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Optimization of Magnetic Field Focusing and Null
Steering for Selective Wireless Power Transfer

Haejoon Jung , Member, IEEE, and Byunghun Lee , Member, IEEE

Abstract—Wireless power transfer (WPT) has recently emerged
as a prominent technology to liberate various applications with
small devices from limited mobility and design constraints. Among
various techniques, magnetic field focusing (MFF) with multiple
transmit (Tx) coils have been known as a powerful solution to
enhance the efficiency of power transfer to multiple receivers (Rxs)
in midrange WPT. However, in such MFF techniques, even unin-
tended Rx may suffer from unwanted power due to leakage, which
may disrupt the operations of the devices. Motivated by this issue,
in this article, we consider selective magnetic resonance coupling
(MRC)-based WPT, which enables WPT systems to better shape
power distribution only focusing on the intended Rxs while leakages
to the unintended Rx are suppressed. To this end, we first formulate
the selectivity requirement of WPT as an optimization problem.
Then, we propose a method to obtain the optimal Tx voltage vector
for simultaneous MFF and null-steering optimization. Simulation
and experimental results validate the theoretical analysis and the
proposed method in practical scenarios.

Index Terms—Magnetic field focusing (MFF), magnetic
resonance coupling (MRC), null steering, selective WPT, wireless
power transmission (WPT).

I. INTRODUCTION

W IRELESS power transfer (WPT) has been a very popular
technology in various applications such as biomedical

implants, electric vehicles, mobile devices, and Internet of things
(IoT) due to the convenience of wireless charging without
the physical contacts [1]–[5]. Recently, the wireless charging
technique has been developed for the multiple receivers (Rxs)
in the wireless charging platform [6]–[8], evolved from the
conventional WPT technologies, which are mainly interested
in the wireless charging between single transmitter (Tx) and Rx
[2]–[5]. The wireless charging platform for the multiple devices
would bring a great convenience to the users eliminating the
messy wires and reducing the size of batteries in the biomedical
or wireless mobile applications.
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Even though several wireless charging platforms have been
investigated for improving the charging efficiency and wireless
coverage [9]–[11], there have been few wireless charging plat-
forms focused on the selective power transfer for multiple Rxs
compared to the selective data transmission (i.e., information
security) for multiple Rxs, which has been an extensively studied
topic in communications. While the selective data transmission
can be achieved by the encrypted message that allows the specific
users to decode the transmitted information with decryption
keys, wirelessly transmitted energy can neither be encrypted nor
authenticated to guarantee confidentiality of charging specific
devices [12]. This makes power transfer channels vulnerable
to attacks that threaten the safety or disrupt the operations of
devices [13]–[15]. For example, passive backscattering tags
might be mistakenly awakened by undesirable leakage from
WPT systems. To tackle such issues, the selectivity of WPT
should ensure efficient energy transfer only to intended receivers
while preventing energy leakage to unintended receivers, which
is referred to as power security in [16].

Considering its significance, the leakage control (i.e., selectiv-
ity) should be an integral part of any practical WPT applications,
especially in safety critical or high device density scenarios.
When it comes to magnetic resonance coupling (MRC)-based
systems for midrange WPT, two approaches have been employed
to improve the selectivity: adaptive carrier frequency and mag-
netic field focusing (MFF). The adaptive carrier frequency-based
approach refers to techniques to achieve selectivity by adjusting
the resonant characteristics, as in [17]–[21]. For example, in
[21], the authors considered a frequency tuning technique to
optimize the system efficiency and suppress undesirable leakage
in WPT systems with the multicoil transmitter. However, this
adaptive carrier frequency approach increases the complexity
of system due to the additional capacitor banks and data link
between Tx and Rx to change the carrier frequency in transient.
Especially, the Rx cannot receive any power when the Rx is
completely turned off. Furthermore, the frequency tuning may
violate the allowable bandwidths defined by regulations [22].

On the other hand, the MFF schemes enable the selective
energy transfer by adjusting Tx source voltages (or equivalently
currents) such that their induced magnetic fields are coherently
combined at the desired receivers while destructively combined
at the unintended receivers. Conventionally, MFF has been used
to enhance the receiver power at a single receiver or multiple
receivers without considering the power selectivity (or leakage
control), as in [7], [8], and [23]–[31]. In other words, these
techniques only focused on power transfer to the intended
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Fig. 1. Conceptual view of power selectivity system for distributed Rxs in
the 3-D space. The proposed algorithm Tx coil array (Tx1–Tx6) maximizes the
aggregate received powers at the intended Rxs with minimum power threshold
to each, while it suppresses the unwanted leakages to the untended Rxs.

devices in the absence of any unintended devices, which may
cause unwanted magnetic field exposure to adjacent devices in
practice. Therefore, such MFF schemes proposed in [7], [8], and
[23]–[31] are not pertinent to suppress undesirable leakages and
guarantee selective WPT. To overcome this issue, selective WPT
algorithms based on multicoil Tx have been proposed in [16] and
[32]. However, they focused on the theoretical analysis without
addressing implementation and experimentation for validation.
In addition, their system models ignored mutual coupling be-
tween multiple receivers, which has limited applicability in
practice. On the other hand, Waters et al. [22] demonstrated their
leakage field control algorithm, but did not provide a detailed
theoretical framework to optimize the MRC precoding vector,
which is the key to achieve selective energy distributions.

