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Abstract: Magnetic beamforming techniques can enhance the power transfer efficiency using focused
magnetic fields by the multiple transmitters to the receivers. However, the intra-couplings that cause
power leakage and phase distortion among the arrayed coils inevitably occur due to the deployment
of coils having strong couplings between each other. Here, we analyze the adverse influences of
intra-couplings and present the advantages of magnetically independent transmitters for multiple-
inputs and single-output (MISO) WPT. The independent coil array can achieve focused magnetic
fields by simply adjusting the amplitude of the transmitter voltage source without phase adjustment.
The system also can eliminate the reactive power with the independent coil array to efficiently use
the supplying power from the source. The analytical studies are verified by numerical and circuit
simulation and experiments. Our analysis can be generalized to the MISO-WPT with an arbitrary
number of transmitters. It can provide insight into designing and implementing the MISO-WPT
applying magnetic beamforming.

Keywords: wireless power transfer (WPT); magnetic beamforming; intra-couplings of transmitter
array; magnetically independent transmitter array; non-coupling

1. Introduction

Wireless power transfer (WPT) has attracted much attention from academia and
industry: electric vehicle [1-4], biomedical device [5,6], wireless powered communication
network (WPCN) [7], and unmanned aerial vehicle (UAV) [8]. Recently, most WPT systems
use a magnetic field as a medium for transferring power due to the advantages of simple
structure and safety for human exposure. However, the magnetic field-based WPT only
provides a narrow charging range of less than a few millimeters. This drawback is caused
by a characteristic of a magnetic field whose magnitude sharply attenuates as the field
propagates into the air. Studies have been conducted using other media such as radio
frequency (RF), ultrasound, and laser to expand the charging range. However, these
studies have not been popularized because the safety for human exposure is not sufficiently
assured [9].

For this reason, studies for improving magnetic field-based WPT have been carried
out: a coupled theory with magnetic resonant coil [10], magnetic relay [11], and an opti-
mally shaped dipole coil [12]. Although the above studies achieved outstanding results,
the applicable industries were limited due to the massive size of the coil. Another solution
to improve the magnetic field-based WPT’s efficiency and charging range is deploying a
transmitter array configured as multiple coils [13]. Meanwhile, based on the arrangement
of multiple coils, studies have been conducted to optimize this configuration. One of
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them is magnetic beamforming inspired by multiple-inputs and multiple-outputs (MIMO)
beamforming used in the RF communication field [14]. Magnetic beamforming is a promis-
ing technology that achieves the maximum PTE in the multiple-inputs and single-output
(MISO) and MIMO-WPT by focusing the magnetic fields from the multiple transmitters to
the receiver [15]. This focusing mechanism increases the amount of magnetic field passing
through the receiver by constructive interference. Therefore, it induces a larger current
in the receiver by Faraday’s law, delivering more power to the device. According to the
authors of [14], a MISO-WPT with magnetic beamforming (named “MagMIMO” in [14])
achieves a PTE of 87% at a charging distance of 2 cm and a PTE of 11% at a maximum
charging distance of 40 cm, whereas other commercial wireless chargers have a PTE of
about 8-90% at a maximum charging distance under 2 cm.

However, due to multiple coils configuration for magnetic beamforming, the intra-
couplings of transmitter array inevitably occur. This phenomenon is shown in Figure 1
that describes the WPT configurations: (a) SISO-WPT, (b) MISO-WPT, (c) SISO-WPT with
field analysis when the transmitter is powered, and (d) MISO-WPT with field analysis
when the transmitter 2 is powered. Compared with the SISO-WPT of Figure 1a having
only a magnetic coupling krr between the transmitter and the receiver, the MISO-WPT
of Figure 1b has additional intra-couplings kr in the transmitter array. As shown in
Figure 1c, the magnetic field from the transmitter propagating to the receiver induces a
voltage and a current at the receiver. However, in the case of the MISO-WPT, the magnetic
field is also transferred to the other transmitters, as shown in Figure 1d. For this reason,
many studies have been carried out from various perspectives to analyze the effect of the
intra-couplings on the WPT: a leakage magnetic field [16], an efficiency attenuation [17],
and multiple resonant frequencies [13]. As in the above studies, the adverse effects of
the intra-coupling to the WPT have been mainly reported. Various studies have been
conducted to reduce or eliminate the intra-coupling. The intra-coupling can be reduced
by physical principles using unique structures and materials such as three-dimensional
coil array [18], heterogeneous coil array [19], magnetic coupling shield ring [20], high
permeability materials [21], and overlapped coil array [22]. Additionally, tuning resonance
capacitance can make the transmitter array magnetically independent by compensating
the intra-coupling [23].

Receiver

T .
Transmitter 1 Transmitter 2 Transmitter 3

(b)

Receiver

Transmitter
(Powered)
Transmitter 1 ~ Transmitter 2  Transmitter 3
(Powered)
(0 (d)

Figure 1. WPT configurations: (a) SISO-WPT, (b) MISO-WPT, (c) SISO-WPT with field analysis, and
(d) MISO-WPT with field analysis (Transmitter 2 is powered, while other transmitters are power-off).

Most of the studies above provided effective methods to eliminate the intra-couplings.
However, the analysis on the intra-coupling from viewpoints of applying magnetic beam-
forming to MISO-WPT has not yet been analyzed. Accordingly, this paper analyzes the
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intra-couplings of transmitter array theoretically and experimentally in terms of mag-
netic beamforming.

The remainder of the paper is organized as follows. In Section 2, we provide a
theoretical background for this work. In Section 3, we provide the theoretical analysis about
the intra-couplings of the transmitters: (1) the adverse influences and (2) advantages after
elimination. In Section 4, simulation and experiments are performed to verify the theoretical
analysis, and the results are provided. The advantages of magnetically independent
transmitters in terms of implementation are also derived in Section 4. Conclusions are
described in Section 5.

2. Theoretical Backgrounds
2.1. Magnetic Field-Based WPT

Figure 2 shows a typical structure of a magnetic field-based WPT. The alternating
current (AC) excites a transmitter coil L7, causing a time-varying magnetic field into the
air. When a portion of the magnetic field penetrates a receiver coil Lg, a magnetic coupling
occurs as shown in Figure 1c, which causes the power to be transferred wirelessly. Based
on this mechanism, the PTE depends on the magnetic coupling strength between the
transmitter and the receiver.

