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ABSTRACT Prior studies show that exposure to radio-frequency electromagnetic field (RF-EMF) waves
can increase the chance of developing health-related problems. Being exposed to even a small amount of
RF-EMF wave emitted from a wireless power transfer (WPT) system for a long time may raise the risk
of long-term health effects. Due to this potential human safety issue that may arise from the WPT system,
in the future, people may be hesitant to use the RF-based WPT system to charge their electrical devices.
To overcome such an issue, we provide an analytical study of a WPT system comprising a single power
beacon and multiple target receivers with human bodies in close proximity. We employ a phased antenna
array as the transmit and receive antennas to increase the energy transfer efficiency, and model the WPT
system as a quadratically constrained quadratic optimization program (QCQP). In this work, we propose two
adaptive beam-steering algorithms that maximize the received power on the target receivers while limiting
the energy beam to the area where human bodies are detected. In the first proposed algorithm, we apply
the semidefinite relaxation (SDR) method to approximate the QCQP solution by relaxing the rank-one
constraint. The second proposed algorithm is an optimized adaptive beam-steering method developed by
constructing the corresponding dual form of the QCQP problem and solving it through the hierarchical-
iterative approach, in which we combine the eigenvalue decomposition and the projected subgradient method
to obtain the optimal antenna array weight. Based on the analytical results, both proposed algorithms
successfully generate the optimal antenna array weight that steers the main beam toward the target receivers
while maintaining the RF-EMF radiation exposure toward the human body below the safety limit. Extensive
simulation results are provided for verifying the validness of the proposed algorithms and comparing the
performance of these two algorithms. Through testbed implementation, we have shown that the experimental
results exhibit good agreement with the simulation results and confirmed the validity of the the proposed
algorithm.

INDEX TERMS Beam avoidance, electromagnetic wave exposure, phased antenna array, safe wireless
power transfer (WPT).

I. INTRODUCTION

Over a decade, various wireless power transfer (WPT) tech-
niques have been studied to develop a more convenient and
efficient charging system for IoT devices. Among all the
existing techniques, WPT via radio-frequency electromag-
netic field (RF-EMF) radiation has attracted considerable
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interest recently since the distance between the transmitter
and receiver is not limited to a few centimeters. Contrary
to the existing off-the-shelf wireless charger that mostly
adopts the inductive coupling technique, the RF-based WPT
enables the RF waves to travel over a longer distance; thus,
the receivers are not restricted to be placed in close proximity
to the transmitter.

Despite the advantage of a greater energy transfer range
offered by the RF-based WPT, the fact that RF wave power
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dissipates over distance becomes the major challenge to
obtain a high power transfer efficiency. In order to address
this problem, [1]-[3] use multiple antennas in their WPT
system to increase the received power. However, the power
transfer efficiency is far from satisfactory since the energy
beam spreads all over the WPT area. Therefore, the authors
of [4]-[8] adopt the energy beamforming technique to the
WPT system for tackling this problem. With the energy beam-
forming technique, the magnitude and phase of each antenna
element can be controlled digitally to generate a constructive
beam toward the target receiver location, which yields con-
centrated energy on the receiver side. Moreover, this approach
has been proven to be applied not only to WPT schemes,
but also to simultaneous wireless information and power
transfer (SWIPT) as in [9] and [10], where the transmitter can
send both power and information to the receiver, and wireless
powered communication network (WPCN) systems asin [11]
and [12], in which the receiver can exploit the received power
for communication purposes.

Suppose that the transmitter sends a high amount of power
to the receiver. In that case, the energy beamforming tech-
nique can become a double-edged sword as the human safety
risk may arise due to the overexposure to the RF-EMF radi-
ation when the human body is located near the receiver. To
prove the effect of RF-EMF radiation on a human body,
the authors of [13] have conducted the experiments using
mice. The results of their experiments show that RF-EMF
radiation over a long period of time induces cell and tis-
sue degeneration. Another work [14] has also analyzed
the problems that possibly arise due to the interaction of
RF-EMF radiation with biological systems. Their intensive
study shows that not only human health can be affected, but
also flora and fauna health can be. The authors also study
that RF-EMF radiation can cause several health issues, e.g.,
headache, eye irritation, fatigue, depression, Alzheimer’s dis-
order, and even cancer. The symptoms may not occur immedi-
ately, but they take time to appear as chronic health problems.
The work [15] has highlighted the risk of excessive expo-
sure of RF-EMF in the downlink of the 5G communications
system, where smaller service cell is deployed. In the 5G
network, the base stations equipped with a massive number
of antennas are distributed throughout the city, resulting in
highly concentrated beams that possibly penetrate the human
body. Therefore, the authors encourage the development of a
safe downlink cellular system in the 5G technology. Unfortu-
nately, although various WPT techniques have been proposed
in recent works, most of them fail to acknowledge the safety
issue of the RF WPT.

