-01
5.S441E-02
1.7752€-02
5.6844E-03

1.8202€-03
300 5.8284E-04

1.8663E-04 .
5.9759€E-05 3
1.9135€-85 .
6.12726-86 3
1.9620E-06 .
6.2824E-07 6. 2824E-07

1.6469E+01

H Field [A/i

1.6724E+81

7.6861€-01
2.7531€-01

9.8615€-02

3.5324€-02

1.2653€-02

° 4, 5322€-03
60 1.6234€-03
5. 8149E-04

2.0829E-04

7. 4608E-05

2.6724€-05

9.5725€-06

3. 4288E-06 3. 4288E-86

H Field [A/r

1.7343E+01

2.4324E+00
9.1093E-01
3.4114€-01
1.2776€-01
4. 7846E-02
1.7918€-02
900 6.7104E-03
2.5139€-03
9. 4113E-04
3.5245E-04
1.3199E-04
4. 9432€-85
1.8512€-05
6.9328E-06
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Table 3. Simulated magnetic field distribution of the beam-steering MIMO-WPT implemented with
seven TX coils.

Phase Step ()

Azimuth (xy-Plane) Elevation (yz-Plane)

OO

H Field [A/n]

H Field [a/n]

1.6840E+01
7. 3746E400
3.2296E+00
1. 4143€400
6.1939€E-01

2.7125€-01
1.1879€-01
5.20226-02
2.27826-02
9.9770€-03
4. 3692€-03
1.9134€-03
8.3796E-04
3.6697E-04
1.6071E-04
7.9379€-05

1.6840E+01
7.3746E+00
3.2296€400
1.4143E400
6.1939€-01

2.7125€-81
1.1879€-81
5.20226-02
2.2782€-02
9.9770E-03
4. 3692€-03
1.9134E-03
8.3796E-04
3.6697E-04
1.6071E-04
7.0379E-05

30°

H Field [A/m]

H Field [A/n]

1.6531E+01
6.4701E+00
2.5324E+00
9.9120€-01
3.8796E-01
1.5185€-01
5.9433€-02
2.32626-02
9.10S0E-03
3.5637€-03
1.3948E-03
5.4S94E-04
2.1368E-04
8.3636E-05
3.2736E-05
1.2813€-85

1.6531E+01
6. 4701E400
2.5324E400
9.9120€-01
3.8796E-01

1.5185€-01
5.9433€-02
2. 3262€-02
9. 1050E-03
3.5637€-03
1. 3948E-03
5. 4594E-04
2.1368E-0Y4

60°

H Field [A/n] H Field [A/n]

1.6943E+01
5.7865E+00
1.9220€+00
6.4732€-01
2.1802€-01
7.3429E-02
2.4731€-02
8.3295€-03
2. 80S4E-03
9. 448BE-Q4
3.1823€-04
1.8718E-04
3. 6098E-05
1.2158E-05
4.8948E-06
1.37926-06

1.6943E+01

1.3792E-06

90°

H Field [A/m]

H Field [A/n]

1.7820€+81
6. 1104E+00
2.1937€+00
7.87S4E-01

7.8754E-01

2.8273E-01 2.8273€-01
1.0150E-01 1.0150€-01
3. BY40E-02
1.3082€-02
4. 696SE-03

1.6861E-03
6.0531E-04
2.1731E-04
7.801SE-05
2. 8008E-05
1.0055E-05
3.6098E-86

From the ‘Elevation’ results in Table 1, it can be seen that the synthesized magnetic
field from the three TX coils realize a beam tilt in the left direction as i increases from 0° to
60°. However, when 1 = 90°, a beam split is observed with a beam tilt in the right direction.

Furthermore, from the results of Table 2, as i changes from 0° to 30°, the beam tilts
significantly towards the left side compared to using the three-TX coil configuration in
Table 1. However, at ¢ = 60°, the radiated beam pattern deteriorates and tilts towards the
right side resulting in a beam split. At ¢ = 90° the beam splits into two different beam
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directions. It can be further realized that the magnetic field beam starts to deteriorate at
¢ = 30° in Table 2 for the five-TX coil implementation compared to that of Table 1, which
starts to deteriorate at ¢ = 60°.