The compensation topologies on both sides make the transmitter and receiver resonate
at an identical resonant frequency. This resonance minimizes the power supply’s switching
losses and volt-ampere (VA) rating [24] and improves the PTE [25,26]. In the receiver, an
AC-DC rectifier is inserted to convert AC to direct current (DC). In the remainder of this
paper, WPT refers to the magnetic-based WPT shown in Figure 2.

i i | | &
C C

VT @ T LT L R R Load

Compensation Compensation AC-DC
topology topology full-bridge
rectifier
Transmitter Receiver

Figure 2. Typical structure of magnetic field-based WPT.

2.2. Circuit Modeling for Single-Input and Single-Output (SISO)-WPT

Figure 3 illustrates a circuit modeling of SISO-WPT: (a) a simplified circuit and (b) an
equivalent circuit at magnetic resonance. As shown in Figure 3a, the transmitter consists of
an inductance L7, a winding resistance Rt, a resonant capacitance Cr, and a transmitter
voltage V7. The receiver consists of an inductance Lg, a winding resistance R, a resonant
capacitance Cg, and a load impedance R}, where R} includes an AC-DC rectifier and a
load in Figure 2. Both sides are magnetically coupled via a mutual inductance M defined as
M = k+/LtLR. kis a coupling coefficient between 0 and 1 determined by a relative distance
between Lt and Lg. Based on Kirchhoft’s voltage law (KVL), two equations describing
Figure 3a are obtained:

1
iwMIr = In(Rg + jwLg + —— + R 1
jwMIr = IR(RR + jw R+ijR+ L) 1)
Vr = Ir(jwL +L+R ) — jwMI )
T = IT(JWLT jwCr T ] R/

where w is an angular frequency, and It and I are a transmitter and receiver current,
respectively.
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Figure 3. Circuit modeling of SISO-WPT: (a) simplified circuit and (b) equivalent circuit at magnetic resonance.

Figure 3b illustrates an equivalent circuit of the SISO-WPT at the resonant frequency
wy that satisfies w, = 1/+/L7Cr = 1/4/LgrCgr. At w,, L and C are eliminated, and the
influences on the transmitter and the receiver via the mutual inductance M are as follows:
the influence from the transmitter to the receiver is modeled as a current-controlled voltage
source Vglso, while the influence from the receiver to the transmitter is modeled as a
variable reflected impedance ZR. Here, V350 and ZR are given by

VRSO = jw,MIr, ®)
2
zf = Wl @)
R

where Z% is an input impedance of the receiver seen from V3'*© (i.e., Zi = Rg + Rp).

The PTE #5150 is defined as the output power Py at the load impedance R divided
by the input power P;, supplied from Vr, as shown in Figure 3a (i.e., 75750 = %). 7s1so is
calculated by an equivalent circuit of Figure 3b. In Figure 3b, the PTE of transmitter and
receiver, 777 and #g, respectively, are given by

ngzmﬁz Re(ZF) )
"7 Py Re(Zi')  Rp+Re(ZR)’

— b= L ©
TR = Pr Re(Z?)  Rr+Rp’

Zi7 is the input impedances seen from Vr, as shown in Figure 3b. At the resonant frequency
wy, Z¥ is a real value by Equation (4) and therefore Z" is also a real value. Accordingly,
s1so at wy is calculated as the product of 771 and #g:

zR Ry
RT =+ Z¥ Rg + RL.

@)

1Msiso = HTHR =

Equation (7) indicates the correlation between the magnetic coupling strength between
the transmitter and receiver and the PTE 75;50. As the charging distance becomes shorter,
the magnetic coupling between the two coils stronger, which increases the value of M and
ZIE' The increased Z¥ increases 11, which finally increases #s;s0.
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2.3. Circuit Modeling of Multiple-Inputs and Single-Output (MISO)-WPT

Figure 4 illustrates a circuit modeling of MISO-WPT configured as N transmitters and
a single receiver: (a) a simplified circuit and (b) an equivalent circuit at w;. L, R, C, V, I,
and P with a subscript Ti indicate the inductance, resistance, capacitance, voltage, current,
and power of the i-th transmitter, respectively. Contrary to the SISO-WPT, there are two
types of mutual inductances in the MISO-WPT: M;r between Ly; and Lg, and My, (i # u)
between Lr; and L7,,. k is represented by the identical subscript used for M (i.e., k;r and
ktiy). My, and kt;, indicate the strength of intra-couplings in the transmitter array. Based
on Equations (1) and (2), two equations are derived for describing the MISO-WPT at w,

as follows:
2NATNA
- w MM \ -
i (o )
Zln
R
I = Hiy = Y00 )
7y

where vector and matrix denotations are listed in Table 1.

Figure 4b illustrates an equivalent circuit of the i-th transmitter and receiver of the
MISO-WPT at w,. In view of each transmitter, the influences from a receiver and other
N — 1 transmitters at w; are modeled as a reflected impedance ZITQZ- due to M; and reflected
impedance Z% due to Mrp;,,. Here, Z% and Z%i are expressed as

2 N
w M'R
ZR — 2 Myl |, (10)
Tz I (g o
. N
w
Zh =" 8 M | 1)
Ti v=1,0#i

I
1 I..
> i ZY{?
1 1 T i
YA Z.
Receiver Ty r Ti
i-th Transmitter
R
—AAN—8 7
7 MISO, 1 _[>
R '->| R "
1
in
mn
Z/e 1
1
Transmitter Receiver
Array

(a) (b)

Figure 4. Circuit modeling of MISO-WPT: (a) simplified circuit and (b) equivalent circuit at magnetic resonance.
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Table 1. Vector and matrix denotations for MISO-WPT.

Symbol Definition Description
N Number of transmitters
It [It1 Ito -+ Ipn]T Set of transmitter current
vVt [Vr1 Iya -+ Ven]T Set of transmitter voltage
Rtq jwoMrip - joMmin
jwMrp R <o JwMmonN . . . ]
Zt . . ) . Resistance and mutual inductance in transmitter array
joMrn1  jwMrn2 <o+ Rrn
M [Mig Mag -+ MnR] Mutual inductance between transmitter array and receiver
H jwrM/ Z}{’ Magnetic channel connecting transmitter and receiver current

VIQ/H 50 at the receiver is

Based on Equation (3), the current-controlled voltage source
expressed as V1150 = jwrlql?, which implies that all transmitter currents affect V1150
through the mutual inductance M.