To circumvent the RF-EMF radiation overexposure issues,
the international commission on non-ionizing radiation pro-
tection (ICNIRP) issues the guidelines to restrict human body
exposure to the RF-EMF radiation. Two metrics which are
commonly used in the international guidelines for evaluating
human exposure to RF-EMF radiation are the specific absorp-
tion rate (SAR) and power density. The SAR is defined as the
amount of radiated power absorbed per unit mass of a human
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body in unit of W/kg, whereas the power density is defined
as radiated power per unit area of a human body expressed in
unit of W/m?. In terms of the SAR, the ICNIRP sets 2 W/kg
for over 10 g mass as the maximum permissible exposure
level, which is equivalent to 5 W/m? in terms of the power
density. This threshold level can be applied for a transmitter
that operates in the frequency range between 100 kHz and
100 GHz [16]. In this paper, we use the power density as
a metric to analyze human exposure to RF-EMF radiation.
To define a human body area, we assume that each human
body is detected by a camera installed at the WPT trans-
mitter. Suppose that the image of a human body formed on
the camera image plane has a rectangular-shaped area. This
area is further projected on to the far-field (i.e., Fraunhofer)
distance away from the optical center of camera using the
pinhole camera principle. This projected area on the far-
field henceforth refers to a human body area in this paper.
Since the human body is assumed to be located in the far-
field region, we can define the area of a human body by the
set of the elevation and azimuth in the spherical coordinate
system.

In this work, we aim at concentrating the RF beams toward
the receiver, while limiting the EMF exposure toward the
human body. To this end, we formulate the beamforming
problem for the WPT system as a quadratically constrained
quadratic program (QCQP), which is one of the classes of the
convex optimization problem. Frequently, the QCQP problem
is addressed by using the semidefinite relaxation (SDR) tech-
nique [17]. The SDR has attracted significant interest since
it efficiently relaxes a non-convex problem into a convex
problem, and the relaxed problem can be solved further in
polynomial time by using the available numerical algorithm.
However, the solution of the SDR problem does not always
result in the optimal QCQP solution due to the relaxation of
the rank-1 constraint. To resolve such a problem, the eigen-
value decomposition scheme can be carried out to approxi-
mate the QCQP solution.

Despite the great advantage offered by the SDR, the com-
putational complexity of the SDR is quite high, i.e., in
the order of N4> when the number of antenna elements is
N [17]. In this work, to alleviate the computational complex-
ity problem, we consider reconstructing the QCQP problem
into a simpler problem through the Lagrangian relaxation
method [18] and solving it through the two-level hierarchical
approach (i.e., inner and outer problems). Lagrangian relax-
ation simplifies the proposed QCQP problem by adjoining
the “difficult” inequality constraints to the objective function
while the “easy” constraint remains as the constraint of the
problem. Here, a new variable (i.e., Lagrange multiplier)
is introduced to each constraint to construct the additional
term formed by a linear combination of the constraints and
the corresponding Lagrange multipliers. Afterward, the prob-
lem is solved in hierarchical order, in which the eigenvalue
decomposition [19], followed by the projected subgradient
method [18], are conducted to solve the inner and outer
problems, consecutively.
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In this paper, we propose two adaptive beam-steering
algorithms to address the RF-EMF radiation exposure prob-
lem that may arise in the WPT system. To the best of our
knowledge, this work is one of a few papers proposing the
solution for this safety issue [20]-[22]. The algorithm for
a distributed wireless charging system was studied by [20],
where the authors use a feedback-based dual ascent method to
optimize the transmitted power while satisfying the RF-EMF
exposure limit. Instead of using an RF propagation model to
estimate the RF-EMF exposure at a specific location, like in
their prior work [21], here they use the simulated measure-
ments as feedback to emulate the real-life situation. The dis-
tributed charging model is also considered in [22], where the
authors approximate the problem with a second-order cone
program (SOCP), which can be optimally solved with con-
vex optimization algorithms (e.g., interior-point methods).
The authors of [22] consider the jitter of RF-EMF radiation
triggered by wireless chargers that is usually overlooked by
the prior studies. The other RF radiation-constrained WPT
optimization is also presented in [23], where the authors con-
vert the constraints to a multidimensional 0/1 knapsack and a
Fermat-Weber problem. Both [22] and [23] conducted a real
experiment to test the algorithm performance by using the off-
the-shelf devices; Powercast as the wireless charger and sen-
sor node as the receiver. In [24], a beamforming algorithm for
multiple-input-single-output (MISO) downlink simultaneous
wireless information and power transfer (SWIPT) systems is
proposed. In this system model, the author’s objective is max-
imizing the signal-to-interference-plus-noise ratio (SINR)
and the harvested power at the receivers, while satisfying the
SAR and transmitted power constraints. To do that, the author
applies the optimal beamforming and power splitting tech-
nique through the semidefinite programming and bisection
search.

Among the existing works, none of them particularly con-
siders the phased antenna array as the WPT transmitter and
most of the prior works do not consider modeling a human
body in the simulation that matches the actual human body
area for calculating the power density of RF-EMF radiation
exposure on each human body detected in the WPT area.
Therefore, in this work, we present the adaptive semidefinite
relaxation (SDR) and eigenvalue decomposition/projected
subgradient (EVD/PSG) based beam-steering algorithms to
solve the RF-EMF radiation overexposure problem that might
happen in the WPT system. Our proposed algorithms can
decide each antenna element excitation that limits the radi-
ation to a region where a human body is detected while
maximizing the received power toward the target receiver
by means of the beam focusing technique. To model the
human body, we assume a camera is installed in the WPT
area to detect the presence of a human body. The human
body area is further defined by using the principle of pinhole
camera projection that will be rigorously explained in later
sections.
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The rest of the paper is organized as follows. In Section II,
we explain the system model of our work. In Section III,
the problem formulation and the proposed solution to avoid
the RF-EMF radiation penetrating the human body are pro-
vided. In Section IV, we present the numerical simulation
results. Section V presents the experimental results, and the
paper is concluded in Section VI.

