IEEE INFOCOM 2025 - IEEE Conference on Computer Communications | 979-8-3315-4305-1/25/$31.00 ©2025 IEEE | DOI: 10.1109/INFOCOM55648.2025.11044512

SANE: Safe Charging with Wave Interference

Yuan Yin*T, Dié Wu*T, Jing Gao*T, Jin Yangi, Jilin Yang*T, Tang Liu*f
*College of Computer Science, Sichuan Normal University, Chengdu, Sichuan 610101, China
Visual Computing and Virtual Reality Key Lab, Sichuan Normal University, Chengdu, Sichuan 610068, China
ICollege of Computer Science, Sichuan University, Chengdu, Sichuan 610065, China
Email: {yuanyin, jinggao}@stu.sicnu.edu.cn, {wd, jilinyang, liutang} @sicnu.edu.cn, jinyang @scu.edu.cn

Abstract—With wireless power transfer becoming a popular
technology for recharging devices in various fields, the accom-
panying potential threats of electromagnetic radiation (EMR)
have attracted widespread attention from researchers. Although
some state-of-the-art safe charging solutions have been developed
to address EMR threats, they all ignore wave interference,
resulting in a gap between their theoretical models and real-
world applications. In this work, we focus on developing a
safe charging scheme considering wave interference, termed Safe
chArging with wave iNterferencE (SANE), aiming to maximize
the overall charging utility while ensuring the EMR safety of
critical locations. Specifically, we first build a charging model with
wave interference to explore the impact of wave interference on
the EMR intensity. Then, we devise a charger placement method
that meets safe charging requirements while enabling devices to
harvest maximum power from constructive interference. Finally,
we conduct extensive simulations and field experiments to eval-
uate the effectiveness of SANE scheme. The results demonstrate
that SANE not only ensures the EMR intensity at all critical
locations remains below the safety threshold but also outperforms
the comparison algorithms by an average of 89.65% in overall
charging utility.

Index Terms—electromagnetic radiation, wave interference,
charger placement, wireless power transfer

I. INTRODUCTION

Nowadays, Wireless Power Transfer (WPT) technology [1]
has experienced rapid development due to its unique benefits,
including contactless operation, no wiring, and easy mainte-
nance. WPT enables power transmitters (i.e., wireless charg-
ers) to transfer energy to power receivers (i.e., rechargeable
devices) without any physical connection through electromag-
netic waves. The Wireless Rechargeable Networks (WRNs)
implemented with WPT technology have become a favorable
alternative for prolonged network lifetime [2]-[11], alleviating
the energy limitation problem in a variety of small battery-
powered devices.

Despite the advantages offered by WRNs in various ap-
plications, such as healthcare [12]-[14], smart offices [15]—
[17], and smart homes [18]-[20], the accompanying high
electromagnetic radiation (EMR) has raised serious safety
concerns for the human body exposed to it [21], [22]. For in-
stance, when it comes to the WRNs deployed in smart offices,
pregnant women working there may encounter severe health
threats with long-term exposure to intense electromagnetic
waves. Similarly, in the case of smart homes, families with
infants are at a higher risk of being affected by high EMR
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if exposed for an extended period. This is because ample
evidence indicates that infants have thinner skull thickness
compared to adults, making their brains more susceptible to
EMR penetration, which will probably lead to brain tumors
[23], [24]. Therefore, when constructing WRNES, it is essential
to guarantee the charging safety, especially for EMR exposure
in critical locations where sensitive populations intend to stay
a long time, like the chairs for pregnant women in the office
and the head end of the cribs in the home.

Recently, considerable effort has been devoted to the EMR
safety of WRNs [25]-[29]. They usually carefully select the
placement positions of chargers to ensure the EMR safety,
while maximizing the overall charging utility received by all
devices. However, we have to point out that these traditional
work ignore wave interference and instead assume that the
power received by devices and critical locations is additive
from different chargers.