As shown in Figure 4a, the PTE ) 150 ] is defined as PL/P;,, where Py, is sum of
supplied power from the voltage source V71 (e, Py = P + Pin ... 4+ Pin). How-
ever, calculating #1150 is rather complicated than #5550 of Equation (7). This is because
the reflected impedance ZI; and ZR are complex impedance as both impedances by
Equations (10) and (11) are function of the transmitter current with an amplitude and
a phase (i.e., It; = |I1i|£I;). Thus, as shown in Figure 4b, the input impedance ZiT’1i isa
complex impedance, and the i-th transmitter’s PTE #; is given by

PR Re(Z%) - Re(zR.)
= sz B Re(zgz;.) a RTi+Re(ZT 4 7R ) (12

where P’” and PR are the supplied power from Vr; and the transferred power to the receiver
from i- th transmltter respectively. The receiver’s PTE 7y is identical to Equation (6).
Different from #5150, #miso cannot be directly derived from the efficiency of transmlt-
ter and receiver. Therefore, 7150 is calculated by considering the power supplied from V1.
Based on the circuit theory, the phase of impedance Z’”l causes a phase deviation between
Vri and It;, and the power supplied from V7; is apparent power composed of both active
and reactive power [27]. The power transferred and consumed at the load impedance
is active power, while the power circulating without being consumed is reactive power.
Accordingly, the PTE #7550 is calculated by considering only the active power as follows:

Py Ir|*RL Ir|’RL
IMISO = 55— = = —, (13)
P TNy Re(Vrilri®)  ¥N |Ip|?Re (Z%)

where * is a complex conjugate.

2.4. Introduction of Magnetic Beamforming

Magnetic beamforming accomplishes the maximum PTE of the WPT by focusing the
magnetic fields from multlple transmitters to the receiver [14,15]. This scherne is apphed

by adjusting It and V7 to the beamforming current Ibf and voltage VB1. I%f and be are
derived as follows.

The principle is that the active power is distributed only at the resistance, not the
capacitance and the inductance. In the MISO-WPT shown in Figure 4a, the total input active
power P;, supplied from V7 is distributed at all resistances Rt and R v_v)hereET is Re(Zt).

The active power Pr distributed at all N transmitters is given by Pr = It*RrIt. The active
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power Pr distributed at the receiver is computed as Pr = IRZR%, where Ri{’ = Z}?.
Accordingly, the total input active power P, is the sum of Pr and Pg:

Py = Pr+ P = It"Relt + IR2RY. (14)
Substituting Ir of Equations (9) into (14) yields

P,, = It*Rely + R Ir*H HIy, (15)
R

which implies that P;, is a function of I?

As explained, the beamforming current Ibf maxmuzes the power transferred tot the

receiver PR when P;, is fixed. Thus, I%f is given by Ibf = argmax(R’”IT*H*HIT) Ibf
calculated via the optimization method as discussed in [15]:
1> = ¢ maxeig (I_-f*l_-f), (16)

where maxei g(ﬁ*ﬁ) ) is an eigenvector Vyax of H*H that corresponds to the largest real
eigenvalue Ay, of H'H (ie., (H H)vmax = AmaxVmax), and a constant ¢ is determined

by P;,. Here, the beamformmg Voltage‘\fif is given by substituting I into Equation (8).

In summary, when Vy is adjusted to V2{, the amplitude and phase of It are adjusted
o IPf so that magnetic beamforming is applied to the WPT and the maximum PTE is

achieved. Readers interested in the magnetic beamforming are encouraged to refer the
papers of [14,15].

3. Theoretical Analysis on Influences of Intra-Couplings

In Section 3, we theoretically analyze the influences caused by the intra-couplings
of MISO-WPT from viewpoints of magnetic beamforming. Through the analysis, we
derive the advantages of magnetically independent transmitters (i.e., M;, and k;,=0). For

theoretical analysis, we first express IlT’f and VIT’f as a function of M;g and Mr;,. According

to Equation (16), Il%f of the MISO-WPT is obtained by vy and Ay of H'H. According to
Equations (A8) and (A10) in Appendix A, we derive that A5y and vy,4x of H*H are

i=1 i=1

N 2 N CUM'R 2
Amax = ZHiR = Z Riml ’ (17)
R

Vmax = A M7, (18)

where H;r is a magnetic channel between the i-th transmitter and receiver, and d is a
constant for normalizing vy, to a unit vector. By substituting v;,,, of Equation (18) into
(16), we obtain

i = ' M7, (19)

where a constant ¢’ is computed as ¢’ = cd, which is determined by P;,. .
Equatlon (19) directly provides information on the amplitude and phase of I¥f, denoted
as |Ip; bf | and Albf The amplitude of each transmitter current is proportional to the mutual
inductance between each transmitter and receiver (i.e., I T{ o« Mrp;). All transmitter currents

are in phase due to a positive value of the mutual inductance M. By substituting Ibf of
Equation (19) into Equation (8), we obtain
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2 .
Mir | Rm1 + %@Zﬁiﬂ Miur? + jwr T3l yz1 M1

R w7 N 2 N
Mar ( Rz + pirX=1 Mir” + jr Y= w2 Mr2u

v = ¢ (20)

2 .
MR (RTN + R%Z;Iq\]ﬂ Mir? + jwr Eoly un MTNu)
From now on, the influences caused by the intra-couplings are theoretically analyzed
based on derived Il%f and Vl%f by Equations (19) and (20).

3.1. Influences on Beamforming Voltage

The first influence is that the amplitude and phase of Vbf, denoted as [V2f| and £V,
correspondingly increase as the strength of intra-couplings increases. It is verified by

analyzing VEf of Equation (20). According to Equation (19), Ibf is determined as a function
of P, and M, regardless of Mr;,. This implies that I“T’f is fixed once the deployment of
transmitter/receiver and P;, is determined. On the other hand, an imaginary part of V2f
of Equation (20) is a function of Mr;, (ie., I m(V;flf ) = (jw, Zy:l,u i Mriy)). This implies
that |Vl%f| and éVl%f increase as My, increases, even though fixed P;;, and Igf are supplied.
For this reason, each transmitter should deploy both the voltage amplifier and phase
shifter with a wider control range as Mr;, increases. This requirement complicates the

design of the transmitter, which may increase overall costs for the magnetic beamforming
WPT system.