In Table 3, the simulated magnetic field (H) results are given for different ¢y when seven
TX coils are used. It can be observed that the magnetic beam pattern begins to deteriorate as
¥ increase from 1 = 30° to 90°. Compared to the case of three-TXs and five-TXs in Tables 1
and 2, a significant beam split is noticed for increasing ¢ using seven-TXs.

The results in Tables 1-3 were compared according to the number of TX coils and the
beam steering angle and are given in Figure 6. Figure 6 shows the change in the beam
steering angle when the interval between coils (d) is set to 50 cm for the different #n-TX of
coil configurations. When ¢ = 0°, it can be seen that the transmission efficiency increases
as the number of TX coils increases. For the case of to ¢ = 30°, multiple lobes are formed
for the seven-TXs, and the beam moves towards the left side relative to the three-TXs
and five-TXs. For i = 60°, the multi-lobes generated for the case of seven-TXs becomes
more significant, and when three-TXs are used, the beam tilts more towards the left side
compared to ¢ = 30°. For ¢ = 60° with the five-TX configuration, the beam tilts towards the
right side.

H-field [mA/m]
w -~ o
-
~ -
.
[
» P
P CJd
N
~ &

H-field [mA/m]
&

N
L)
-
~
.
-
)

— 3-Coils
== ¢ = 5-Coils
=eee 7-Coils

0 T T T 0+ T T T
0 2 4 6 8 0 2 4 6 8

Distance [m] Distance [m]

(a) (b)

—3—-C0il5
== « == 5-Coils
=== 7-Coils ~

2.5 3—Coil
— —COolIlS
1.4 = « = 5-Coils
. eeee 7-Coils
2 AR 1.2
3 s T
215 A DA <
£ Y £o08
3 K T
.g 1 ’ =\ 206
s X vy -
’ . A
e/ . \ 0.4
05 - . o J emm— S—Co!ls . \‘
e= o = 5-Coils \
==== 7-Coils Y 0.2
0 T T T 0 T T T
0 2 4 6 8 0 2 4 6 8
Distance [m] Distance [m]

(c) (d)

Figure 6. Beam-steering directions for different TX coil configurations: (a) tilt angle = 0°, (b) tilt
angle = 30°, (c) tilt angle = 60° and (d) tilt angle = 90°.

As ¢ increased to 90°, multiple lobes were generated even for five- and seven-TX
coils. However, for three-TX coils, the beam tilted towards the right side. As a result, it
may be seen that as the coil arrangement increases, the beam steering angle is distorted,
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o
©n

H-field [mA/m]

25

H-field [mA/m]

0.5 4

and multiple lobes are generated for the conventional phase-calculation method of the
MIMO-WPT system.

Figure 7 shows the effect of varying the TX-TX coil distance (d) for different beam
steering angles for the MIMO-WPT with the five-TX coil configuration. When tilt angle
is 0°, the synthesized magnetic field beam decreases as the TX-TX distance increases.
Additionally, it can be seen that when ¥ = 30°, multiple lobe characteristics occur as d
increases, and the beam steering direction changes towards the left side. When ¢ = 60°,
the multi-lobe characteristic becomes apparent as the distance increases. For ¢ = 90°, the
multi-lobe characteristics become more severe, resulting in two to three beam splits.

= « ed:70cm
ewwed:90cm

] : 50cm
== s w=d:70cm
eeee d:90cm

- N
(5] N o
L "

H-field [mA/m)]

-

: 50cm

0.5
:110em

Distance [m] Distance [m]

(a) (b)

: 50em
: 70em

90cm

:110em

14 4

H-field [mA/m]

Distance [m] Distance [m]
(c) (d)

Figure 7. Beam steering direction with changing TX-TX coil distance (d) for the five-TX coil configu-
ration: (a) tilt angle = 0°; (b) tilt angle = 30°; (c) tilt angle = 60°; (d) tilt angle = 90°.