In fact, this assumption does not align with the real-world
scenarios. When two waves encounter, if the path difference
between these waves is equal to kA (k € N), constructive
interference will occur, significantly increasing the power of
the combined wave. Conversely, if the path difference between
the two waves is equal to (k 4+ $)A(k € N), destructive
interference will greatly reduce the power of the combined
wave. According to recent research [30], [31], for a WRSN
deployed with 5 commercial off-the-shelf TX91501 wireless
chargers [32], the power distribution is not only completely
different from that in the networks assuming multiple waves
are additive, but is also quite complicated. For instance, for
two adjacent positions at a distance of only a few centimeters,
the difference between the power at these positions actually
reaches 35.23 times.

Apparently, simply applying these traditional safe charging
schemes will result in serious EMR safety hazards. For exam-
ple, it may cause sensitive populations to be exposed to high
EMR intensity at locations deemed safe, impairing their health
without awareness. Besides, neglecting wave interference may
lead to some devices receiving extremely weak power due to
destructive interference, drastically deteriorating the charging
performance of the network. Therefore, it is essential to
address the overlooked safety concerns with wave interference
and develop a charging scheme benefiting from it.

In this paper, we consider a practical charging scenario
containing several critical locations that are needed to guar-
antee EMR safety. By utilizing wave interference, we aim
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to enable devices to harvest substantial power from multiple
chargers while simultaneously weakening the power intensity
to a sufficiently low level at critical locations. Thus, we state
our Safe chArging with wave iNterferencE (SANE) problem
as follows: given a fixed number of static chargers, a set of
critical locations and static devices, how to design a charger
placement scheme where, once the chargers are placed, both
the EMR safety of critical locations and the maximization of
overall charging utility for all devices are satisfied.

Generally, there are two major challenges in our problem.

The first challenge lies in building a charging model with
wave interference. Not only does the charging power of
a single wave attenuate nonlinearly with charging distance,
but also the combined power of multiple waves fluctuates
nonlinearly due to wave interference.

The second challenge is how to select the appropriate
charger placement positions, to enable devices to harvest
maximum power while meeting the EMR requirements of
critical locations. The difficulty here arises from (i) the po-
sitional relationships between critical locations and devices
are arbitrary; (ii) in the continuous search space, the positions
available for charger placement are infinite.

To address the SANE problem, for the first challenge, we
investigate the effects of nonlinear interference on the power
distribution in the network and the EMR intensity at critical lo-
cations, and establish a charging model with wave interference.
For the second challenge, we develop two discretization meth-
ods: one for approximating the power of individual waves and
the other for approximating the combined power of multiple
waves. These methods enable us to discretize the continuous
search space into finite candidate placement subareas. From
these subareas, we then identify candidate placement positions
that maximize the power received by nearby devices while
ensuring the EMR safety of critical locations.

The main contributions of this work are summarized below.

« To the best of our knowledge, this is the first work to
consider wave interference in the field of safe charging,
introducing a new research prospect in how to construct
safe and efficient WRNs.

« We develop a safe charging scheme, termed SANE, to
maximize the overall charging utility while ensuring the
EMR safety of critical locations. Theoretical analyses are
provided to prove the effectiveness of our SANE scheme.

« Extensive simulations and field experiments verify that
SANE outperforms the comparison algorithms by an
average of 89.65% in overall charging utility, and the
EMR safety of all critical locations is ensured.

II. PRELIMINARIES
A. Network Model

Suppose there are N static rechargeable devices distributed
on a 2D plane €2, which is represented by S = {s1, $2, ..., SN }
If no confusion arises, we still use s; to denote the position
of the device s;.

A given number of omnidirectional wireless chargers
with the farthest charging distance D, denoted as C =

{c1,¢2,...;car}, can be placed on the plane 2 to provide
charging service for the devices. We still use ¢ to represent
the placement position of the charger c;. When all chargers
are deployed, each device s; will be concurrently charged by
a group of chargers covering it within D. We define the subset
of chargers covering s; to be C,, which contains m, chargers
in total, and the combined power at s; is Py, |c,. . We use dc, s,
to represent the distance from charger c; to device s;.

Meanwhile, there are also H fixed critical locations on the
plane , denoted as T = {v1,7a, ..., 7i }, needing protection
from the risk of high EMR generated by the chargers. We
still use ; to denote the position of the critical location ;.
Similar to the devices, we assume the charger subset covering
7v; to be C,,, which consists of m., chargers and imposes
the combined power of P’lecw,- on ;. Moreover, we use
de,,~; to represent the distance from charger ¢y to critical
location ;. For safe charging, an EMR safety threshold R
is predetermined to assess the levels of EMR exposure. In
Section VII, we discuss how to extend our safe charging
scheme to ensure the EMR safety of critical areas.