— —_—
Conversely, \Vl%f\ and AVIT’f reduce as Mrp;, decreases. If the transmitters become
n}gnetically independent (i.e., the intra-couplings are completely eliminated, Mr;, = 0),

| V2| becomes independent of Mr;,, and ZVEf becomes zero. This is derived by eliminating
My, in Equation (20) as follows:

Wi N 2
Mg Rr1 + g L=y Mg

2
— Mar | Rz + $5 Y000 Myg®
R (21)

2
Mnr (RTN + %%Z;lle MhR2>

Equation (21) indicates that magnetic beamforming is achieved by adjusting only the
amplitude of the transmitter voltage when the transmitters are magnetically independent.
In other words, the control variables for magnetic beamforming are reduced from two to
one. For this reason, it is not necessary to deploy the complicated phase shifter in each
transmitter, which makes the design of the transmitter much simpler. This is the first ad-
vantage of magnetically independent transmitters when applying magnetic beamforming
to the WPT. N

Furthermore, V2f of Equation (21) becomes much simplified under an additional
condition that all transmitters have identical winding resistance (i.e., R = Rty = Ry -+ - =
Rrn). This is a reasonable assumption if the transmitter array is composed of an identical

coil. In this case, the simplified ng is given by

vbi = o MT, (22)
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where a constant ¢” is calculated by ¢’ = ¢’/ (Rt + w,2 ). Mg?/Ri#). By comparing

Equations (20) and (22), V-bi-f becomes much simpler when the MISO-WPT satisfies the
conditions that Mp;, = 0 and Rt = Ry; = Ry -+ = Rpy. That is, in this case, th_e)
MISO-WPT achieves magnetic beamforming by only estimating the mutual inductance M

and adjusting the am}gli;cude of transmitter voltage |V2f| without adjusting the angle of

transmitter voltage 2 VB, This becomes a significant advantage in designing an adaptive
real-time MISO-WPT system with magnetic beamforming.

3.2. Influences on Power Factor

The second influence is that the power factor decreases as the intra-couplings of trans-
mitter array increase when magnetic beamforming is applied. To explain this phenomenon,
understanding the concept of “a complex power” described by “a power triangle” is nec-
essary. Figure 5a is a power triangle describing the complex power S, the active power
P, the reactive power Q, and the power factor angle 6, respectively. P is the actual power
dissipated by the resistive load, while Q is a measure of the energy exchange between the
source and the reactive part of the load [27,28]. The relationship between S, P, and Q is
S = P +jQ, and the apparent power S is the absolute value of S (i.e., S = |S|).

Reactance X

°, Power factor angle @ ~. Power factor angle @

Reactive power {

Active power P Resistance R

(a) (b)
Figure 5. Figures for describing complex power: (a) power triangle and (b) impedance triangle.

The power factor PF is calculated by the ratio of P to the S (i.e., PF = P/S = cos#),
and it is important in the AC power system as a measure of how efficiently power is being
used [28]. The power triangle is similar to the impedance triangle, shown in Figure 5b,
describing the relationship between the impedance Z, the resistance R, and the reactance
X, respectively [27]. Both power and impedance have relationships: S, P, and Q are related
to Z, R, and X, respectively. From now on, a subscript Ti appended to PF, S, P, Q, and 6
indicate the parameter of the i-th transmitter of MISO-WPT.

The influence of Mr;, on PF is derived as follows. By substituting I>f of Equation (19)
into Equations (10) and (11), Z% and Z% are given by

R _ W’ & 2
ZTi = Rin Myr~ |, (23)
R \u=1
; N
71 = Jor Y. MruMygR |- (24)
Mig u=1,u#i

Equations (23) and (24) indicate that Z% and Z%} become resistive and reactive load,
respectively, as M, g and Mr;, are positive real values. That is, the input impedance of
i-th transmitter Z7; consists of two serially connected resistive load Rp; and Z%, and one
reactive load Z1; (i.e., Re(Z%) = Ry; + ZR and Im(Z") = Z1.). Here, based on Figure 5b,
the power factor of i-th transmitter PFy; is given by

Im(Zin ZT
PFp; = cos01; = cos tan ™! M = cos [tan~! % . (25)
Re(Z%) R + ZTi
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Equation (25) indicates that 67; approaches 90 degrees as ZT. increases, which attenu-
ates PFr;. That is, as shown in Figure 5b, an increase in My;, increases ZTT‘i/ which causes
f7; to increase. An increase in 07; increases the reactive power Q1; and the apparent power
Sti, which causes attenuation of the power factor PFr;, as shown in Figure 5a.

For this reason, much apparent input power S;,, (S;;, = SiTn1 + 5171;2 4+ 4 S;N ) is
required as Mr;, increases when the magnetic beamforming is applied with the fixed
P;,. Alternatively, when S;, is fixed, less P, is supplied from the power supply as Mr;,
increases. If the required S;, exceeds the VA ratings, which is the maximum apparent
power available by power supply, the system operation may become unstable because of
an insufficient supply of reactive power [28].

Based on the above explanation, the second advantage of the magnetically indepen-
dent transmitter is derived. A unity PFr; is achieved as Z% and Q; are eliminated when
the transmitters are magnetically independent. In this case, the apparent power supplied
from the voltage source is identical to the active power (i.e., S;; = P;;). According to the
work in [28], a high power factor is desirable in AC power systems to improve stability and
efficiency and reduce costs. For this reason, it is necessary to reduce the intra-couplings
of transmitter array when designing the MISO-WPT with magnetic beamforming. This
advantage is essential in fields where a stable high power supply is required, such as
electric vehicle charging.

3.3. Influences on Power Transfer Efficiency

It is expected that the intra-couplings Mr;, affect the PTE 1754150 since 7; has ZL in
the denominator of Equation (12) which is a function of Mr;,,. However, in conclusion,
the PTE #1150 is determined regardless of Mr;, under magnetic beamforming status. The

reason is that the in-phase characteristic of beamforming current I>f makes the reflected
impedance ZT; a reactive load, as expressed in Equation (24). Therefore, 1j7; under magnetic
beamforming status is given by

R
PR RE<ZTZ') _ 75 5
=gk = = 6)
T Re(zip)  RuitZp

Based on Equation (23), the reflected impedance ZIT{I- at each transmitter is identical
when magnetic beamforming is applied (i.e., Z¥ = Z% = Z¥2 cee = ZIT{N), which makes
the PTE of each transmitter is identical (i.e., 7 = 11 = 2 - - - = y7N)- For this reason,
when all winding resistance of transmitter is identical, the PTE #1750 under magnetic
beamforming status is given by

_ bk 7k Rp
nMmIso = P, =T1NTHR = RT+Z¥ Ri+ R,

(27)

In summary, Equation (27) implies that #1750 under magnetic beamforming can be
simply calculated by multiplying the efficiency of any transmitter and receiver, and #1150
is determined regardless of the intra-couplings of transmitter array.