In this article, we propose a novel selective WPT algorithm
based on magnetic field focusing and null-steering optimization
(MFFNSO) for MRC-based systems as shown in Fig. 1, where
the intended and unintended Rxs are arbitrarily distributed in
the three-dimensional (3-D) space. To overcome the issues and
limitations in the existing studies, we consider more generalized
scenarios to simultaneously support multiple intended Rxs in the
presence of multiple unintended Rxs without any approximation
for simplicity. In addition, this article provides both analytical
and experimental aspects of the selective WPT to bridge the gap
between the two. The rest of this article is organized as follows.
The notations and system model are introduced in Section II.
In Section III, the MFFNSO algorithm including the detailed
method to obtain source voltages that guarantee the power
selectivity is presented. In Section IV, we provide simulation and
experimental results to evaluate the effectiveness of the proposed
scheme, followed by discussions and conclusions in Sections V
and VI, respectively.

II. PRELIMINARIES

A. Notation

The notations in Table I are adopted throughout the article.
We denote vectors and matrices by boldface lower case (x) and
upper case (X), respectively. CN and CN×N means the set of

TABLE I
NOTATION AND SYMBOLS FOR MFFNSO ALGORITHM

N -dimensional and N ×N -dimensional complex-valued num-
bers. Also, ‖ · ‖ represents the absolute value operation, while
(·)T and (·)H means the transpose and the conjugate transpose
operators, respectively. The notation tr(·) refers to the trace of
the square matrix argument. We use diag[·] to denote a diagonal
matrix with the given diagonal and zero off-diagonal entries.
The curled inequality symbol � is used to indicate generalized
inequality: X � 0 implies that X is a positive semidefinite
matrix.X1/2 stands for the square root matrix whenX � 0.E[·]
is the statistical expectation, and x ∼ CN(µ,C) implies that
the random vector x follows the circularly symmetric complex
Gaussian distribution with mean vector of µ and the covariance
matrix of C.

B. System Model

As shown in Fig. 2, we consider a WPT system with a
transmitter, which is equipped with N transmit coils (Txs), and
Q receivers (Rxs) with a single coil each. Each Tx has a power
source supplying sinusoidal voltage, which is denoted by a com-
plex variable vTx,n, and the corresponding current is denoted
by iTx,n for n = 1, . . . , N . Among the Q receivers, there are
T target (intended) receivers, the aggregate received power of
which needs to be maximized, while each has a certain minimum
received power requirement. On the other hand, the otherQ− T
receivers are unintended receivers to which the power leakage
should be suppressed. To satisfy this goal, MFFNSO is exploited,
where both amplitudes and phases of the transmitter voltages
vTx,n are adjusted. To be specific, the total received power at
the desired receiver, i.e., Rx 1 to T , needs to be maximized,
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Fig. 2. Lumped circuit models of a magnetic field control system with multiple
transmit and receive coils.

while at the same time the received power at the other receivers,
i.e., Rx T + 1 to Q, should be kept below a certain threshold
Γq . As a part of resonant circuit, the inductance and capacitance
at Tx n are chosen so that their impedances are canceled each
other as

jωLTx,n +
1

jωCTx,n
= 0 (1)

where n ∈ {1, . . . , N}. Similarly, at the qth receiver, it satisfies

ωLRx,q +
1

jωCRx,q
= 0 (2)

where q ∈ {1, . . . , Q}. In addition, as in [16], [22], and [32], we
assume that the mutual inductance between any pair of coils is
available to the transmitter. We will discuss how to obtain this
information in Section II-C in detail.

C. Circuit Equations

For Rx coil q, Kirchhoff’s voltage law gives

zRx,qiRx,q + jω

Q∑

l=1
l �=q

MRx,qliRx,l

︸ ︷︷ ︸
from the other Rxs

= jω

N∑

n=1

MnqiTx,n

︸ ︷︷ ︸
from the Txs

(3)

where

zRx,q = RRx,q +RL,q (4)

based on the resonance condition in (2). On the other hand, the
circuit equation for Tx n is given by

vTx,n = zTx,n iTx,n + jω

n∑

m=1
m �=n

MTx,nmiTx,m

︸ ︷︷ ︸
from the other Txs

−jω

m∑

q=1

MnqiRx,q

︸ ︷︷ ︸
from the Rxs

(5)

where zTx,n = Rs,n +RTx,n. Based on (4) and (5), the matrix
form of simultaneous equations can be represented as

iRx = jωZ−1
RxMiTx = AiTx (6)

vTx =
(
ZT + ω2MTZ−1

RxM
)
iTx = BiTx (7)

where iTx = [iTx,1, . . . , iTx,N ]T , iRx = [iRx,1, . . . , iRx,Q]
T ,

and vTx = [vTx,1, . . . , vTx,N ]T . Also, A = jωZ−1
RxM , and

B = (ZT + ω2MTZ−1
RxM), where M indicates the Tx–Rx

mutual coupling matrix as

M =

⎡

⎢⎢⎣

M11 · · · MN1

...
. . .

...

M1Q · · · MNQ

⎤

⎥⎥⎦ . (8)

Also, the transmitter and receiver impedance matrices, ZTx

and ZRx, are given by

ZTx =

⎡

⎢⎢⎢⎢⎣

zTx,1 jωMTx,12 · · · jωMTx,1N

jωMTx,21 zTx,2 · · · jωMTx,2N

...
...

. . .
...

jωMTx,N1 jωMTx,N2 · · · zTx,N

⎤

⎥⎥⎥⎥⎦
(9)

ZRx =

⎡

⎢⎢⎢⎢⎣

zRx,1 jωMRx,12 · · · jωMRx,1Q

jωMRx,21 zRx,2 · · · jωMRx,2Q

...
...

. . .
...

jωMRx,Q1 jωMRx,Q2 · · · zRx,Q

⎤

⎥⎥⎥⎥⎦
.