B. Charging Model

To investigate the intricate power distribution resulting from
the nonlinear wave interference, a practical charging model
with wave interference needs to be built. First, we begin with
the radio wave emitted from the charger cy:

A(t) = Ag cos(2m ft + o), (1)

where Ag, f, ¢o are the amplitude, frequency and initial phase
of the wave emitted from cy, respectively. As the attenuation
of amplitude is in a quadratic relation with distance, the wave
arrived at device s; or critical location y; can be accordingly
expressed. Here, we take the wave arrived at s; as an example:

A() 2w
A(t) = =—— cos(2m ft + ¢ — Tdc’“si)’ (2)
Ck,Si
5 dey ;48 . . . .
where d., ;, = —*A— is the adjusted version of distance
considering the attenuation in the propagation of the wave
from charger ¢, to device s;. a = G"*Lii“"(ﬁ)z, where G, and

G, are the antenna gains of charger and device, respectively.
[ is a parameter to adjust the Friis’ free space equation for
short distance transmission. 7 is the rectifier efficiency, L,, is
the polarization loss, and A is the wavelength [33].

When charger ¢, charges device s;, the wave received by
s; can be expressed with the Eq. (2). Assuming the period of
the radio wave is 7', the average power at s; is:

plex, si) = % / TT [A(t)} it

T
1 21 A 2T 2 A%
= — = cos(2m ft+ _7dc Si dt=————.
T/_g{dck,si ( f ¢0 /\ " ) 2(de75i)2
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Fig. 1. Power distribution of a network with two chargers.

When m, chargers simultaneously charge s;, the combined
wave arrived at s; can be calculated as:

Ay e, (1) = A cos(27rft )
7”,
) 4
= Z cos(2m ft — idck,si)’ @
Ck,s1 >\

ms, ms, d 3

where A; = {mé Ag® 4243 Z Z COb(zﬂ%)} is
k>1i=1

the combined wave’s amplitude and ¢ represents its phase.
Similar to the Eq. (3), the average power at s; is:

PSi\Csi = Z p(Ck;’S») = %/i |:A3i|c (t)i|2dt

A2 [ - 2cos )\d” e ))
= — + .
2 1;( Ck,S ) ;; Ck Sz.dcl Si

(&)

Eq. (5) reveals that the combined power received by each
device is depended on the wave interference caused by the
path difference among the waves from different chargers. Fig.
1 depicts the power distribution of the network with two
chargers. We can see that the constructive interference regions
(i.e., orange regions) and destructive interference regions (i.e.,
blue regions) appear alternately. At the center of each construc-
tive interference region lies an orange complete constructive
curve, where the path difference between any point on this
curve and the two chargers is equal to kX (k € N). For the
destructive interference region, there is also a blue complete
destructive curve at the center, where the path difference
between any point on this curve and the two chargers is equal
o (k+ 3)\ (k € N). Apparently, to achieve effective and
safe charging, we should locate every device on the complete
constructive curve as possible and avoid situating the critical
locations in the constructive interference regions.

As for charging safety, we introduce the concept of EMR
intensity to quantify the degree of EMR exposure for critical
locations. Specifically, the EMR intensity of critical location
«y; can be expressed as:

Ry, =¢: P%‘lcvjv ’ ©)

where ( is a constant value and the combined power intensity
ij\ij at ; can be calculated in the same way as devices.
Depending on different environments, the EMR safety thresh-
old R; can be set in advance. For those critical locations with
the EMR intensity below R;, they are considered to be safe.