4. Verification via Simulation and Experiment

Thus far, the influences of the intra-couplings of transmitter array and the advantages
of magnetically independent transmitters have been analyzed theoretically. In this section,
MATLAB/SPICE simulation and experiment are carried out, and the results are analyzed
and compared. Based on the results, we verify the superiority of magnetically independent
transmitters from various viewpoints. The MISO-WPT with two transmitters and one
receiver is adopted for the simulation and experiment.
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4.1. Simulation and Experiment Setting

Figure 6 describes the circuit designs of transmitter and receiver for the simulation
and experiment. The requirements of the transmitter used for magnetic beamforming
are as follows: (1) it can easily adjust the amplitude and phase of the transmitter voltage,
and (2) it can flow a large current. As shown in Figure 6a,b, we adopt a class-D amplifier
satisfying the above requirements as the transmitter, and we deploy an AC-DC full-bridge
rectifier in the receiver to convert AC to DC.

EPC2001
GaN FET

RBR2LAM60A
Schottky diode

=
— 0O
a
=

=

(a) (b)

2V . AL min
Amplitude: —<

Frequency: f

pulse

(©)

Figure 6. Circuit design for simulation and experiment: (a) class-D amplifier for transmitter, (b) receiver with full-bridge

rectifier and smoothing capacitor, and (c) equivalent transmitter circuit of Figure 6a.

Our designed WPT system operates as follows. As shown in Figure 6a, the class-D
amplifier composed of two field-effect transistors (FETs) operates as a voltage source where
the output is a square wave voltage. The two FETs are turned on and off complementarily
with a duty ratio of 50% by an inverter and a square wave voltage V,;s.. The amplitude of
Vpuise should be higher than a gate-source threshold voltage of the FET to function the FET
as a switch. The frequency f},se Of Vyuse is chosen identical to the resonant frequency f;
determined by Lt; and Cr;. A DC voltage source Vr;_pc connected at a drain of upper FET
is a DC power supply to flow the transmitter current. After applying Vr;_pc and Vs,
a square wave output voltage Vr;_;,, where the amplitude and the frequency are Vr;_pc
and fpys. is generated at point O of Figure 6a. Next, the generated Vr;_;,, passes through
a series LC filter composed of Lt; and Cry. As fyys is identical as fr, a sine wave having
the amplitude is 2Vy;_pc /7 and the frequency is fpys, a first harmonic of Vr;_;,,, passes
through the LC filter. Figure 6¢ is an equivalent circuit of class-D amplifier explained above.
On the receiver side shown in Figure 6b, an AC-DC full-bridge rectifier and a smoothing
capacitance Cg are deployed to supply DC to the load impedance R;. Figure 7 shows
implemented circuits of transmitter and receiver based on Figure 6.

The elements used for the simulation and experiment are as follows. As a switch
in the class-D amplifier, an EPC2001 FET of Efficient Power Conversion (EPC) is used.
This FET made of gallium nitride (GaN) can flow a large current and operate at the high-
frequency [29]. The full-bridge AC-DC rectifier is composed of RBR2ZLAM60A, a Schottky
diode of ROHM. This diode provides better efficiency due to its lower forward voltage drop
of 0.65 V and fast-recovery characteristic. The inductance L7; and Lg are manufactured
using hollow copper tubes in a spiral shape. The outer and inner diameter of L; and Lg
is 27.5 cm and 17.5 cm. The self-inductance value is 7.4 pH, which is measured by the
network analyzer E5061B of Keysight.

For the experiment, we choose the overlapping method among the methods intro-
duced in Section 1 to adjust the strength of intra-couplings. This is because the overlapping
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Inductance L,

method can easily adjust the strength of intra-couplings without affecting other parameters
and realizes without additional active devices and power supplies [22]. Figure 8 shows an
adjustment of coupling coefficient k11, between transmitters by the overlapping method.
It is verified by the network analyzer that kr1, is adjusted from 0 to 0.06 (Mry; is adjusted
from O to 0.44 uH). Figure 9 shows the transmitter array and receiver deployed for the
experiment. The parameter values are listed in Table 2.

Capacitance C;, e :
apacitance C,

.....

rectifier

Class-D

amplifier : Capacitance Cg
Inductance L,

(@) (b)

Figure 7. Implementation based on Figure 6: (a) transmitter and (b) receiver.

Coupling coefficient leZ =0.06 Coupling coefficient

() (b)

Figure 8. Adjustment of k715 by overlapping method: (a) k15 = 0.06 and (b) k11, = 0.

-
\

Y. . «~~« Inductance” .. .-

Inductance
S Inductance
IL

T2

Coupling coefficient k;,, =0~ 0.06

Figure 9. Deployment of transmitter array and receiver.

4.2. Simulation and Experiment Results

MATLAB simulation is carried out based on the equations in Sections 2 and 3 using
the parameters in Table 2. It provides the theoretical analysis of the designed MISO-WPT
with magnetic beamforming. The SPICE simulation and experiment are carried out based
on the circuits shown in Figures 6 and 7. Both simulation and experiment are carried out
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under two conditions where the input active power P;,, and input apparent power S;, (i.e.,

Py, = Pi,Tf + PiEZ and S;,, = SiTn1 + SiTnz) are fixed at specific values.

Table 2. Parameters for the simulation and experiment.

Symbol Value Description
Rti, Rg 10 Winding resistance of inductance Lt;, Lr
Ry 50 Load impedance indicating the device to be charged
Cri, Cr 3.4nF Capacitance for resonance at 1 MHz
Lti,Lr 7.4 uH Inductance of transmitter and receiver
Cs 13.2 uF Smoothing capacitance in receiver
fr 1 MHz Resonant frequency
kir, kor 0.024 Coupling coefficient between each transmitter and receiver
Mig, Mpr  0.178 uH Mutual inductance between each transmitter and receiver
kr12 0~0.06 Coupling coefficient in transmitter array
Mr1o 0~0.44 uH Mutual inductance in transmitter array

4.2.1. Fixed P, at5 W

The condition of fixed input active power P;, indicates that the power supply always
supplies the constant P;, regardless of the input apparent power S;, and the input reactive
power Q;,. For the simple analysis, we set P;,, at 5 W. Figure 10 plots V—l_}f calculated by
Equation (20) with parameters in Table 2 and 5 W P;,;: (a) the amplitude \V%f | and (b)
the phase AV%( . As shown in Figure 9, the magnetic coupling strength between each

transmitter and receiver is identical (i.e., kig = kag, M1r = Mpg) due to its symmetrical
deployment. For this reason, each transmitter has an identical beamforming current and

voltage (i.e., V;f{ = V% and I?{ = I%). As shown in Figure 10, |V£lf | and AV;[ increase
as k1o increases. AVTbe is 0 degrees when the transmitters are magnetically independent,

which implies that the phase adjustment is unnecessary in this case. The results in Figure 10
are used as input variables for the voltage source of the simulation and experiment.