Il. SYSTEM MODEL

A. ANTENNA ARRAY CONFIGURATION

The proposed WPT model in this paper comprises a sin-
gle power beacon and K receivers, each of which is called
receiver k (i.e., k = 1,2,..., K). Both power beacon and
receiver k are equipped with 2D planar microstrip patch
antenna array as their transmit and receive antennas, respec-
tively. The power beacon has N antenna elements, each of
them is called antenna n (i.e., n = 1,2,...,N). Every
receiver k has M antenna elements and each of them is
called antenna m (ie., m = 1,2,...,M). In our WPT
system, N transmit antennas can adaptively focus the RF
energy beams towards the receivers, so that they can sur-
vive by relying only on the power transmitted by the power
beacon.
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FIGURE 1. Antenna array configuration.

The antenna array configuration for the power beacon and
each receiver k is drawn in Fig. 1. As shown in the figure,
the antenna array consists of A%, columns and ATY, rows of
antenna elements. The spacing between neighboring antenna
elements along y-axis and z-axis are, respectively, dCT(j‘l and
dr{jiv The position of each individual antenna element is
defined as follows. On the power beacon side, let s,{x =
(s, s, sfl)T denote the position vector of the phase center of

each transmit antenna # in the Cartesian coordinate system,
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FIGURE 2. Receiver's attitude is restricted to facing towards the power beacon.

and each component of the position vector is defined in terms
of its column and row indices (i.e., (SCT(’)‘I, SrToxw)) as shown
in Fig. 1, such that

55 =0,

l ATX
) T ol T
%=(G&—5)—§§~¢a

ATX, T 1 T
= (% - <8r(fw - 5)) ’ drojiv‘ ey

On the other hand, each receiver k also has a similar array
configuration as the power beacon has, as follows; each
receiver k consists of AR columns and ARY, rows of antenna
elements with the spacing between neighboring antenna array
elements denoted by d%% and a%y,.

In our system, we assume that every receiver k is located
in the radiative near-field region of the power beacon, and the
size of the receiver is much smaller than the power beacon,
which leads the power beacon to view the receiver k as a
single antenna element, instead of an array of M antenna
elements, as depicted in Fig. 2. Consequently, the phase
center position of each receiver k can be defined in Spherical
coordinate system as sfx = (rg, O, ¢k)T. This assumption
simplifies the calculation of the channel gain from each
transmit antenna n towards each receiver k; hence the total
received power of each receiver k can be carried out through
the summation of the electric field of each transmit antenna
n towards one desired direction, sfx .

g
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The positions of the power beacon and receivers in the
coordinate system are shown in Fig. 3. In our system model,
we assume that the position and attitude of the power beacon
are fixed as depicted in the figure; where the power beacon
is located on the yz-plane at x = 0, with the center of the
transmit antenna array at the origin of the coordinate system
@i.e., (0, 0, 0)). On the other hand, as stated earlier, every
receiver k can be freely located in the radiative near-field
region with a minor restriction on the attitude, as illustrated
in Fig. 2. As shown in the figure, we assume that a receiver
faces towards the power beacon. In other words, the normal
vector, denoted 71, perpendicular to the surface of receiver k
points towards the origin of the coordinate system.

B. POWER WAVE CONCEPT OF ANTENNA CIRCUIT

In this subsection, we explain the concept of the power wave
to analyze the transmitted power from the transmit antenna
circuit and the received power from the receive antenna cir-
cuit. Since both the power beacon and each receiver k consist
of multiple antenna ports, we can use the generic multi-port
network model to define the scattering parameter of each
antenna port, which is usually expressed in terms of the
transmitted and received power waves [25]. The transmitted
power wave defines the power wave going out from the
antenna port, meanwhile received power wave describes the
power wave going into the antenna port. We introduce X™* =
(X[ xx-- Xlgx)T, X% ¢ CN, as the column vectors that
represent the transmitted power wave at the power beacon.

217513



IEEE Access

L. Ginting et al.: Beam Avoidance for Human Safety in Radiative WPT

FIGURE 3. WPT system in the Cartesian and spherical coordinate system.

Whereas at receiver k, we introduce the received power wave

T
: Rx __ Rx Rx Rx Rx M
of receiver k as X" = (Xk,l’Xk,z’ cee ,Xk’M> , X € c*.

To simplify the overall system model, we assume that no
power wave is generated from the antenna ports of receiver
k, no power wave is reflected back to the antenna ports of the
power beacon, and also no antenna coupling happens between
the adjacent antenna elements in the transmit and receive
antenna array. Thus, the relation between the transmitted and
received power wave at the power beacon and receiver k,
respectively, can be simply defined as

X = Sg,rX™, )
where
SRklel SRk,I Tn
SreT = : : ) 3)
SRkYMT| SRk,MTN

Sr,r € CM>*N is a channel gain matrix which describes the
relationship between the received power wave at each antenna
element m of receiver k and the transmitted power wave from
each transmit antenna element n. Since the size of the power
beacon is assumed to be much larger than receiver k, every
row of Sg, 7 has the same value. That is, Sg,7,, = Sr, |7, =
SReaT, = = SRoyT,» Where Sg, 1, is the channel gain
from transmit antenna element » to an antenna element of
receiver k. The rigorous calculation of Sg, r will be explained
in later section.