(10)

As a result, the power delivered to load (PDL) of Rx q is
expressed as

pRx,q =
1

2
RL,q|iRx,q|2. (11)

Similarly, the power dissipated at Tx n is given by

pTx,n =
1

2
zTx,n|iTx,n|2. (12)

Consequently, the total power consumed in the entire system
including all of the Txs and Rxs is given by

pS =
N∑

n=1

pTx,n +

Q∑

q=1

(
pRx,q +

1

2
RRx,q|iRx,q|2

)

=
1

2
iHTx

(
RTx +AHRRxA

)
iTx (13)

where RTx = diag{zTx,1 , . . . , zTx,N } and RRx = diag
{RL,1 +RRx,1, . . . , RL,Q +RRx,Q}.

We assume that both intended and unintended groups of Rxs
share their measured currents as well as the Rx resistances,
since each Rx can estimate its own resistance a priori. This
condition can be satisfied when the unintended Rxs are also
registered users of the WPT system, but they need to be protected
from unwanted leakage. In contrast, in case that the unintended
Rxs are malicious, and they report manipulated values, which
are different from their actual measured currents, it is diffi-
cult to collect their exact magnetic channel state information.
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However, the Tx can at least identify such manipulation by
checking the relationship between Tx voltages and Tx currents
using (7), as noted in [29]. The extension to selective WPT in
the absence of the mutual inductances and resistances of the
unintended Rxs, which may be a realistic assumption in power
security against theft of electricity considered in [15] and [32],
is deferred to future work. Furthermore, we will discuss how to
formulate the optimization problem of the selective WPT and
collect the required information to solve it in the next section.

III. MFFNSO FOR SELECTIVE WPT

In this section, we discuss how to determine the optimal
Tx voltage vector, v∗

Tx [or equivalently the optimal Tx current
vector i∗Tx using (7)] that maximizes the sum of the received
powers at the desired receivers while suppressing the received
powers at the other receivers below the given threshold Γq . We
first formulate the optimization problem and then introduce the
proposed approach using semidefinite relaxation (SDR), which
has been known as a powerful and computationally efficient
technique for a host of very difficult optimization problems in
the area of signal processing and communications [33].

A. Problem Formulation

Our problem of interest is to maximize the sum of the load
powers at the desired Rxs,

∑T
q=1 pRx,q , under the following

constraints: the total power dissipation of the system needs to be
smaller than or equal toPS , i.e.,pS ≤ Ps; the power consumed at
each Tx should be smaller than or equal to Pn, i.e., pTx,n ≤ Pn;
the peak amplitude of each Tx voltage needs to be no larger than a
certain threshold Vn, i.e., |vTx,n| ≤ Vn forn = 1, . . . , N . At the
same time, the load power at each of the unintended Rxs should
be kept no larger than the given threshold Γq , i.e., pRx,q ≤ Γq

for q = T + 1, . . . , Q. In addition, the load power at each of
the intended Rxs should be greater than or equal to the minimum
power requirement value κq , i.e., pRx,q ≥ κq for q = 1, . . . , T.
This problem can be formulated as follows:

(P0) : max
īTx∈CN

1

2
iHTxC

HCiTx (14a)

s.t. pTx,n ≤ Pn, n = 1, . . . , N (14b)

pRx,q ≤ Γq, q = T + 1, . . . , Q (14c)

pRx,q ≥ κq, q = 1, . . . , T (14d)

pS ≤ PS (14e)

|vTx,n| ≤ Vn (14f)

where C = (
∑T

q=1

√
RL,qW q)A with W q being a Q×Q

matrix as

W q (u, v) =

{
1, u = v = q
0, otherwise.

(15)

By solving (P0), the optimum precoding current vector i∗Tx

is obtained, and the corresponding voltage can be readily calcu-
lated from (7).

We note that (P0) is a nonconvex quadratically constrained
quadratic problem (QCQP), which belongs to the class of non-
deterministic polynomial-time hardness (NP-hard) problems,
and it is thus difficult to solve in general. For this reason, in
Section III-B, we will transform this nonconvex QCQP problem
into a linear optimization problem via SDR [33] followed by a
postprocessing procedure.

B. Semidefinite Relaxation

The first step in obtaining an SDR of (P0) is to define a rank-
one matrix X = iTxi

H
Tx � 0. Introducing this new variable, we

obtain the following formulation, which is equivalent to (P0):

(P1) : max
X∈CN×N

tr
(
CHCX

)
(16a)

s.t. tr (RTxΣnX) ≤ 2Pn, n = 1, . . . , N (16b)

tr (Y qX) ≤ 2Γq, q = T + 1, . . . , Q (16c)

tr (Y qX) ≥ 2κq, q = 1, . . . , T (16d)

tr
(
(RTx +AHRRxA

)
X ≤ PS (16e)

tr
(
BHΣnBX

) ≤ V 2
n (16f)

X � 0 (16g)

rank (X) = 1 (16h)

where Σn is an N ×N matrix with nth orthogo-
nal element being one and others zero. Also Y q =
(
√
RL,q W qA)H(

√
RL,q W qA).

In fact, it is as difficult to solve as (P0). However, (P1) without
the rank-one constraint in (16h), which is known as SDR of (P1),
is possible to solve, to any arbitrary accuracy, in a numerically
reliable and efficient manner through convex optimization tools
such as CVX [34]. However, in general, the solution X∗ of
(SDR-P1) may not be a rank-one matrix. Hence, to handle this
issue, we present a method to achieve an approximate solution
in the following section.