C. Charging Utility Model

Due to hardware constraints and practical requirements, the
harvested power of devices is usually constrained with an
upper bound P;,. Thus, we adopt a linear charging utility
model for the received power, where the charging utility is
first proportional to the harvested energy until it reaches a
given threshold, after which it remains constant. For device
Si, the charging utility can be calculated as:

'LL(P C ) — P’fh PS,‘C P31|Cg1 < Ptha
silCs; 1, P c,. = Bin-

D. Problem Formulation

(7

In this paper, our objective is to design a charger place-
ment scheme with wave interference to construct a safe and
efficient WRN. Specifically, we aim to find out a set of
charger placement positions that ensures the EMR intensity
at critical locations below the EMR safety threshold R; while
maximizing the overall charging utility of the network. Here,
we state our Safe chArging with wave iNterferencE (SANE)
problem as follows:

N
P1) maz u(total) = ZU(PSACSI.%
i=1
st. Vyel, Ry, <Ry 8

Theorem 1. The SANE problem PI is NP-hard.
Proof: We omit the proof due to space limitations. W

III. AREA DISCRETIZATION

Due to the continuous nature of the 2D plane, all positions
within the network are available for placing chargers. To avoid
the computational overhead arising from enumerating them, in
this section, we aim to reduce the continuous search space to a
limited one without performance loss. So, we first approximate
the nonlinear charging power of individual waves using a
piecewise constant function, and then discretize the whole
network into multiple candidate placement areas.

Let P,(d) denote the power a device received from a single
charger with distance d, we can give the following definition.

Definition 1. Setting d(0) = 0 and d(V) =
constant function P,(d) can be written as

D, the piecewise

. Pu(d(1)),  d=d(0),
P.(d) =< P.(d(v)), dlv—1) <d<dw)(v=1,..V),
0, d> d(V).

Here, d(1) to d(V') represent the end points of the constant
segments in order, where V' denotes the number of constant
segments. Additionally, V' also serves as a vital parameter to
control the approximation error and computational complexity.
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Fig. 2. An illustration of Dominant Covered Sets (DCSs) extraction.

Generally, as we increase the value of V, the approximated

error reduces, but the computational complexity increases.
Moreover, we have the following theorem to describe the

number of constant segments and the approximation error.

Theorem 2. We set d(0) =0, d(V) = D, and d(v) = B((1+

€1)2 — 1), (v =1,..,V — 1). Then, we get the number of
constant segments
In(P-(0)/P.(D
V:[n( (0)/ P ( ))1,
ln(l + 61)

where €1 is a predetermined error threshold, and the approx-
imation error satisfies

v

(d)

1< =
P(d)

§1+€17(dSD)

Based on the piecewise constant function, we can draw V'
concentric circles centered at each device with a radius of d(1)
to d(V'), forming V' numbers of rings. Inside each discretized
ring, the charging power of an individual wave is approximated
as a constant. Furthermore, to maximize the overall charging
utility by enabling each charger to cover as many devices
as possible, we present a Dominant Covered Set extraction
method based on the distribution of devices.

To start with, we have the following definitions:

Definition 2. Dominance: Given two charger placement po-
sitions c1 and co, and their corresponding covered device sets
S1 and S, if S1 = So, we define that co is equivalent to cy.
If S1 C Ss, we define that co dominates cy.

Definition 3. Dominant Covered Set: Given a set of covered
devices S; corresponding to the charger placement position
ci, if there is no other charger placement position c; where c;
dominates c;, we define S; as a Dominant Covered Set (DCS).

Definition 4. Candidate Placement Area: Given a DCS S;, if
there exists an area where randomly placing a charger within
ensures that all devices in S; can be covered, we define this
area as a Candidate Placement Area corresponding to S;.

Clearly, placing chargers within the candidate placement ar-
eas of DCSs is always better than placing in the corresponding
areas of its subsets. Therefore, we focus on extracting all DCSs
and their corresponding candidate placement areas.

Fig. 2 gives an instance of the extraction process. In Fig. 2,
there are 3 devices s1, s2, and s3. Drawing concentric circles
centered at each device with the radius of d(1) and d(2),
we obtain the candidate placement area (i.e., the overlapping
area enclosed by the blue line) of the device set {s1, 2, S3}.
When a charger is placed anywhere within this area, 3 devices
can be charged simultaneously. Thus, the DCS in Fig. 2 is
{51, $2, 83 }. Moreover, it also can be seen that the candidate
placement area has been divided into 4 subareas, i.e., a1,
as, a3, ay. Within each subarea, randomly placing a charger
provides the same approximated power to 3 devices.

The detailed process of area discretization and dominant
covering sets extraction is given in Algorithm 1.