C. RADIATION AND RECEPTION MODEL

In this subsection, we define the RF-EMF radiation wave
when transmit antenna port # at the power beacon is excited
by power wave X*. We here assume that both the power
beacon and receiver k send the vertically polarized wave, and
hence the transferred power loss due to polarization mismatch
between the transmit and receive antennas is avoided. In the
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vertically polarized antenna, the E-plane is an elevation cut,
and the electric field is defined in the elevation direction.
Let G1y,(0n,k, ¥n,k) denote the gain of the transmit antenna
element n towards receiver k, where 6, x and ¢, x denote the
elevation and azimuth of receiver k from the transmit antenna
element n, respectively. By assuming that each antenna ele-
ment in the power beacon has the same antenna pattern and
Onk = 6k and ¢, = ¢y for all n, the gain expression is
simplified to Grx (6, ¢r)-

Now we can define the E-field at distance di , from the
phase center of transmit antenna element n towards phase
center position of receiver k (i.e., sf"), in terms of transmitted
power wave X* such that

n 1
Ef Ok, ¢) = w/E GreO i) -
\n

x exp(—jr/Mdi.n) - XT*,  (4)

where A and n denote the wavelength and free-space
impedance, respectively. Calculation of d , can be carried

out in Cartesian coordinate system, such that
aRx Tx
dien =18 =8, 12

= JG SR+ G -SG5 )

where 88 = (57, 57, )7 is the conversion of s to Cartesian
coordinate system such that

Sp = ri sin 6 cos ¢y,

§, = rx sin O sin ¢,
57 = rycosbg. (6)
In the receiver side, as stated earlier, we assume that every
receiver always faces toward the power beacon (i.e., the nor-
mal vector 7 points toward the coordinate origin), which

makes the gain of each receive antenna element m of receiver
k constant (i.e., Ggx,, (0, ) = Ggy). By using the definition
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FIGURE 4. Human body model based on the principle of pinhole camera.

of transmit and receive antenna gains, we can define Sg, 7, as
the entry of channel gain matrix Sg, 7, such that

V Gry (6, ¢k) GRx

x exp (—jr/Mdin) . (7)

S = —
RicTo Ardy p

D. HUMAN BODY MODEL

In this work, we assume that human body location informa-
tion is obtained by a camera that is installed at the origin of
coordinate system. For mathematical expression, each indi-
vidual human is modeled by using the principle of pinhole
camera as shown in Fig. 4. Suppose there are L human
bodies detected around WPT area and each is called human
I (Ge.,l = 1,2,...,L). The light that passes through the
camera hole creates the inverted image of the human body
[ at distance f behind the optical center C. However, here we
assume that the virtual image plane is placed in front of the
optical center C at distance f, so that the resulting image is
not inverted.

Suppose that the camera projects each human body / onto
the virtual image plane. The human body area on the vir-
tual image plane is simply defined as a rectangular shaped
area formed by four corner points, which is mathematically
defined as A; = {(u, V) |uo<u<uyg, via <v< vlyl}.
This rectangular human body area A; captured by the camera
is projected onto the far-field sphere under the assumption
that the human body is located in the far-field region of the
power beacon. According to Fig. 4, a point in the virtual
image plane (u, v) is projected onto a point in the far-field
sphere represented by elevation 6 and azimuth ¢ as

0
¢

arccos <v/ f2+u?+ vz) , 3
arctan2 (u, f), 9)
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where f denotes the focal distance and arctan2 (u, ) defines
the four-quadrant inverse tangent of u# and f. Eventually,
the projected human body area on the far-field sphere can be

defined as
B; = {(6,¢)| 6 = arccos <V/\/m> 7
¢ = arctan2 (u,f), (u,v) € Al}. (10)

1Il. BEAM FOCUSING AND AVOIDANCE PROBLEM
FORMULATION AND SOLUTION
A. WIRELESS POWER TRANSFER TO RECEIVERS
In this subsection, we define the total transmitted and received
power by using power wave concept. The transmitted power
can be calculated in terms of the transmitted power wave X'~
as follows

Pr = SIXP = £ (x7) X7, (11

2 2

where (XTX)H denotes the conjugate transpose of X
By using receiver location information, the power beacon
concentrates the transmitted power toward the target receiver
by means of the beam focusing technique. To calculate the
total received power at each receiver k, we use the calculation
of the total power wave at receiver k in (2) and the channel
gain in (7), such that

1 1 H
Pry = 5IXP12 = 5 (X)) VeuX™. (2
where Vg, = (SRkT)H Sk, 7> VRy k € CVXN,

B. HUMAN BODY EXPOSURE TO RADIATION
In order to calculate the RF radiation exposure on human
body [, the equation is given as

Pep,1 = / / 1) (6, ¢) sind dode¢, (13)
(0.9)eB;
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FIGURE 5. Overall proposed WPT system.

where I; (0, ¢) denotes the radiation intensity of the power
beacon toward receiver [, which can be derived as