It is noted that this optimization problem formulation given in
(P0) or (P1) is appropriate for the situations, where the received
powers (or unwanted leakages) at the unintended Rxs should
be kept below a certain threshold Γq to safeguard the devices
(i.e., unintended Rxs). In this article, we focus on this scenario.
However, for some applications (e.g., power security against
theft of electricity), the ratio between the received powers of the
intended and unintended receivers is more important. Especially,
if the total power consumption threshold at Tx PS and the
maximum voltage level of the individual voltage source Vn are
high enough, it is more critical to provide higher power to the
intended Rxs compared to the unintended Rxs by maximizing
the ratio between the received power sums (or weighted sums
depending on priorities) of the two groups. Unfortunately, max-
imizing this ratio is a nonconvex optimization problem, which
cannot be solved by well-known tools of convex optimization
such as CVX. Instead, we can consider the iterative approach as
proposed in [27].
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TABLE II
PROPOSED MFFNSO ALGORITHM BY RANDOMIZATION

C. Rank-Reduction Procedure

A classical way to retrieve a rank-one optimal solution from
the SDR is the rank-reduction procedure, as noted in [35]. The
simplest rank reduction technique is the eigenvector approxima-
tion as follows. Suppose that ρ = rank(X∗), and let

X∗ = UΛUH =

ρ∑

n=1

λnunu
H
n (17)

be the eigenvalue decomposition of X∗, where Λ = diag
{λ1, . . . , λN}, where λ1 ≥ λ2 ≥ · · · ≥ λρ > 0 are eigenvalues
and u1, . . . , un are the respective eigenvectors. Thus, the
rank-one approximation can be given by X∗

1 = λ1u1u
H
1 , and

ĩ∗ =
√

λ1u1 can be a candidate solution to (P0), as long as it
suffices the given constraints from (14b) to (14f). If ĩ∗ violates
certain constrains, we can try map ĩ∗ to a nearby feasible
solution.

Unfortunately, this method provides an accurate approxima-
tion only when λ1 is significantly greater than the other nonzero
eigenvalues. In other words, it does not necessarily guarantee the
global optimality of the extracted solution. For this reason, we
consider the following randomized postprocessing procedure,
which is widely used to better optimize the radio frequency
(RF) beamforming systems, as in [26] and [35]. For a given
number of randomizations L, the proposed MFFNSO algorithm
is summarized as Table II.

D. Magnetic Channel Estimation

For implementation of the proposed algorithm, MFFNSO, we
need to identify the matrices used in the optimization problem
(P1). Table III provides the required information in each equation
of (P1). In summary, to formulate the optimization problem in
(P1), the Tx needs to knowW q ,Σn,RTx,

√
RL,q ,RRx,A, and

B. BecauseW q andΣn are deterministic matrices, where all the
elements are either zero or one, they do not need to be estimated.
Furthermore, RTx (or ZTx) is determined only by transmitter-
specific parameters, it can be estimated a priori in a factory
setting [29]. Also, as noted in the previous section,

√
RL,q and

RRx, which are functions of Rx resistances, can be reported by

TABLE III
MATRICES TO ESTIMATE IN (P1)

the Rxs to the Tx array, since we assume all the receivers are
registered users. To be specific, following [26] and [28], it is
assumed that each RX feeds back its resistance information and
measured current to the Tx by using its communication module.
Thus, through this feedback,

√
RL,q andRRx can be obtained at

the Tx. As a result, the remaining matrices for the Tx to estimate
are Aand B.

As defined in Table I, A and B are decomposed into
jωZ−1

RxM and ZT + ω2MTZ−1
RxM , respectively. However,

we do not need to estimate the individual matrices (i.e., ZRx,
ZT , and M ). Rather, it takes less time to estimate A and B as
wholes, as suggested in [29]. First, to estimate B, the equation
in (7) can be rewritten as vTx = BiTx, where vTx and iTx

correspond to the Tx voltages and currents. Therefore, the two
can be measured within the Tx without communication with
the Rxs. Further, the coefficients between the two vectors can
be readily identified by measuring the transmit current vector
iTx after applying a random test voltage vector vTx without
zero entry. Because vTx and iTx are vectors of length N , which
is the number of the Tx coils, the Tx has to repeat such test
measurements of the Tx currents iTx N times with N different
sets of voltages vTx. Then, as noted in [29], the matrix B can
be estimated as

B =
[
v
(1)
Tx ,v

(2)
Tx, . . . , v

(N)
Tx

] [
i
(1)
Tx, i

(2)
Tx , . . . , i

(N)
Tx

]−1

(18)

where the superscript indicates the measurement index. In other
words,v(n)

Tx and i(n)Tx represent the Tx voltage and current vectors
of the nth measurement, where n = 1, . . . , N .

Similarly, we can estimate A based on the equation in (6),
which is given by iRx = AiTx. Once B is identified as in (18),
the Tx current vector iTx can be adjusted by the Tx voltage
vector vTx. Thus, we can apply an arbitrary nonzero Tx current
vector iTx and collect the Rx current information iRx through
the feedback signals from the Rxs. By repeating this N times
with N different iTx, we can estimate the matrix A as

A =
[
i
(1)
Rx, i

(2)
Rx, . . . , i

(N)
Rx

] [
i
(1)
Tx, i

(2)
Tx , . . . , i

(N)
Tx

]−1

(19)

where the superscript represents the measurement index from 1
to N .
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E. Practical Considerations

The selectivity of WPT is subject to the similarity of Tx–Rx
coupling vectors between the intended and unintended Rxs.
In other words, if two Rxs are closely located with the same
orientation, which also gives higher inter-Rx coupling, it is
difficult for the Txs to distinguish the two Rxs. In this case,
the power transferred to the intended Rx decreases to meet the
constraint on the received power of the unintended Rx, which is
denoted by Γq. At the same time, compared to the conventional
WPT, the total power consumption at the Txs becomes larger to
satisfy the power selectivity requirement. Also, due to the highly
correlated received powers of the two Rxs, as the constraint
Γq decreases, the received power at the intended Rx is likely
to vastly decrease. As an extreme case, if the intended and
unintended Rxs have exactly the same Tx–Rx coupling vectors,
which is highly unlikely in reality, the MFFNSO algorithm gives
the feasible solution only when κq = Γq, which means that
selective WPT is not feasible. As RF communication systems
accommodate more number of antennas to improve the spatial
resolution of MFF and enhance power selectivity [36], [37], one
way to improve the selectivity in MRC-WPT is to employ more
Tx coils, which increases the chances to obtain more degrees
of freedom (DoF) and distinguishable coupling vectors between
arbitrary Rxs at the expense of increased complexity and costs
for more Txs with the drivers and coils [38]. We will present
simulation results of the performance of MFFNSO limited by
the spatial resolution of MFF in Section IV-C.