IV. CHARGER PLACEMENT

After exacting all DCSs and their candidate placement areas,
in this section, our objective here is to place chargers to
address our SANE problem. Since the EMR safety of critical
locations must be guaranteed, our basic idea is as follows:
First, before placing each charger, we identify the dangerous
regions for each critical location where chargers cannot be
placed, and accordingly update each candidate placement sub-
areas. Then, we select an updated subarea that maximizes the
charging power received by surrounding devices and determine
a candidate placement position within it. Finally, we select
one from all candidate placement positions that can yield the
maximum marginal charging utility to place a charger. This
process is repeated until all chargers are placed.

A. Identifying Dangerous Regions

In this subsection, we first give the definition of dangerous
region and then present the theorems that explain the two
different shapes of the dangerous region.

Definition 5. Dangerous Region: Given a critical location
i, if there exists a region where placing a charger would
cause the EMR intensity at y; to exceed the predetermined

Algorithm 1 Area discretization and DCSs extraction

Input: The set of devices S, the farthest charging distance D, the
error threshold €1
Output: The set of candidate placement subareas A
1: for each device s; € S do
2:  Draw a circle centered at s; with radius D, and discretize the
circle through the piecewise constant function P,(d) with the
error threshold e1;
: end for
4: for each area obtained after the discretization do
5:  Calculate the covered devices, and add the covered devices set
into the set of candidate DCS;
6: end for
7. Identify all DCSs from the set of candidate DCS and add
the corresponding candidate placement subareas into the set of
candidate placement subareas A;
8: Return the set of candidate placement subareas A;

(5]
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Fig. 3. A simulation of how dangerous regions are shaped with 2 chargers
with the frequency of 915MHz placed on a 3m X 3m 2D plane.

EMR safety threshold Ry, we define this region as a dangerous
region corresponding to ;.

When identifying the corresponding dangerous regions for
each critical location, depending on whether the waves from
the already placed chargers could reach the critical location,
there are two shapes of dangerous regions: circle and ring.

Theorem 3. For any critical location, when there are no
chargers placed nearby, the dangerous region is a circle with

the radius of @AO “R—f — [ centered at the critical location.

Proof: Assuming there is no charger placed around the
critical location ~;. If a charger c; is placed near the v; with
a distance d; to it, according to Eq. (3) and Egl (6), the EMR
intensity at v is Ry, = (- p(ci,m) = 2(%‘;“%.

If the c; causes the EMR inztensity at y; to equal the EMR
safety threshold R; (i.e., Q(C"ifﬁ = Ry), the distance between
c1 and ~ satisfies d; = gAm/‘XR—'f — (. Since the EMR
intensity decreases with the charging distance, as long as the
charger is located within a circle centered at y; with the radius

of %AO, / O‘R—'f — (3, the EMR intensity at v; will exceed R;.
Therefore, we can conclude that the shape of the corre-
sponding dangerous region of ~; is a circle centered at y; with

the radius of gAm / (’R—f — f3. Consequently, the theorem is
proven. [ |

Theorem 4. For any critical location, when there are chargers
placed nearby, its corresponding dangerous region includes
not only a circle centered at the critical location but also
potentially several rings centered at it.

Proof: When multiple chargers are placed near a critical
location ~y;, their emitted waves interfere at ;. Despite the
interference effects altering the amplitude of the combined
wave, the frequency of the combined wave remains unchanged.
Thus, based on the positions of all placed chargers, the
amplitude of the combined wave can be obtained according
to Eq. (4). This allows us to treat the combined wave as a
wave emitted by a virtual charger ¢; located at a distance of
dy from .

If a charger ¢, is placed near the critical location v; with a

>

Candidate placement subarea Updating a,
A —> Dangerous region E——

(a) (b)
Fig. 4. An example of updating the candidate placement subareas.

distance ds to it, then the path difference between c¢; and co
to v is Ad = |d; — dz|. When Ad = kX (k € N), complete
constructive interference will occur at ;. For any given k,
if the EMR intensity of the combined wave at ; exceeds
R; with complete constructive wave interference, wherever ¢
is placed on the circle Oy centered at y; with the radius of
dy — kX (dy > dg) or dy + kX (dy < d2), the EMR safety of
~v1 will be threatened.