3.2. Experimental Results for MIMO-WPT Based on the Proposed Phase-Calculation Method

The simulation results for different MIMO-WPT phase-calculation methods using the
five-TX coil configuration are given in Figure 8. In the results ‘No Phase adjust’, ‘Phase
adjust’, “Amplitude adjust’, and ‘Receive adjust’ the phase-calculation method for each
beam tilt angle are presented. ‘No Phase adjust’ represents the case where the coupling
coefficient is not considered. ‘Phase adjust’ is the case where the proposed phase coefficient
using (11) is used. For ‘“Amplitude adjust’, the amplitude coefficient is applied using (12),
and for ‘Receive adjust’, the coupling coefficient between each TX and RX coil is used.
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Figure 8. Comparison of different phase-control methods according to the beam steering angle for
the five-TX coil configuration: (a) tilt angle = 0°; (b) tilt angle = 14°; (c) tilt angle = 26.5°; (d) tilt
angle = 37.0°; (e) tilt angle = 51.0°; (f) tilt angle = 60°.

Figure 8a shows the results for the case where the beam tilt angle is 0°, which shows
that ‘Phase adjust’ has the highest transmission coefficient (Sy;). “Amplitude adjust’ and
‘No phase adjust” are about 3 dB lower than ‘Phase adjust’, and ‘Receive adjust’ is about
8 dB lower than ‘Phase adjust’.

Figure 8b shows that the two methods, ‘Phase adjust’ and ‘Amplitude adjust’, have
the highest transmission coefficients for the tilt angle measured at 14°. The results of ‘No
phase adjust” and ‘Receive adjust’ show about 3 dB and 8 dB lower, respectively, compared
to the phase adjust and amplitude adjust. At a beam tilt of 26.5°, all the phase-calculation
methods show similar performance as shown in Figure 8c.
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In Figure 8d, for a beam tilt angle of 37°, the ‘Phase adjust’, ’Amplitude adjust’ and ‘No
phase adjust’ show similar results, however ‘Receive adjust’ shows a lower transmission
coefficient of about 3 to 5 dB, comparatively. For a beam tilt of 51° as shown in Figure 8e,
the ‘Phase adjust’ method shows the highest transmission coefficient, with the ‘Amplitude
adjust’ and ‘No phase adjust’ methods showing similar results. However, the ‘Receive
adjust’ method shows a transmission coefficient about 6 dB lower than ‘Phase adjust’.
Moreover, in Figure 8f, the formation of multiple lobes is noticed for a beam tilt of 60°.

From the results of Figure 8, it can be confirmed that the ‘Phase adjust’” which is
based on (11) exhibits the highest transmission coefficient compared to the other phase-
calculation methods. Furthermore, it can be seen that ‘Amplitude adjust” and ‘No phase
adjust’ exhibit similar performance, indicating that ‘Amplitude adjust” using (12) does not
have a significant impact on transmission efficiency of the MIMO-WPT system. Since the
‘Receive adjust’ method shows the lowest transmission coefficient, it can be concluded
that this method is not an efficient phase-calculation method to improve the PTE of the
MIMO-WPT system.

The transfer efficiency (1) at the RX coil is related to the transmission coefficient (Sp1),
and can be determined by [17]

n = |s21]? x 100% (13)

4. Conclusion

In this paper, different phase-control methods for improving the transfer efficiency
of a MIMO-WPT system were presented. From these studies, it was realized that the
beam pattern splits and deteriorates when the number and distance between the TX coils
increases for the conventional phase-control method based on the beam-steering concept
of the phased-array antenna. Additionally, multiple lobes appear for higher steering
angles in the conventional phase-calculation method. Hence, a MIMO-WPT phase-control
method is presented which incorporates the coupling between the coils in the phase-
calculation method. The transmission efficiency is improved based on the results of the
transmission coefficient, which shows an improvement from 2 dB to 10 dB compared to the
conventional method.