N Epn@, )|
L0, ¢) = ‘Zn—l ; ( ¢)| )
n

As mentioned earlier, we assume that the human body is
located in the far-field region of the power beacon. Here,
Eg,n (0, ¢) is defined as the radiated E-field from transmit
antenna element n toward the direction of § and ¢ at the unit
distance. We define Egy,, (0, ¢) in terms of the transmitted
power wave X*, such that

n
V 27 €10 ®)

x exp (—j(2m/Mdn(0, ¢)) - X, (15)

where d,(0, ¢) defines the relative distance from transmit
antenna n towards the direction of 6 and ¢. The relative
distance implies the distance difference between antenna
elements, which directly determines the inter-element phase
shift. We define d,,(6, ¢) as

dn(0, ¢) = ) sin@ sing + 55 cos 6. (16)

14

Eg(0,9) =

From (8), we can rewrite the integral in (13) over the
coordinate system (u, v) for the camera image plane by using
the determinant of the Jacobian matrix, such that

‘J(u, v)‘

90 90
(0, ¢) FY
s 3_55 3_;,
u av
! 1 1
MV(]C2 + M2) 2 _ (fz + M2)2 f(fZ + u2)_§
= f2+?2+\/2 [P+ = e
f2 + M2 0
(17)
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Based on the calculation above, (13) is converted to

expl = // |Zn 1E9 n(0, ¢)|
(u,v)EA;

x; dudv. (18)

(2 +u2 +12)?
By substituting (15) into (18), the RF radiation exposure to
human body / is rewritten as

Pegys = XAV, X™, (19)
where
VHu,_—// E*ET;3 dudv,
(u.v)€A, (f2 +u? +v2)2
(20)
Vi, € CN*N. Here, we define 8 = (Ey,---, En)’,

whose entry is derived as E, =
exp(—j(27t/1)dn(0, §)).

C. OPTIMIZATION PROBLEM FORMULATION

From (11), (12), and (19), we can now formulate an opti-
mization problem for the purpose of maximizing the total
received power while maintaining the transmitted power and
the RF radiation exposure below a specific limit, as illustrated
in Fig. 5, such that

V=G0, ¢) x

K

H

ma))((lguze - (XTx) Z (VRx k) X,
: k=1

subject to — 5 (XTX) XTI = ppax

XTx) . VHu,l . XTx < Pmax

exp
forall /=1,---,L

1 T: H T: i

S (X™)" Veoi - X5 = PR,

foral k=1,--- K. 1)
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Here, we set Py € R and Pt € R as the maximum
limit of transmitted power and electromagnetic radiation
exposure level for human body [, respectively. In addition,
P;’é’;” € R denotes the minimum received power for each
receiver. Since the objective function and constraints are
written in the quadratic form, the optimization problem above
is categorized as the quadratically constrained quadratic
problem (QCQP). The optimal solution of this problem is
denoted by Xglft

This optimization problem is a non-convex problem since
VRrek is a positive semidefinite matrix which makes the
objective function and the third constraint non-convex.
Hence, this problem cannot be simply solved by using
the available convex optimization solvers (i.e., CVX and
SeDuMi).

D. SOLUTION ALGORITHM

1) SEMIDEFINITE RELAXATION (SDR)

We can solve (21) by using the semidefinite relaxation tech-
nique [17]. To this end, we convert (21) into the following
form by using a trace operator Tr.

K
1
maximize - Tr (Z (Vrek) - Z)
k=1
. 1 max
subject to 3 Tr(d-Z) = Py,

Tr (VHu: - Z) < P2*

exp

forall/=1,.---,L

1 .
QTT(VRx,k -Z) = PR, forallk=1,--- K

rank (Z) = 1,
Z >0, (22)
where Z = (X™)# . X Here, Z is a rank-one positive

semidefinite (PSD) matrix (i.e., rank(Z) = 1 and Z > 0).
Among the equations in (22), the only non-convex one is
the rank constraint (i.e., rank (Z) = 1). Therefore, to solve
the problem effectively, we can relax the above optimization
problem to a convex optimization problem by releasing this
rank constraint such that

K
]
maximize - Tr (Z (Vrek) - Z)
k=1
subject to 3 Tr(d-Z) = Py,

Tr (Vi - Z) < P19

exp fOI’alll:l,-..’L
1 .

§TY(VRx,k Z) = PRV, forallk =1,--- K
Z>0. 23)

Since the relaxed optimization problem is convex, we can
solve the problem in polynomial time by using the available
convex problem algorithm, e.g., interior point method [18].
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2) EIGENVALUE DECOMPOSITION/PROJECTED
SUBGRADIENT (EVD/PSG)

Other than the semidefinite relaxation, we also propose an
algorithm based on the combination of the eigenvalue decom-
position and projected subgradient techniques. We reformu-
late the optimization problem (21) into the relaxed problem
through the Lagrange multiplier method, such that

1 H
maximize — (XTX) ‘A-X"4+B
X7Ix 2

1 H
subject to 3 (XTX> - XT¥ = pax, (24)

where we define A such that

K L K
1 1
A= 3 ZVRx,k - Z)\Hu,l - VHu, + 3 Z)»Rx,k - VRe k
k=1 =1 k=1
(25)

and B as
L K
B = huui- Poot = hrek - PR (26)
=1 k=1

Here, Agcx € R and Ag,,; € R are introduced as the dual
variables of the problem which are defined as the control
coefficients to ensure that the constraints of received power
and RF radiation exposure are satisfied.