As the placement position of co deviates from circle Oy
towards or away from 77, complete constructive interference
will not occur, resulting in a gradual decrease in the EMR
intensity at ;. When the distance between ¢y and Oy, reaches
a certain value, the EMR intensity at ~; will equal R;.
Therefore, we can conclude that the dangerous region of
~1 is shaped as a ring centered at 7; which includes Oy.
When £k takes different values, the corresponding dangerous
region of ; may be multiple concentric rings centered at ~y;.
Consequently, the theorem is proven. [ ]

Fig. 3 shows the shapes of the dangerous regions observed
through simulation. We can see that there are three critical
locations represented in red stars, with one of them situated in
the top right corner surrounded by two nearby chargers. For
each critical location, we extract its corresponding dangerous
regions highlighted in brown. It can be seen that the dangerous
regions of the critical location with two nearby chargers
appear as a circle and two rings centered at it, meanwhile the
dangerous regions of the other two critical locations, where
no chargers are nearby, are all shaped in circle.

B. Updating Candidate Placement Subareas

Next, in order to ensure that placing a charger can always
satisfy the EMR safety of critical locations, in this subsection,
we propose a method to update the candidate placement
subareas based on the dangerous regions.

Based on the positional relationships between candidate
placement subareas and the dangerous regions, the process
of updating candidate placement subareas can be classified
into three categories: (i) For the candidate placement subareas
that do not overlap with any dangerous region, we keep them
unchanged. (ii) For the candidate placement subareas that are
partially within the dangerous regions, we reshape them by
cutting out the overlapping part and keeping the remaining
part as the updated version. (iii) For the candidate placement
subareas that are entirely within the dangerous regions, we
remove them from consideration.

To better understand the updating process, an example is
shown in Fig. 4. In Fig. 4(a), candidate placement subareas
as and ag do not overlap with the dangerous region, so their
shapes remain unchanged. As for a; that is partially within the
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Fig. 5. An example of constructive and destructive
zones within the candidate placement subarea a;.

dangerous region, we reshape it by cutting out its overlapping
part (see Fig. 4(b)). Since ay4 is entirely within the dangerous
region, it is no longer a candidate placement subarea.

C. Selecting Charger Placement Position

In this subsection, our objective is to place a charger to
maximize the marginal charging utility.

For each updated candidate placement subarea, placing a
charger at different positions within it may result in varying
interference effects on every nearby device. Obviously, to
maximize the marginal charging utility, it is essential to allow
the devices to receive more combined power from constructive
interference. Based on the wave interference theory, we present
the following definition and theorem.

Definition 6. Constructive Zone: Given a device s;, if there
exists a zone where placing a charger can enhance the received
power of s; by constructive interference, we define this zone
as a constructive zone corresponding to s;.

Definition 7. Destructive Zone: Given a device s;, if there
exists a zone where placing a charger can weaken the received
power of s; by destructive interference, we define this zone as
a destructive zone corresponding to s;.

Theorem 5. For any device with one or more chargers
already placed nearby, its corresponding constructive and
destructive placement zones appear as alternating concentric
zones centered at it.

Proof: Similar to the proof of Theorem 4, when multiple
chargers are placed near the device s;, we also consider the
combined wave as a wave emitted by a virtual charger c;
located at a distance of d; from s;.

If a charger c; is placed near the device s; with a distance
ds to it, then the path difference between c¢; and ¢y to sy
is Ad = |di — da]. According to Eq. (5), when Ad
(5 + )X (k € N), the device would be located on the edge
of constructive and destructive interference region. By taking
different values of k, we can obtain several values of dy in the
range of 0 to D. Setting different values of do as the radius, we
can draw multiple circles centered at s;. Each pair of circles
forms a concentric ring representing a constructive region or
destructive region. Consequently, the theorem is proven. H

Fig. 5 shows the orange constructive and blue destructive
zones of three devices s1, s3, 3. For the candidate placement

Fig. 6. Combined power approximation.

Fig. 7. An example of identifying a candidate place-
ment position from candidate placement subarea a;.

subarea a1, we can see that the intersection of these zones is
quite complex. The complexity arises because these alternating
constructive and destructive zones overlap each other, with
each overlap having a different shape and size. This means
that when a charger is placed at different positions within a1,
the power received by each device will vary. Therefore, within
the continuous subarea, we need to consider the intrinsic
connection between the exact charger placement position and
multiple sets of nonlinear wave interference, aiming to allow
multiple devices to simultaneously benefit from the high power
generated by strong interference effects as much as possible.