Author Contributions: M.-].O., P.D. and Y.-B.J. contributed to the conceptualization, methodology,
design and analysis. M.-J.O. prepared the original draft and P.D. revised the manuscript. Y.-B.J.
provided useful suggestions regarding the studies and is the supervisor of the whole group. All
authors have read and agreed to the published version of the manuscript.

Funding: These results were supported by “Regional Innovation Strategy (RIS)” through the National
Research Foundation of Korea (NRF) funded by the Ministry of Education (MOE) (2021RIS-004). This
research was supported by the MSIT (Ministry of Science and ICT), Korea, under the ICAN (ICT
Challenge and Advanced Network of HRD) program (IITP-2023-RS-2022-00156212) supervised by
the IITP (Institute of Information & Communications Technology Planning & Evaluation).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

Shan, D.; Wang, H.; Cao, K.; Zhang, ]. Wireless Power Transfer System with Enhanced Efficiency by Using Frequency Reconfig-
urable Metamaterial. Sci. Rep. 2022, 12, 331. [CrossRef] [PubMed]
Musavi, F,; Eberle, W. Overview of Wireless Power Transfer Technologies for Electric Vehicle Battery Charging. IET Power Electron.

References
1.
2.
2014, 7, 60-66. [CrossRef]
3.

Sample, A.P.;; Meyer, D.A.; Smith, J.R. Analysis, Experimental Results, and Range Adaptation of Magnetically Coupled Resonators
for Wireless Power Transfer. IEEE Trans. Ind. Electron. 2011, 58, 544-554. [CrossRef]


https://doi.org/10.1038/s41598-021-03570-8
https://www.ncbi.nlm.nih.gov/pubmed/35013330
https://doi.org/10.1049/iet-pel.2013.0047
https://doi.org/10.1109/TIE.2010.2046002

Sensors 2023, 23, 5312 13 of 13

10.

11.

12.

13.

14.

15.

16.

17.

Zhang, ].; Wang, F. Efficiency Analysis of Multiple-Transmitter Wireless Power Transfer Systems. Int. |. Antennas Propag. 2018,
2018, 3415239. [CrossRef]

Zhang, Z.; Pang, H.; Georgiadis, A.; Cecati, C. Wireless Power Transfer—An Overview. IEEE Trans. Ind. Electron. 2019, 66,
1044-1058. [CrossRef]

Lyu, Y.-L.; Meng, E-Y.; Yang, G.-H.; Che, B.-].; Wu, Q.; Sun, L.; Erni, D.; Li, J.L.-W. A Method of Using Nonidentical Resonant
Coils for Frequency Splitting Elimination in Wireless Power Transfer. IEEE Trans. Power Electron. 2015, 30, 6097-6107. [CrossRef]
Aoki, T.; Yuan, Q.; Quang-Thang, D.; Okada, M.; Hsu, H.-M. Maximum Transfer Efficiency of MIMO-WPT System. In Proceedings
of the 2018 IEEE Wireless Power Transfer Conference (WPTC), Montreal, QC, Canada, 3-7 June 2018; IEEE: Piscataway, NJ, USA;
pp- 1-3.

Ahn, D.; Hong, S. Effect of Coupling between Multiple Transmitters or Multiple Receivers on Wireless Power Transfer. IEEE
Trans. Ind. Electron. 2013, 60, 2602-2613. [CrossRef]

Johari, R.; Krogmeier, ].V.; Love, D.J. Analysis and Practical Considerations in Implementing Multiple Transmitters for Wireless
Power Transfer via Coupled Magnetic Resonance. IEEE Trans. Ind. Electron. 2014, 61, 1774-1783. [CrossRef]

OSSIA WHITEPAPER, “COTA vs Other Wireless Power Technologies”. Available online: https:/ /f hubspotusercontent30.net/
hubfs /2870932 / Content%200ffers /Whitepapers /Cota%20vs%200ther%20Wireless%20Power%20Technologies.pdf (accessed on
3 July 2022).