Moreover, when it comes to a practical scenario, the mobility
of Rxs should be considered. While the inter-Tx coupling is
constant with fixed Tx positions, which can be measured and
stored in advance, Tx–Rx couplings, which determine A and
B as given respectively in (7) and (8), are generally time
varying, Thus, the WPT system requires a capability to keep
track of the Rxs’ movement. In addition, the Tx should detect a
new Rx that comes into the coverage. To address this mobility
issue, algorithms to periodically estimate magnetic channels and
detect the presence of Rxs have been proposed in [7], [26],
and [29]. As long as this period magnetic channel estimation
is performed frequently enough, the Tx can respond fast enough
not to cause major issues in WPT selectivity as well as system
efficiency.

IV. VERIFICATIONS

In this section, we evaluate the performance of the proposed
selective WPT algorithm, MFFNSO, through electromagnetic
(EM) and circuit simulations as well as experiments with various
configurations.

A. Selective WPT With Two Rxs

In this section, we consider the selective WPT with the proof-
of-concept 3-D Tx coil array with two randomly placed Rx coils,
as shown in Fig. 3. The figure shows the experimental setup for
MFFNSO with the 3-D Tx coil array (Tx1–Tx3) along with the
x, y, and z axes and the two Rx coils (Rx1, Rx2). The Tx1 coil
is placed at (0, 0, 100 mm) along with the xy plane, while the

Fig. 3. Experimental setup for MFFNSO with the 3D Tx coil array (Tx1–Tx3)
and two randomly distributed Rx coils (Rx1 and Rx2) in 3-D area. Tx1 is placed
at (0, 0, 100 mm) along with the xy plane while the vertical coils (Tx2, Tx3) are
placed on the yz and xz planes with 50 mm offset, respectively. Rx1 is placed at
(10, 80, 120 mm) without angular misalignment, and Rx2 is placed at (110, 0,
110 mm) with the 45° angular misalignment from the xy plane.

TABLE IV
COIL GEOMETRIES OF TEST SETUP

vertical coils (Tx2, Tx3) are placed on the yz and xz planes with
50 mm offset, which corresponds to Tx2 at (50, 0, 50 mm) and
Tx3 at (0, 50, 50 mm), respectively. The Rx1 is placed at (10,
80, 120 mm) without angular misalignment (coil is parallel to
the xy plane), and the Rx2 is placed at (110, 0, 110 mm) with 45°
rotation based on the y-axis. Each helical Tx coil has five turns
with 8.6 cm diameter and 2.5 mm pitch size. The individual Rx
coil has four turns with 5 cm diameter. Both Tx and Rx coils
are tuned at the carrier frequency, fp = 2 MHz, with the series
resonant capacitors. The coil geometries and key parameters
are summarized in Table IV. Individual Tx coil was driven by
three full-bridge inverters, which have the internal resistance,
RS = 1.5 Ω, and capability of adjusting the voltage vectors,
vTx,1 − vTx,3, based on the MFFNSO. The Rx load, RL, is
decided by 4.7 Ω with the parasitic inductance of 0.21 μH at
2 MHz frequency.

In the experimental setup, two different scenarios are con-
sidered, which are 1) intended Rx1 and unintended Rx2, and
2) unintended Rx2 and intended Rx1, respectively, while the
two Rx positions are fixed. The measured mutual inductance
between Tx and Rx array is summarized in Table V, where the
negative sign indicates 180° phase difference between two coils.



4628 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 35, NO. 5, MAY 2020

TABLE V
MEASURED MUTUAL INDUCTANCE BETWEEN TX AND RX ARRAYS

∗Negative sign indicates 180° phase difference (Unit: μH).

We note that Rx3 is not used in this experiment but is used
in the experiment with three Rxs in Section IV-B. Based on
the key parameters in Tables IV and V, the optimal Tx voltage
vectors, vTx,1 − vTx,3, can be calculated by MFFNSO in Table
II to deliver the power to the intended Rx, while it limits the
power to the unintended Rx. The limitation of power level for
the unintended Rx and the maximum amplitude of Tx vectors are
5 mW and 5 V, respectively. For comparison, we also show the
results of two other driving methods, which are maximum PDL
and selective Tx driving among Tx1–Tx3. In the maximum PDL
method, the amplitudes of vTx,1 − vTx,3 are maximized but
each phase is individually optimized through exhaustive search
to achieve the maximum PDL to the intended Rx without any
consideration of the unintended Rx. In the Tx selection method,
on the other hand, a single Tx coil is only enabled with the
maximum amplitude of 5 V. In Fig. 4, we present the power ratio
of the intended and unintended Rx powers (=Pintend/Punintend),
which indicates the power selectivity between the two.