To solve the relaxed problem, we adopt the hierarchical
procedure, in which we break down the optimization problem
into the inner and outer problems. In the inner problem,
the optimization problem (24) is solved under the condition
that the dual variables are fixed. Since B is a constant, we can
remove B from (24), and cast the problem into the eigenvalue
problem, which can be solved through the eigenvalue decom-
position such that

A =wQU, (27)

Here, W is an N-by-N matrix, whose nth column represents
the eigenvector ¥, of A, such that ¥ = (¢, Y5, -+, ¥pn).
Along with ¥, we define Q as an N-by-N diagonal matrix,
whose entry represents the corresponding eigenvalue (i.e.,
Q,.n = gn) sorted in a descending order. Since our objective
function is maximizing the power, we select the principal
eigenvector of A (i.e., ¥ ) to find the optimal XT*that is

X MR ks Mut) = /2P -, (28)

where X (ARx.k» AHu,1) 1s defined as the optimal . given
the dual variables, Agx x and Apy ;.

In the outer problem, we find the optimal solution for the
dual variables Agy x and Ap,,; by using the projected subgra-
dient method. The projected subgradient method updates the
dual variables as

(i+1) @) (i)

Mort) = (Mo + voua (P, - pgg;]x)L, (29)
o o

Mot = [+ e (PR = PRL)] . GO)
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where i denotes the iteration number, AEZI)M ; and )»52(  are
the dual variables at the ith iteration, and yg, x and ymy,
represent the constant step sizes that are assigned to control
the convergence rate of Pgy x and Py, respectively. In (29)
and (30), ngp,l and ngc, ¢ are the exposure level and receive

power at the ith iteration such that

szp,z = X vy, X0, (31)
i 1 . .
P%zc,k — E(XTJC,(I))H . VRx,k ~XTX’(l), (32)

where X™() = XTx ()»%J)C’ . )»;_'I)M’ ;). In every iteration, Agy .
Atuts and X (Agy k., Ap.1) are updated through (27)—(32)
and continue to be updated until Ag, s and Ap, reach the
convergence state.

For this algorithm, the EVD and PSG computation are exe-
cuted separately, in which the EVD procedure is performed
prior to the PSG method. As mentioned earlier, the EVD
method works with N-by-N matrix, hence O(N 3) time suf-
fices to do the computation [26]. On the other hand, the con-
vergence rate of PSG theoretically is O(1/&?), which implies
the complexity depends on the desired accuracy &, not the
number of antenna element N. In the PSG method, we update
and check the feasibility of the dual variable Ag, ; and Agy x in
every iteration without the needs to perform a specific number
of iterations (i.e., N). By applying this hierarchical approach,
the only complexity that takes into account is only the EVD
complexity. Hence, the proposed EVD/PSG algorithm has
lower complexity than the SDR method (i.e., O(N*?)).

IV. SIMULATION RESULTS AND ANALYSIS

We have carried out various simulations to assess the
proposed analytical model and equations presented in the
previous sections. In the simulation, we model the power
beacon (Tx) and the receiver (Rx) as phased patch antenna
arrays, which work at the operating frequency of 5.8 GHz.
Furthermore, the human body is represented by a rectan-
gle with dimension 0.5 m-by-1.7 m (i.e., width-by-height).
As explained in the previous section, in the algorithm,
we assume that the human body is in far-field region.
However, for the simulation, we conduct a more reliable
calculation of the RF radiation exposure power on the human
body by integrating the Poynting vectors that go over the
human body area, hence the human body is not restricted to
be placed in the far-field region.

A. SINGLE RECEIVER

In this subsection, we set up the first simulation scenario of
a WPT system consisting of one transmitter, one receiver,
and a person in a 6 m-by-10 m square area. Here, the trans-
mitter and receiver are modeled as 16-by-16 and 8-by-8
phased antenna arrays, respectively. The simulation layout
is depicted in Fig. 6 in which the transmitter is located at
(0 m, 0 m) and the receiver is at (7 m, 0 m) in the X-Y plane.
Here, we consider the person moves along the X-axis from
3 m to 10 m. In this simulation, we set the Py = 2 W,
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FIGURE 6. Single receiver simulation layout.
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FIGURE 7. Received power and RF radiation exposure power according to
human movement along X-axis.

PR" = 0.1 W, and P7% = 1.6 W. As a result, Fig. 7
shows the received power and exposure power for various
positions of the person. From the figure, we can see that
the exposure power is kept within the safe exposure level at
distance 3 m and decreases as the person moves further away
from the transmitter. This phenomenon indicates that the
EMF power decreases over distance, thus we can infer that
the closer the human body to the power beacon, the greater
the amount of EMF power exposed to the human body is.
On the other hand, the received power slightly increases but
does not notably change that much because we disregard the
blockage models to simplify the simulation. As a comparison,
we also provide the results obtained from the semidefinite
relaxation (SDR) algorithm. We can observe that the SDR
results well match the eigenvalue decomposition/projected

VOLUME 8, 2020



L. Ginting et al.: Beam Avoidance for Human Safety in Radiative WPT

IEEE Access

Pp (W)

0.2 0.01

0.1 \'\

0.0 T T T T T T T T T 0.00
1 10 20 30 40 50 60 70 80 90 100

iteration

(a) Arz, Pr. Vs iteration number

FIGURE 8. Convergence graphs of single receiver case.
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FIGURE 9. Multiple receivers simulation layout.

subgradient (EVD/PSG) results, which indicates that the
EVD/PSG algorithm is comparable to the SDR algorithm
while having a lower complexity.