To achieve this goal, we devise a piecewise constant
function Py;|c,, (1) to approximate the combined power. For
simplicity, we only show how to discretize the constructive
zone for s;, and the discretization of the destructive zone
can be obtained similarly. According to the wave interference
theory, at the center of each ring-shaped constructive zone lies
a complete constructive circle, i.e., when a charger is placed on
it, s; will receive the highest combined power due to complete
constructive interference. As the charger’s position deviates
from the complete constructive circle, the effect of constructive
interference decreases, resulting in a gradual reduction in the
combined power received by s;. Therefore, based on this
power distribution in the constructive zone, we discretize
the combined power P;;c, by the distance I between the
charger c; and the complete constructive circle. Our piecewise
constant function can be expressed as:

PSi|Csi (l)

Py, (1)), 1=10), &)
)

Pyje,, (1K), 10k—1) <1< (k)

where 1(0) = 0, [(K) = %, and K refers to the number
of subzones divided with this function. This function can
also be applied when multiple chargers are placed around the
device, as these placed chargers can be considered to be a
virtual charger. Theoretically, we have the following lemma

and theorem for this discretization:

Lemma 1. We set 1(0) = 0, I(K)
[mfl]@(%si)w@msi))
24/p(cj,5:)plck,si)
In(Py;|c,, (0)/Ps; 0y, (1))
In(1+e€2)

2, and (k)

% . arccos( ) + 1. Then, we get

K=

1. For the approximated com-
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bined power Py, |c. (1), the approximation error is subject to

P,.c. A
<290 021D, (10)

Psic., 0 4
Proof: We omit the proof due to space limitations. W

For ease of understanding, we use Fig. 6 to illustrate this
combined power approximation. We can see that on each side
of the complete constructive circle, the constructive zone is
divided into 3 subzones. Within each subzone, regardless of
the exact position of the charger, the corresponding device will
receive the same approximated combined power.

Theorem 6. Let u(}351/|osl_(l)) represent the charging utility

with the approximated combined power Py, ¢, (1) for s;, the
approximation error is subject to

- U(Jisiwcsi ()
u(PSi\Cs,i (l))

Proof: We omit the proof due to space limitations. ]

Fig. 7 shows the discretized constructive and destructive
zones of three devices, si, So, and s3. After discretization,
we can see that the candidate placement subarea a; is divided
into 42 subzones. Since the combined power received by each
device remains unchanged regardless of the exact position of
the charger within a subzone, we only need to identify the
subzone where the total combined power is maximized for the
three devices, which we call the candidate placement subzone
(i.e., the subzone encircled by the red line). Any position

R

<l4e, (0<I<2). (D

Algorithm 2 Charger placement algorithm

Input: The set of devices S, the set of critical locations I', the set
of candidate placement subareas A, the error threshold €2, and
the number of chargers M

Output: The set of charger placement positions C'

LC=0

2: while |C| # M do

3:  for each critical location v; € I' do

4: Extract the dangerous regions for ~;, and accordingly
update the candidate placement subareas;

5. end for

6:  for each device s; € S do

7: Draw constructive and destructive zones for s;, and dis-

cretize these zones into subzones through the piecewise
constant function Py, c,, (1) with the error threshold ex;

8: end for

9:  for each updated candidate placement subarea a; € A do

10: Find the candidate placement subzone of a; with the
highest combined power and randomly choose a position c;’
within this subzone, and add ¢;’ into the candidate charger
placement position set C”;

11:  end for

122 ¢+ argmax.ecnc(u(CU{c}) —u(C));

13: C=CU{c"}

14: end while

15: Return the set of charger placement positions C;

within the candidate placement subzone can be chosen as the
candidate placement position of a;.

By applying this method, for each DCS, we can identify a
candidate placement position. Then, from all these positions,
we select the one that maximizes the marginal charging utility
and place a charger there.

The detailed process of the charger placement algorithm is
given in Algorithm 2.