Assuming that the Rx1 is the intended and the Rx2 is un-
intended, the optimal Tx vectors for the three Tx coils, Tx1,
Tx2, and Tx3, are 5sin(ωt) V, 2.2sin(ωt-6°) V, and 5sin(ωt-4°)
V, respectively, as shown in Fig. 4. We note that the relative
phase differences among the Tx coils are important for the
selective WPT rather than the absolute values of the phases.
In other words, adding the same phase offsets does not impact
the results because the relative phase differences are kept to be
the same. As shown in the figure, the resulted Rx1 and Rx2
powers are measured as 753 and 2.3 mW, respectively, which
satisfies 5 mW limitation in the unintended Rx power and shows
the power ratio of about 327. In this scenario, the overall system
efficiency is measured as 29.9%, which is defined by the ratio
between the sum of Rx powers (Rx1 + Rx2 powers) and sum of
power consumption in three Txs including the inverter. Although
the max PDL for Rx1 shows more received power in the Rx1
up to 810 mW with the increased system efficiency, 34.0%, the
received power in the Rx2 rapidly increases to 72 mW resulting
in the failure of 5 mW limitation and the poor power ratio of 11.

For the intended Rx2 and unintended Rx1, the optimal Tx
voltage vectors from MFFNSO are 5sin(ωt) V, 5sin(ωt-197°) V,
and 3.9sin(ωt-162°) V. It gives 3.4 mW and 239 mW of received
Rx powers at Rx1 and Rx2 respectively, which suffices the 5 mW
limitation at the Rx1. The overall system efficiency and power
ratio are measured as 10.4% and 73, respectively. The max PDL
for Rx2 is 245 mW with 12.3% system efficiency but the Rx1

Fig. 4. Simulated and measured Rx powers with the optimized Tx vectors,
vTx,1–vTx,3, obtained by MFFNSO compared to the other feasible driving
methods, which are maximum PDL and Tx selection among Tx1–Tx3.

power increased to 68 mW and the power ratio decreases to
3.6, which corresponds to low power selectivity. In both cases
with the different intended Rxs, the efficiency of the max PDL
is higher compared to the proposed MFFNSO algorithm. Fur-
thermore, the delivered power to the intended Rx is also higher
with the max PDL scheme compared to MFFNSO. It is because
the selectivity of MFFNSO is achieved at the cost of efficiency
(i.e., the Tx consumes more power for destructive combining
at the unintended Rx), especially when 1) the unintended Rx
is physically closer to the Tx compared to the intended Rx or
2) the magnetic channels of the intended and unintended Rxs
are highly correlated (e.g., a small separation between the Rxs).
Thus, in such cases, as the selectivity requirement becomes more
stringent (i.e., Γq decreases), the efficiency gap between the
proposed scheme and the max PDL algorithm may increase.

Fig. 5(a) shows the EM simulation (FEKO [39]) model of
the 3-D Tx coil array with two Rx coils same as the experi-
mental setup in Fig. 3 and Table IV. Simulated results of the
normalized H-field intensity are shown in Fig. 5(b) and (c)
for 1) the intended Rx1/unintended Rx2 and 2) the unintended
Rx1/intended Rx2 based on the optimized vTx,1 − vTx,3 by
the MFFNSO in Fig. 4. The simulated results clearly show that
the optimized vTx,1 − vTx,3 focus the H-field at the intended
Rx while minimizing the H-field at the unintended Rx for
two different scenarios, which are matched with the theoretical
analysis and measurement results.
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Fig. 5. (a) EM simulation model of the 3-D Tx coil array with two Rx
coils, and the results of the normalized H-field intensity for (b) intended Rx1
and unintended Rx2 and (c) unintended Rx1 and intended Rx2 based on the
MFFNSO algorithm. The arrows indicate the direction and magnitudes of the
flux in the 3-D plot.

The measured transient waveforms for the Rx1 and Rx2 loads,
RL = 4.7 Ω, in two different scenarios are shown in Fig. 7. For
the intended Rx1 and unintended Rx2 scenario, the received volt-
ages atRL are 2.66 and 0.15 V for the Rx1 and Rx2, respectively,
resulting in 29.9% system efficiency as shown in Fig. 6(a). On
the contrary, the received voltages at the Rx1 and Rx2 are 0.18
and 1.5 V, respectively, for the unintended Rx1 and intended Rx2
scenarios in Fig. 6(b), which has 10.4% system efficiency. The
effectiveness of the proposed MFFNSO scheme with respect
to the amplitude and phase variation from the optimal derived
Tx vectors is further investigated for the unintended Rx1 and
intended Rx2 scenario, as shown in Fig. 7. The amplitude and
phase in the individual Tx coils are changed from 0 to 5 V, and
±30°, respectively, while the other Tx coils keep the optimal
Tx vectors. Considering that MFFNSO is designed to find the
optimal Tx vectors which delivers the maximum power to the
intended Rx2 and limits the unintended Rx1 power under 5 mW
constrains, Fig. 7 shows that the optimal derived Tx vectors are
properly determined while satisfying the power constrains.

Fig. 6. Measured transient waveforms for (a) intended Rx1 and unintended
Rx2 and (b) unintended Rx1 and intended Rx2 with the experimental setup in
Fig. 3. The Rx load, RL, is 4.7 Ω for both Rx1 and Rx2.

B. Selective WPT With Three Rxs

In this section, we present the results with three Rxs (two
intended Rxs and one unintended Rx). Fig. 8 shows the 3-D
Tx coil array with the three Rx coils, which are specified in
Table IV. Tx1–Tx3 and Rx1-Rx2 positions are the same as the
previous experiments, as shown in Fig. 5(a), while Rx3 is newly
added at (80, 80, 60 mm) with 90° rotation based on the x-axis
(coil is parallel with the xz plane). The mutual inductances of
Tx1–Tx3 with Rx1–Rx3 are given in Table V. The Rx load
resistance RL is 4.7 Ω for Rx1, Rx2, and Rx3. In this setup,
three scenarios (combinations) for two intended Rxs and one
unintended Rx are considered. The maximum Tx voltage is set to
8 V to simultaneously provide enough PDL to two intended Rxs.
For the same reason, we choose the maximum PDL threshold
of the unintended Rx, Γq , of 1 mW, while the minimum PDL
threshold of each intended Rx, κq, is 5 mW.