7. = 80, =
<1V -V
6
5 60
S
x4 X
£ = 40
=3 3
< <
2 20
1
0 0
0 0.01 0.02 0.03 0.04 0.05 0.06 0 0.01 0.02 0.03 0.04 0.05 0.06
Coupling coefficient k. , Coupling coefficient ks
@) (b)

Figure 10. V%f when Py, is fixed at 5 W: (a) |V£f | and (b) AVTblf .

Figure 11 plots Ibf and Iy after applying V5!: (a) |I?{ | and (b) |Ir|. MATLAB results
are plotted using Equations (9) and (19). As shown in Figure 11, MATLAB results of |I ?{ |
and |IR| are constant at about 1.9 A and 0.7 A, even though \V;flf | increases as k71, increases.

This is because Il%f is determined regardless of kr1, according to Equation (19). SPICE and
experimental results also plot identical tendencies. Note that although the experimental

results of I?{ and I?; are different due to measurement error, product tolerance, and
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parasitic components of elements, the difference is negligible. Based on the above results,

S
it is verified that k71, inhibits the increase in I%f even if V%f increases.

Figure 12 plots the results after applying V2f: (a) the input active power Py, (b) the
power to the load Py, and (c) the PTE #1;50. MATLAB results of P;, and 1150, calculated
using Equation (13), are constant at 1.2 W P;, and 24% #ps0 regardless of krqp. These
results are theoretical maximum values as magnetic beamforming achieves the maximum
PTE, as explained in Section 2.4. SPICE and experimental results plot identical tendencies,
although there are slight attenuations of about 0.4 W P;, and 9% PTE compared to MATLAB
results. These attenuations are caused by parasitic components of elements used in SPICE
and experiment, such as the forward voltage drop of a diode and turn-on resistance of
a FET. _ .

Based on the above results, I]%f and #1150 remain constant even if VtT’f increases as k1
increases. The result of the increased voltage is verified by apparent power, reactive power,

and power factor. Figure 13 plots the results after applying Vl%f: (a) the input apparent
power S;,,, (b) the input reactive power Q;;,, and (c) the power factor PF;,. S;, and Q;,
are the sums of apparent and reactive power from Vr1_pc and Vrp_pc, and PF, is given
by PF;, = P;,,/Si,. MATLAB results of PF;, are plotted by Equation (25). As shown in
Figure 13a,b, S;;, and Qj, increase as kr1, increases. When kr1, is 0.06, approximately 11
VA S;, and 10 VAR Q);,, should be supplied even if 5 W P;, is constantly supplied from the
power supply. These results indicate that the reactive power, not contributing to the active
power, linearly increases as k1 increases, thereby increasing the apparent power required

from the power supply. For this reason, PF;, shown in Figure 13c sharply drops under 0.5
when kr15 is 0.06.

0.8
o— e

=< < 064
- - )
S 18 S
£ &
5 -+ 1 1-MATLAB S 04
O O
bf -
- -o-II7;|-SPICE 1, I-MATLAB
II%MExperiment 0.2 -1 |-SPICE
7f K . B .
e .Q.IIITZ\ Experiment , |1 |-Experiment
"0 0.01 0.02 0.03 0.04 0.05 0.06 0 0.01 0.02 0.03 0.04 0.05 0.06
Coupling coefficient k.. , Coupling coefficient k.. ,
(@ (b)

. . bt b
Figure 11. Currents after applying V?f: (a) |IT{ | and (b) |Ig|.
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Figure 12. Results after applying Vl]’-f: (a) Py, (b) Pr, and (c) npm150-
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Figure 13. Results after applying Vl_l’f :(a) Siy, (b) Qiy, and (c) PF;,.

4.2.2. Fixed S;, at 5 VA

The previous simulation and experiment are carried out under the assumption that the
power supply can supply an unlimited amount of apparent power. However, there is an
upper limit on the maximum apparent power that the power supply can provide in practice
called the VA rating. It is a unit concept mainly applied to electrical equipment such as a
transformer, a power supply, and an uninterruptible power supply (UPS). Therefore, it is
meaningful to analyze the influences of intra-couplings when the power supply operates
maximally at the VA rating. For simplicity, we set the VA rating of the power supply as
5 VA, and the system gerates at this VA rating (i.e., S;; =5 VA).

Figure 14 plots Vl%f by Equation (20) when S;, is fixed at 5 VA: (a) the amplitude

\Vif | and (b) the phase AVﬁlf . Same as before, the results in Figure 14 are used as in-
put variables for the voltage source of the simulation and experiment. By comparing
Figures 10 and 14, ZV2f of both results are identical. This is because the constant ¢’ related
to P;, in Equation (20) is eliminated during the calculation for AV'%f . On the other hand,
\V;Z{ | is varied by depending on whether the fixed P;, or S;,,. The following graphs are the
results when the VEf of Figure 14 is applied. Figure 15 plots the amplitude of currents: (a)
\I?{ | and (b) |Ig|. Figure 16 plots the results after applying VEf of Figure 14: (a) the input
active power Py, (b) the power dissipated to the load P;, and (c) the PTE #5150 Figure 17
plots the results: (a) the input apparent power S;;;, (b) the input reactive power Q;,, and (c)

the power factor PE;,.
7 - 80 - ~
f f
6 <1V -2 VY,
s 60
S E
v 4 S0
3 )
= v
=7 E
< <
2 20

[a=y

(=)
S
S

0.01 0.02 0.03 0.04 0.05 0.06 0 0.01 0.02 0.03 0.04 0.05 0.06
Coupling coefficient k., , Coupling coefficient k.. ,
@) (b)

Figure 14. V%f when S, is fixed at 5 VA: (a) |VTblf | and (b) LV?{ .



Energies 2021, 14, 5184 16 of 23

0.8

0.6\

0.4

1.6

1.4 I I-MATLAB

Current (A)
Current (A)

bf
-o-1I.).|-SPICE
Ti _._|IR|-MA1LAB

o1 I-SPICE

1.2 | Il.;-.f7 |-Experiment 0.2

-4 117'[2 |-Experiment

1 0 g
0 0.01 0.02 0.03 0.04 0.05 0.06 0 0.01 0.02 0.03 0.04 0.05 0.06

Coupling coefficient kT]z Coupling coefficient kﬂ2

(@) (b)

11 I-Experiment

Figure 15. Current amplitude: (a) |I?l( | and (b) |Ig|.