Energous Corporation, “Energous Breakthrough FCC Approval for 15W WattUp PowerBridge, Increases Wireless Power
Networks Charging Capability by 15 Times”. Available online: https://dlio3yogOoux5.cloudfront.net/_a782aabe56d7208299
07c6508bd8b733 /energous/news/2022-08-10_Energous_Breakthrough_FCC_Approval_For_15W_WattUp__732.pdf (accessed on
3 July 2022).

Josh Constine, “uBeam Declassifies Secrets to Try to Prove Wireless Power Is Possible”. Available online: https:/ /techcrunch.
com/2015/11/07 /wireless-power-charger/ (accessed on 3 July 2022).

Jadidian, J.; Katabi, D. Magnetic MIMO: How To Charge Your Phone in Your Pocket. In Proceedings of the 20th Annual
International conference on Mobile Computing and Networking, Maui, HI, USA, 7-11 September 2014; pp. 495-506.

Huang, Y.; Boyle, K. Antennas: From Theory to Practice; John Wiley & Sons: Nashville, TN, USA, 2008; ISBN 9780470772928.

Gao, L.; Hu, W,; Wu, Z; Deng, Q.; Xie, X.; Zhou, H.; Luo, S. Magnetic coupling resonant wireless energy transmission coil
quantitative relation modeling and simulation research. In Proceedings of the 2013 10th IEEE International Conference on Control
and Automation (ICCA), Hangzhou, China, 12-14 June 2013.

Maxwell 3D Ansys ®Electronics Desktop Release 2022 R2. (ANSYS Inc., 2022). Available online: https://www.ansys.com
(accessed on 3 January 2023).

Van Thuan, N.; Kang, S.H.; Choi, ].H.; Jung, C.W. Magnetic Resonance Wireless Power Transfer Using Three-Coil System with
Single Planar Receiver for Laptop Applications. IEEE Trans. Consum. Electron. 2015, 61, 160-166. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1155/2018/3415239
https://doi.org/10.1109/tie.2018.2835378
https://doi.org/10.1109/TPEL.2014.2387835
https://doi.org/10.1109/TIE.2012.2196902
https://doi.org/10.1109/TIE.2013.2263780
https://f.hubspotusercontent30.net/hubfs/2870932/Content%20Offers/Whitepapers/Cota%20vs%20Other%20Wireless%20Power%20Technologies.pdf
https://f.hubspotusercontent30.net/hubfs/2870932/Content%20Offers/Whitepapers/Cota%20vs%20Other%20Wireless%20Power%20Technologies.pdf
https://d1io3yog0oux5.cloudfront.net/_a782aabe56d720829907c6508bd8b733/energous/news/2022-08-10_Energous_Breakthrough_FCC_Approval_For_15W_WattUp__732.pdf
https://d1io3yog0oux5.cloudfront.net/_a782aabe56d720829907c6508bd8b733/energous/news/2022-08-10_Energous_Breakthrough_FCC_Approval_For_15W_WattUp__732.pdf
https://techcrunch.com/2015/11/07/wireless-power-charger/
https://techcrunch.com/2015/11/07/wireless-power-charger/
https://www.ansys.com
https://doi.org/10.1109/TCE.2015.7150569

	Introduction 
	MIMO-WPT System Modelling and Analysis 
	Analysis of MIMO-WPT Using the Conventional Phase-Calculation Method Based on the Phased-Array Concept 
	MIMO-WPT Based on the Proposed Phase-Calculation Method 

	Experimental Results and Analysis 
	Experimental Results for MIMO-WPT Based on the Conventional Beam-Steering Phase-Control Method 
	Experimental Results for MIMO-WPT Based on the Proposed Phase-Calculation Method 

	Conclusion 
	References