Based on the proposed MFFNSO algorithm in Table II, the
optimal Tx vectors for Tx1–Tx3 can be derived as 8sin(ωt) V,
8sin(ωt + 202°) V, and 4.3sin(ωt + 174°) V, respectively, for
the unintended Rx1 and intended Rx2 and Rx3. The resulted
PDLs for Rx1, Rx2, and Rx3 are measured as 0.29, 27.1, and
25.8 mW, respectively, as shown in Fig. 9(a). For unintended Rx2
and intended Rx1 and Rx3, the derived Tx vectors are 8sin(ωt)
V, 2.7sin(ωt − 24°) V, and 8sin(ωt + 36.2°) V, respectively. In
this scenario, the measured PDLs of Rx1, Rx2, and Rx3 are
138, 0.52, and 13.8 mW as shown in the measured transient
waveforms of Rx1–Rx3 [see Fig. 9(b)]. The optimal Tx vectors
for unintended Rx3 and intended Rx1 and Rx2 are calculated
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Fig. 7. Effectiveness of the proposed MFFNSO for the untended Rx1 and intended Rx2 in Fig. 4 with respect to the Tx vector variations of (a) Tx1, (b) Tx2, and
(c) Tx3, from the optimal derived Tx vectors.

Fig. 8. Experimental setups for MFFNSO with three distributed Rx coils
(Rx1–Rx3) with angular misalignments in the 3-D space. Tx1–Tx3 and Rx1–
Rx2 positions are same in Fig. 5(a) while Rx3 is newly added at (80, 80, 60 mm)
with 90° rotation based on the x-axis (coil is parallel with the xz plane).

based on MFFNSO, which are 8sin(ωt) V, 3.7sin(ωt + 218°)
V, and 8sin(ωt + 24.6°) V for Tx1–Tx3, respectively. Even
though the suppressed PDL on Rx3 (unintended) affects the
PDL of Rx2 (intended) due to limited DoF with the three Tx
coils, the proposed algorithm still can deliver 138 and 5.6 mW
power to Rx1 and Rx2, while the significantly lower power of
0.19 mW is observed at the unintended Rx (i.e., Rx3), as shown
in Fig. 9(c). The normalized 3-D magnetic field distributions
from Tx1–Tx3 with Rx1–Rx3 for three scenarios are shown in
Fig. 10 to support the measurement results, which are in line
with the measurements shown in Fig. 9.

C. Further Investigation on Selectivity of MFFNSO

As discussed in Section III-E, in case that the intended and
unintended Rxs are located in close proximity to each other, the
MFFNSO algorithm may suffer from low selectivity because
of the limited spatial resolution of the magnetic field, which is
subject to the Tx array design (the number of coils, their structure
and etc.), as noted in [38]. On the top of that, the increased mutual
coupling between the intended and unintended Rxs makes the
selective WPT more problematic. Motivated by this limitation,
in this section, we delve into the selectivity performance of the
proposed MFFNSO algorithm through simulation with three

challenging configurations as shown in Fig. 11, which has three
Tx coils and two Rxs with the same orientations.

In the first configuration, which corresponds to Fig. 11(a), the
two Rxs are almost collocated with only 10 mm separation. Also,
in the second case in Fig. 11(b), the two Rxs are deployed with
a larger distance compared to the first topology, but they are still
quite close to each other. In the third deployment in Fig. 11(c),
the locations of the two Rxs are symmetric with respect to the
origin. In the simulation, we used the same configurations listed
in Table IV. In addition, as in Section IV-A, in each deployment,
we considered the two opposite scenarios: 1) intended Rx1
and unintended Rx2 and 2) unintended Rx2 and intended Rx1.
Further, the maximum allowable PDL of the unintended Rx is
set to be 5mW, and the maximum amplitude of the Tx vectors
are 5 V.

To evaluate the proposed algorithm, we compare its perfor-
mances with the results using the optimal Tx voltage vectors
obtained by exhaustive search, where the minimum step sizes of
the Tx voltage amplitudes and phases are 0.001 V and 0.001°,
respectively. The simulation results are summarized in Table VI,
where the last two columns indicate the PDLs of the Rxs 1
and 2, respectively. First, we observe that the degradation in
the PDL of the intended Rx by using MFFNSO relative to
that of the exhaustive search is smaller than 1.3% for the same
configuration and deployment. When it comes to the complexity,
we can compare MFFNSO and exhaustive search in terms of the
Big-O complexity measure, which is widely used to quantify the
execution time required or the space used (e.g., in memory or
on disk) by an algorithm [40]. According to [35], the computa-
tional complexity of MFFNSO is dominated by the optimization
problem after SDR, which is of a worst-case complexity of
O(N4.5log(1/ε)) for a given accuracy ε > 0. On the other hand,
with the same accuracy requirement ε, the complexity of the
exhaustive search is O(1/εN ) [41]. Therefore, as the number of
the Tx coils increases, the running time and space usage of the
exhaustive increases exponentially, which is significantly larger
compared to that of MFFNSO. Therefore, considering the time
overhead, the proposed algorithm can be an effective alternative
to achieve power selectivity.
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Fig. 9. Measured transient waveforms for (a) unintended Rx1 and intended
Rx2 and Rx3, (b) unintended Rx2 and intended Rx1 and Rx3, and (c) unintended
Rx3 and intended Rx1 and Rx2 with the experimental configurations in Fig. 8.
The Rx load, RL, is 4.7 Ω for Rx1–Rx3.