As shown in Figure 15, |I?{ | and |Ig| linearly decrease as k11, increases from 0 to 0.06.

These results are contrasted with the constant value of ]I?{ | and |Ig| of Figure 11 when Py, is
fixed. This difference is because the increase in k11, generates the reactive power when the
apparent power is fixed, which attenuates the active input power to the WPT system. This
phenomenon is shown in the results of P;,, S;,;, and Q;,, of Figures 16a and 17a,b, respectively.

On the other hand, the MATLAB result of 775750 shown in Figure 16¢ plots a dif-

ferent tendency compared to SPICE and experimental results. MATLAB result of #1150
is constant at 24% regardless of k112, which is identical to the MATLAB result of #1150
when P, is fixed. It implies that the PTE is theoretically determined regardless of P;, or
Sin. However, SPICE and experimental results in Figure 16¢ attenuate by about 5% as kr12
increases to 0.06, which is different from theoretical analysis. This 7750 attenuation is
mainly caused by a 0.65 V forward voltage drop of the diode used in a full-bridge rectifier.
Because the two diodes in the rectifier conduct each cycle, an approximately 1.3 V voltage
drop occurs. As shown in Figure 15b, |Ig| decreases as kr1, increases which causes an
induced voltage at the receiver to decrease. The greater 7,750 drop occurs as the induced
voltage is lower since an attenuation rate of voltage increases due to the fixed voltage drop
of the diode. In the worst case, no power is delivered to the load when the induced voltage
is lower than the threshold voltage of the diode. For the above reasons, an increase in k1
when the apparent power is fixed, 171750 decreases in practice.

As shown in Figure 17, the results of S;,;, Q;;,, and PF;,, show identical tendencies. As
kt12 increases to 0.06 while S;;, is supplied, Q;,, increases to about 4 VA and P;,, decreases to
about 2.5 W. The decrease in P}, causes PF;,, attenuation to about 0.5 as shown in Figure 17c.
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Figure 16. Results after applying V!}f: (@) Py, (b) Pr, and (c) #p1150-
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4.3. Discussion

Thus far, the influences caused by the intra-couplings in the transmitter array under
magnetic beamforming have been verified from various viewpoints. All the MATLAB,
SPICE, and experimental results match well. Based on the results, the advantages of
magnetically independent transmitters have been derived when kr17 is 0 at all figures above:
magnetic beamforming is achieved without adjusting the phase of the transmitter voltage,
and the unity power factor is achieved by eliminating the reactive power. In addition, the
maximum #;so is achieved when the transmitters are magnetically independent under
the fixed S;;,. This is because k17 affects the PTE in this case due to the forward voltage
drop of the diode.

4.3.1. Comparison to the State-of-the-Art in Terms of Power Factor Correction

The first advantage is that a simplified adjustment of Vf is intuitively confirmed in
Section 3. From now on, we compare the second advantage of a unity power factor to
other studies. Table 3 is a list of the power factor correction technology used in the recent
WPT studies. Active PFC refers to correct the power factor by placing active devices such
as a FET, while passive PFC refers to place passive elements for correction. As listed in
Table 3, the setups in [30-37] are carried out under the SISO-WPT configuration using an
active PFC rectifier or converter, which requires an additional DC power. The work in [38]
uses LCL-topology in the SISO-WPT configuration to achieve a unity power factor for
electric-vehicle charging. However, the work in [38] is limited to the SISO-WPT, and it is not
known how LCL-topology is affected to the intra-couplings when the WPT is configured as
multiple transmitters. The work in [23] uses the SIMO-WPT configuration and eliminates
the intra-couplings in the receiver array by tuning resonance capacitance, which improves
both power factor and power transfer efficiency. However, it also requires an additional
power supply to adjust resonance capacitance. Compared to the above results, our analysis
is the only result of how the intra-couplings of the transmitter in the MISO-WPT affect
the power factor. Furthermore, it is confirmed that the power factor improves by simply
adjusting the arrangement of the transmitter array without the deployment of passive or
active elements.



Energies 2021, 14, 5184

18 of 23

Table 3. Existing WPT studies in terms of power factor correction.

Ref. WPT Configuration PFC Technique
[30-33] SISO Active—Front end rectifier
[34] SISO Active—Three phase rectifier
[35,36] SISO Active—Boost bridgeless rectifier
[37] SISO Active—Z-source converter
[38] SISO Passive—LCL toplology
[23] SIMO Active—Tuning resonance capacitance

4.3.2. Advantages of Magnetically Independent Transmitters for Real-Life Scenarios

Based on the equations derived in Sections 2 and 3, and the experimental results in
Section 4, we draw specific advantages in terms of implementation to a real-life scenario: a
MISO-WPT with magnetic beamforming for an electric vehicle (EV) charging. Figure 18
shows a concept of the MISO-WPT with magnetic beamforming for EV charging: (a)
the fixed P, at 300 W when kt is 0.06, (b) the fixed P;, at 300 W when kr is 0, and (c)
the fixed S;, at 300 VA when k7 is 0.06. Other parameters are identical as in Table 2,

except for P, and S;;,. The simulation results of |V"T’f|, ZV"T’f, Py, Siny Qin ,‘ar:d Py are also

denoted in Figure 18. As explained previously, the beamforming voltage V2f is calculated
by Equation (20) when the intra-couplings of transmitter array occur and by Equation (22)

when the intra-couplings are eliminated. Equations (20) and (22) of V%f are described as
algorithms as shown in Figure 19a,b, respectively. These algorithms are executed at a
microprocessor in the transmitter for magnetic beamforming, as shown in Figure 18.