For the purpose of observing the convergence process in
the EVD/PSG method, we present Fig. 8 to show the received
power and exposure power with the corresponding Agr, and
Amy as the function of the iteration number. In this figure,
we set up the second simulation scenario, in which we use
a 16-by-16 phased antenna array as the transmitter and an
8-by-8 antenna array as the receiver. We place the transmitter,
receiver, and human body at (0 m, 0 m), (6 m, 0 m), and
(7 m, 0 m), respectively, and we use the projected subgra-
dient method with a constant step size (i.e., yg, = 0.01,
vau = 0.01). From the graphs, we can observe that as the
dual variables (i.e., Ag, and Ag,) are updated by using the
projected subgradient method until converge to the optimal
dual solution, the primal variables (i.e., Pgy and P,yy,) con-
currently reaches the near-optimal solution.

B. MULTIPLE RECEIVERS
For the case of multiple receivers, the layout is depicted
in Fig. 9. Here, we consider the WPT system comprising
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one transmitter (denoted by Tx), two receivers (denoted by
Rx 1 and Rx 2), and a person inside a 6 m-by-8 m square
area. In this subsection, we always consider the transmitter to
be a 16-by-16 phased antenna array and each receiver as an
8-by-8 phased antenna array. For this simulation, receivers
1 and 2 are located at (5 m, —1.5 m) and (5 m, 1.5 m),
respectively, in the X-Y plane. Here, we set P = 1 W,
PR = 0.01 W, and PZ)'C??X = 0.1 W. As shown in the
figure, the person moves horizontally along the Y-axis from
—2.5 m to 2.5 m while the X-axis position is kept at 5.5 m.
In this scenario, we expect to observe how human body
position affects the energy beam shape and the received
power of each receiver. In Fig. 10, various energy beam
shapes according to human body position are presented. Here,
the beam shape is constructed from the calculation of the
Poynting vector that is tangential to the X-Y plane. From the
results, we observe that the transmit beam splits toward each
receivers and varies its concentration based on human body
location. As the person gets closer to a receiver, the energy
beam tends to be less concentrated to avoid the RF-EMF
overexposure.

To confirm the accuracy of the results, in Fig. 11, we plot
the received power and exposure power as the function of
the human body position. The notable difference between
the received power of Rx 1 and Rx 2 appears when the
human stands close to one of the receivers, which is around
Y =—1.5mand Y = 1.5 m. In other words, when the human
stands closer to one receiver, the transmitter suppresses the
energy toward that receiver and focuses the energy toward
another receiver to avoid the EMF overexposure. Although
the transferred power is restrained to the receiver which
locates closer to the human body, the received power of that
receiver is still well maintained above the minimum received
power limit (Pg”). From the figure, we can also observe
that the EVD/PSG results are almost identical to the SDR
results. Based on the results, we can conclude that both the
proposed algorithms successfully assure the human safe from
the RF-EMF radiation overexposure since all the EMF expo-
sure power always stays within the range of the permissible
exposure limit.
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FIGURE 10. Various beam shapes according to human position: two receivers and one person case.
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to human movement along Y-axis.

Fig.12 shows the convergence analysis of the EVD/PSG
algorithm for the case of multiple receivers. In this simula-
tion, the first receiver (Rx 1), second receiver (Rx 2), and
human body are placed at (5 m, —0.5 m), (5§ m, 0.5 m), and
(6 m, 0.5 m), respectively. We set the same constant step
size as in the single receiver case. Since the person stands
closer to Rx 2, our algorithm tends to send more power to
Rx 1 than Rx 2. Meanwhile, as the iteration goes, the EMF
exposure toward the human body gradually converges and
stays below the safety limit. From the figure, we can see
that as the dual variables (i.e., Ary,1, Ary,2, and Apg,) are
iteratively updated until they converge after the 90th iteration,
the primal variables (i.e., Pry and P,yp) gradually reach the
state of the convergence as well. This figure does validate that
our optimization problem can be solved through the proposed
EVD/PSG algorithm.

In the next scenario, we increase the number of people
around the WPT area to check if the EVD/PSG algorithm
can handle such a situation. Here, we set P = 2 W,
Pj%’;" = 0.01 W, and P’e"x’llj‘ = 0.2 W. We put the receivers
and people in two different positions and generate the cor-
responding beam shapes, as presented in Fig. 13. The corre-
sponding received and exposure power results are provided
in Fig. 14. In Fig. 13(a), the transmitter sends more power to
Rx 2 since there is a human stands in front of Rx 1. Therefore,
to avoid overexposure, the transmitter focuses the energy
toward Rx 2 while maintaining an adequate power supply
to Rx 1. Meanwhile, in Fig. 13(b), we can observe that the
distance in X-direction from Rx 1 to Human 1 is closer than
Rx 2 to Human 2, thus the transmit beam tends to be more
concentrated toward Rx 2. From these plots, we can see that
the algorithm works well in focusing the power toward the
receivers and avoiding the human for the case of two receivers
and two people.