TABLE VI
SIMULATION RESULTS OF THREE RX DEPLOYMENTS

As shown in the table, for the all the three test topologies, both
MFFNSO and exhaustive search satisfy the maximum allowable
PDL of the unintended Rx, which is 5 mW. Moreover, comparing
the three different topologies, as expected, the power ratios of
the intended Rx to the unintended Rx are always smaller than
two in the first two deployments because of the small separations
between the two Rxs. These results indicate that it is difficult to
achieve high power selectivity when the intended and unintended
Rxs are tightly clustered. Moreover, in the last deployment,
when Rx1 is the intended Rx, MFFNSO can deliver significantly
higher power to Rx1 compared to Rx2. In contrast, if Rx2 is the
intended Rx, it can only receive about 7.09 mW, while Rx1 re-
ceives about 4.89 mW. This PDL imbalance of the two scenarios
with the different target Rxs is resulted from the fact that Rx1 is
closer to Txs 2 and 3 compared to Rx2, as shown in Fig. 11(c).
Nevertheless, we note that our proposed scheme always satisfies
the PDL threshold of the unintended Rx. At the same, the in-
tended Rx can achieve higher power compared to the unintended
Rx even when switching the intended and unintended Rxs in all
of the three test topologies. Also, in case that the intended and
unintended Rxs have a large enough interseparation as in the
experiments in the previous subsections, our proposed algorithm
can provide highly selective WPT. However, to further improve
our scheme and overcome the issues observed in the extreme
scenarios investigated in this section, we can consider Tx arrays
with more number of coils and different structures as noted in
[37], which would be our potential extension in the future.

V. DISCUSSIONS

MFFNSO has been presented for the selective WPT system
to simultaneously support the multiple intended receives (Rxs)
in the presence of multiple unintended Rxs. The simulated
and experimental results show that the proposed MFFNSO can
successfully deliver the power to the multiple intended Rxs while
limiting the received power at the unintended Rxs using the
optimized precoding method.

Even though the MFF techniques are widely utilized to power
one or multiple Rxs for the higher power transfer efficiency when
the Rxs are distributed in the 3-D space [7], [8], [21]–[31], there
have been few MFF techniques for the power selectivity issue
limiting the received power in the unintended Rxs. However,
the MFF-based WPT with selectivity has advantages in that
the complex circuitries for the control can be implemented
only to the Tx, while the Rx does not require complicated
control. Considering the limited allowable frequency bands
for the adaptive frequency-based power selectivity due to the
physical or regulatory constraints, the MFF techniques become
a more effective WPT method when the numbers of intended
and unintended Rxs are increased in the system. In addition, it
potentially provides the physical security of data telemetries for
the uplink combined by the data modulation techniques, such as
ASK, FSK, or PSK [42]–[44].

In [16], the MFF algorithm was proposed to limit the power
leakage to the unintended Rx with multiple Tx array. To be spe-
cific, they formulated a non-convex optimization problem for the
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Fig. 10. Normalized 3-D magnetic field distributions from Tx1 to Tx3 for (a) unintended Rx1 and intended Rx2 and Rx3, (b) unintended Rx2 and intended Rx1
and Rx3, and (c) unintended Rx3 and intended Rx1 and Rx2.

Fig. 11. Case studies for three different Rx positions. (a) Test case 1: Rx1
= (0, 0, 120 mm), Rx2 = (0, 0, 130 mm) without angular misalignment.
(b) Test case 2: Rx1 = (70, 70, 50 mm), Rx2 = (80, 80, 40 mm) with the
90° angular misalignment along with the xy plane. (c) Test case 3: Rx1 = (50,
50, 0 mm), Rx2 = (−50, −50, 0 mm) with the 90° angular misalignment along
with the xy plane.

selective WPT through precoding, and they theoretically proved
that the optimal solution (source voltages) can be effectively
obtained by SDR. In addition, in [31], the authors improved
the robustness of their precoding algorithm in [16] assuming
more generalized configurations with multiple unintended Rxs.
However, they still assumed a single intended Rx, which is
not appropriate to support multiple devices simultaneously, as
noted in [8]–[11], [13], and [27]. Moreover, the mutual cou-
plings between Rxs were ignored in [16] and [32]. However,
as emphasized in [27], different from RF-based beamforming
systems, which is focused only on radiation between Tx and
Rxs, signal reflection occurs even between Rxs in MRC-based
systems. Such reflected signals can be combined constructively
or destructively depending on the phase differences. For this
reason, the applicability of [16] and [32] is limited in general
(e.g., multiple Rxs in proximity). Furthermore, in [16] and [32],
the theoretical analysis without experimental validation was
focused. On the other hand, the work in [22] showed through
experimental results that selective MFF can be used to maximize
the power transfer to a selected Rx, while leakage to the other
device is suppressed. However, they only presented simulation
and experimental data without proposing a specific method to

find the optimal precoding weights (e.g., source voltages) for
simultaneous MFF and null-steering, which incurs time con-
suming exhaustive search and limited scalability. To the best of
our knowledge, this article, MFFNSO, is the first to consider
the generalized solution exploiting MFF and null-steering for
selective WPT systems with multiple intended and unintended
Rxs distributed in the 3-D space, and has been verified by both
the simulation and measurement results.

VI. CONCLUSION

In this article, we have investigated an optimization problem
in MRC WPT with selective spatial distribution of energy using
MFFNSO, which is subject to circuit constraints. We have for-
mulated the optimization problem of selective WPT, where the
total PDL at the intended Rxs is maximized, while the PDL at the
individual unintended Rx is kept below certain thresholds. We
have proposed a method to readily obtain the optimal Tx voltage
vector by SDR and rank reduction based on randomization. The
proposed method has been validated through simulation and
experiments. The EM simulation results have indicated distinc-
tive field intensity distributions of the intended and unintended
Rxs. Furthermore, the experimental results have demonstrated
the effectiveness and robustness of our proposed algorithm in
contrast to the poor selectivity performances of the maximum
PDL and the selective Tx driving methods.
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