As the algorithms should be continuously executed, the microprocessor is required at
a certain level of performance. It is evident that the more complicated the algorithm, the
higher the required microprocessor performance to be operated. In general, the efficiency
of an algorithm is evaluated by its time complexity, and there are three types of time
complexity: best, average, and worst case. Of the three types, the worst time complexity
is expressed using “Big-O notation” that gives an upper bound on the resources required
by an algorithm [39]. By analyzing both algorithms by Big-O notation, Figure 19a based
on Equation (20) is O(N?) and Figure 19b based on Equation (22) is O(N), where N is the
number of transmitters. This indicates that as the number of transmitters increases, the time
cg}nplexity of Equation (20) rapidly increases compared to Equation (22) when calculating

VtT’f. In other words, it indicates that the algorithm of Figure 19b can be implemented with
a relatively low-power and low-performance microprocessor compared to the algorithm
of Figure 19a. This is an advantage from a view of implementation cost when applying
magnetically independent transmitters to the MISO-WPT with magnetic beamforming.
Other ﬂyantages are shown in Figure 18. Comparing FigE? 18a,b when P, is fixed

at 300 W, |V]%f| is varied as the intra-couplings kr1, varies. |V]%f| is 45.5 V when krq5 is
0.06, while 20.6 V when k713 is 0. In both cases, identical active power 73 W is transferred

to the load. This result of increasing |[V2f| when k715 occurs is same when comparing
Figure 18b,c when S;;, is fixed at 300 VA: |V’%f| is increased from 20.6 V to 30.6 V as kr1o

increases. The results indicate that |V‘1’-f | should be increased in the presence of the intra-
couplings when supplying the same apparent or active power. Furthermore, the difference
in voltage amplitude increases as the input power increases (in our previous experiment,
the voltage difference when P}, is fixed at 5 W is about 3 V, as shown in Figure 10a). This
result indicates that a low-voltage operation is possible while supplying identical power
when transmitters are magnetically independent. Owing to a low-voltage operation, it
allows the designer to select elements or devices having a relatively low withstand voltage
characteristic, thereby reducing the iﬂplementation cost.

In addition, an adjustment of 2 Vf is not required when transmitters are magnetically

independent, as shown in Figure 18b. About 60 degrees of ZVf adjustment is required
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P, is fixed at 300 W

when krq7 is 0.06, as shown in Figure 18a,c. Due to this characteristic, it is not necessary to
deploy a phase shifter in each transmitter, which leads to reduce implementation costs.

In summary, the advantages of magnetically independent transmitters in terms of
implementation costs are as follows: (1) using a low-cost microprocessor is possible due to a
reduced computational complexity, (2) using elements and devices having a low withstand
voltage is possible due to a low voltage operation, and (3) there is no necessary to deploy a
phase shifter in each transmitter.

Sin is fixed at 300 VA

Active power
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Figure 18. Concept of the MISO-WPT with magnetic beamforming for EV charging: (a) the fixed P, at 300 W when kr is
0.06; (b) the fixed P, at 300 W when k7 is 0; and (c) the fixed S;;, at 300 VA when k7 is 0.06.
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Figure 19. Algorithm for calculating V%f: (a) V%f by Equation (20) and (b) V%f by Equation (22).
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5. Conclusions

This paper analyzes the influences caused by intra-couplings of the transmitter array in
the MISO-WPT when applying magnetic beamforming. The theoretical analysis, MATLAB
and SPICE simulation, and experiment are carried out under the conditions that the
apparent power or active power is fixed at a specific value.

The influences caused by the intra-couplings are summarized as follows: (1) the intra-
couplings cause amplitude and phase adjustment of a beamforming voltage, and (2) the
intra-couplings cause power factor attenuation of each transmitter. Based on the analyses,
the advantages when the transmitters become magnetically independent are derived: the
magnetic beamforming is achieved by only adjusting the amplitude of transmitter voltage
without phase adjustment, and the power factor becomes unity. These advantages are
verified via SPICE simulation and experiment.

Our analysis provides a reason to consider the intra-couplings of transmitter array in
the MISO-WPT. It contributes to simplifications of both the design and implementation
procedures of a MISO-WPT applying magnetic beamforming. In addition, these results
can be generalized for the MISO-WPT employing an arbitrary number of transmitters.
It is expected that our analysis will play an essential role in the industries where WPT
is essentially required, such as fields of the Internet of Things and electric vehicles. The
efficient estimation of the magnetic channel, adaptive control of transmitters, and expansion
of the MIMO-WPT are topics remaining for our future research.
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The following abbreviations are used in this manuscript:

WPT Wireless Power Transfer

PTE Power Transfer Efficiency

MIMO  Multiple-Inputs and Multiple-Outputs
MISO  Multiple-Inputs and Single-Output
PF Power factor

Appendix A

In this Appendix, derivation of Equations (14) and (15) using linear algelgfa is intro-
duced. Assume that there are two transgi’iers in the MISO-WPT. In this case, Hisa 2 x 2
matrix given by H = [Hig Hag|. Thus, H*H is

== Hig?  HigHog
H*H = . Al
lHlRHzR Hyg? (A1)

The eigenvalues A and eigenvectors v of H*H are calculated using det(ﬁ*f—i —AI) =0,
where det(A) is a determinant of N x N matrix A and I is an identity matrix [40]. With
this equation, the two eigenvalues are Ay = 0 and A, = H; Rz + Hyg?%. The eigenvectors
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corresponding to A1 and A, are v o« [—Hpr HlR}T and v, o [Hig HZR]T. Thus, the largest
real eigenvalue Aux and v,y that corresponds to Ay,x are given by

/\max = PIlR2 + HZRZ/ (AZ)

Vmax X [HlR HZR}T' (A3)
Assuming the MISO-WPT has three transmitters, ﬁ*ﬁ is

N Hir>  HirHor HirHar
H'H = |HjgHpx  Hr?  HorHagr|- (Ad)
HigHsg HyrHar  Hag?

Note that H*H has two eigenvalues of 0 and one eigenvalue A3 = H; r% 4 Hor? + Hag?.

The eigenvector v3 that corresponds to A3 is v3 o< [Hig Hor H3R]T. Thus, Ay and vy, are
given by

Amax = HlR2 + H2R2 + H3R2/ (AS)

Omax o [Hir Har Hag]™. (A6)

To generalize A4y and vipay for the MISO-WPT having arbitrary number of transmit-
ters, assume that there are N transmitters deployed. H*H is

Hig>  HigHor -+ HigHyr
L, |HigHr  Hag* --- HarHng
H'H = ) ) ) ) (A7)
HigHNr HorHnr -+ Hng?

The eigenvalues are Ay = Ay = -+ = Ay_1 = 0, and Ay = Hig?>+ Hop? + -+ +
HNR2. The eigenvector vy that corresponds to Ay is vy o [Hig Hog - - - HNR]T, which is
summarized as N

Amax = Hig? + Hog? + -+ - + Hyg® = Y Hig?, (A8)
i=1
T 3T

Umax o [Higr Hor -+ HNR]" o< H'. (A9)

As H is_Proportional to M7 by Table 1, vy, of Equation (A9) is determined by a
function of M7, thus N
Omax = d MT, (AlO)

where d is a constant for normalizing v;,4y to a unit vector.
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