In the last scenario, we assume four receivers and two
people in the WPT area and set up the P =2 W, P}’é’;” =
0.01 W, and P = 0.2 W. Various beam patterns are

exp
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generated and shown in Fig. 15. Along with the beam shape
plots, we also provide the received power of each receiver and
the exposure power of each human for every case in Fig. 16.
Here, we can observe that the results yield good agreement
between the beam shapes and the received and exposure
power plots for every case. Based on the results, we con-
firm that the proposed algorithm performs properly when the
number of receivers is increased. We can conclude that our
proposed algorithm can adjust the optimal antenna weights
based on human position, which results in the right amount
of power delivered toward each receiver without violating the
RF-EMF restriction.

V. EXPERIMENTAL RESULTS AND ANALYSIS

A. TESTBED MODEL

As shown in Fig. 17, we have built a testbed and conducted
the experiments to validate the proposed EVD/PSG algo-
rithm. The testbed consists of a 4-by-8 linearly-polarized
phased antenna array as the transmit antenna and a horn
antenna as the receiver, both operate on the 5.8 GHz fre-
quency band. Each transmit antenna element is associated
with a digital phase shifter with 5.625° resolution for adjust-
ing the excitation phase. In order to verify whether the power
wave (X'*) obtained from EVD/PSG algorithm is feasible
to be used in the real testbed environment, we transfer the
phase angle of X”*, which is generated by our MATLAB
simulation, to the LabVIEW software, which works as the
main controller in this experiment. The LabVIEW software
assigns the excitation phase and delivers it to the phase shifter
of each transmit antenna element. Afterward, the weights are
converted to the RF energy signal and wirelessly transmitted
toward the horn antenna. Next, the received RF power on the
horn antenna is measured by the digital power meter; thus,
the beam shape can be generated.

The coordinate system of the experimental setup follows
the coordinate system of our system model depicted in Fig. 3,
in which the transmit antenna array lies in yz-plane and radi-
ates the RF energy toward the x-axis direction. To draw the
beam pattern, we placed the transmit antenna on the turntable,
which rotates at a constant velocity in a clockwise direction
from the ¢ = —45° to 45°, and mounted the horn antenna
on the antenna mast whose height can be adjusted to cover
the elevation angle from 8 = 65° to 115°. Both the turntable
and the antenna mast are electronically controlled from the
LabVIEW software.

B. EXPERIMENTAL RESULT

In this subsection, The EVD/PSG algorithm is validated
by the comparison with the experimental data. To compare
the experimental and simulation results, we performed the
MATLAB simulation beforehand, obtained the phase angle
of the power wave, and implemented it in the testbed by
using a LabVIEW program. The results we obtained from
the simulation and experiment are shown in Fig. 18. Here,
we consider the WPT system comprising one transmitter,
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two receivers, and a person, and we set the P79

_ =4 W,
PR = 0.01 W, and P;’jfl’f = 0.1 W. Throughout the simula-
tions, the first receiver (Rx 1) and second receiver (Rx 2) are
placed at (3 m, —1.5m) and (3 m, 1.5 m), respectively, but

the position of the person varies to three different positions:

217522

at (3.5m, Om), (3.5 m, —1.5 m), and (3.5 m, 1.5 m), consec-
utively. From the figure, a fairly good agreement between the
simulation and experiment is shown. Two beams are formed,
which shows that the power beacon focuses the energy
towards both receivers. Moreover, we can clearly observe that
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in Fig. 18(d) and (f), the power beacon reduces the energy
toward the receiver, which is located near the human body.
A slight intensity difference between the experiment and
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simulation is still found due to the reflection phenomenon
that could happen in the indoor propagation environment
not fully surrounded by the anechoic absorber. However, in
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FIGURE 18. Comparison between the simulated and measured beam
pattern in the normalized scale (i.e., case 1: human body at (3.5 m, 0 m),
case 2: human body at (3.5 m, —1.5 m), and case 3: human body at

(3.5 m, 1.5 m)).

general, the experimental results successfully verify that the
proposed EVD/PSG algorithm can be applied in the real
testbed environment.

V1. CONCLUSION

In this paper, we have presented two algorithms, the semidef-
inite relaxation (SDR) and the eigenvalue decomposi-
tion/projected subgradient (EVD/PSG) methods, to avoid the
RF-EMF overexposure in the WPT environment. We have
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analyzed the system model, derived the algorithms, and
proved that the simulation results agree with the analytical
results. Based on the simulation results, we have confirmed
that the RF-EMF exposure to the human body can be mod-
eled using the far-field approach for defining the position
of human body in the WPT area. We have also verified
that through the iterative hierarchical scheme, in which the
eigenvalue decomposition and projected subgradient dual
method are applied, the EVD/PSG algorithm can obtain the
near-optimal solution as the obtained results match the SDR
results. By experiments, we have shown that the experimen-
tal results match the simulation result which implies the
EVD/PSG algorithm can be applied in the real experimental
environment. Therefore, we can conclude that both the pro-
posed algorithms successfully maximize the received power
while maintaining the RF-EMF exposure toward the human
body below the safety restriction.
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