V. SIMULATIONS
A. Simulation Setup

We conduct simulations in a 20m x 20m area with 15 critical
locations and 20 devices randomly distributed. Additionally,
there are 8 omnidirectional chargers to be placed, with the
farthest charging distance of D = 4m and the charging power
of Py = 3W. The wavelength is set as A = 32.8¢cm according
to the commercial off-the-shelf TX91501 wireless charger
produced by Powercast [32]. For the charging model, we set
a =100, 8 = 40, Py, = 10mW [30], [31]. We also set { =1,
R; = 5 for the EMR model, and the error thresholds are set
to eg = 0.2 and e = 0.2.

To evaluate the performance of our SANE scheme, we
compare it with the following four charging algorithms.

Wireless Charger Placement with EMR Safety (PESA)
[28] is a safe charging algorithm that ignores wave interfer-
ence. PESA maximizes the additive power received by all
devices by determining the placement position of each charger
while ensuring the network’s EMR safety.

Wireless Charger Placement with Multiple Antennas
(WANDA) [34] is an algorithm that places chargers with mul-
tiple directional antennas, without considering EMR safety.
WANDA ignores wave interference and uses a greedy strategy
to place each charger to maximize the additive power received
by all devices. For fair comparisons, we provide WANDA with
chargers equipped with omnidirectional antennas.

Randomized Safe Charger Position (RAN-S) is a safe
charging algorithm developed by us that considers wave in-
terference but places chargers randomly within the updated
candidate placement subareas.

Randomized Safe Charger Position (RAN) is a charging
algorithm that randomly places chargers without considering
EMR safety.

B. Performance Comparisons

1) Impact of the number of devices N: Fig. 8(a) shows
that on average, SANE outperforms PESA, WANDA, RAN-S,
and RAN by 35.6%, 20.4%, 72.1%, and 89.5%, respectively,
in terms of N. From Fig. 8(a), we can see that the overall
charging utility yielded by all algorithms increases with the
number of devices. Since our SANE scheme fully utilizes
constructive interference to enhance the power received by the
devices, it achieves the best performance.

Fig. 8(b) compares the number of unsafe critical locations
where the EMR intensity exceeds the threshold R;. We can
see that our SANE scheme guarantees the EMR safety of all
critical locations. It is worth noting that although PESA is a
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safe charging algorithm, it cannot guarantee the EMR safety
of all critical locations due to its neglect of wave interference.

2) Impact of the number of critical locations H : Fig. 9(a)
shows that on average, SANE outperforms PESA, WANDA,
RAN-S, and RAN by 47.1%, 16.0%, 87.6%, and 109.0%,
respectively, in terms of H. We can see that the overall charg-
ing utility of SANE decreases slightly as H increases. The
reason is that a larger number of critical locations creates more
dangerous regions, reducing the area available for placing
chargers.

Fig. 9(b) shows that regardless of the number of critical
locations in the network, our SANE scheme can ensure their
EMR safety. This verifies the adaptability of the SANE scheme
to WRNs with different safety requirements.

3) Impact of the number of chargers M: Fig. 10(a) shows
that on average, SANE outperforms PESA, WANDA, RAN-S,
and RAN by 55.0%, 14.4%, 96.4%, and 95.1%, respectively,
in terms of M. It can be seen that the overall charging
utility achieved by all algorithms increases with the number of
chargers. Additionally, the more chargers there are, the greater
the advantage of the SANE scheme.

Fig. 10(b) shows that in WRNs with different numbers of
chargers, our SANE scheme ensures the EMR safety of all
critical locations. This suggests that even with increased input
from the power supply side, the overall safety can always be
guaranteed by appropriately placing each charger.

VI. FIELD EXPERIMENTS
A. Testbed

Fig. 11 shows our experimental testbed, which contains
three wireless chargers (TX91501 power transmitters produced
by Powercast [32]) and eight rechargeable devices, all placed
on a 3m x 3m 2D plane. An AP is connected to a laptop to
report the collected data from the devices. As shown in Fig. 12,
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the coordinates of the eight devices are (135.5, 191.5), (235.5,
15.5), (112.5, 118.5), (65.5, 44.5), (150.5, 229.5), (135.5,
39.5), (10.5, 229.5), and (158.5, 95.5). Additionally, there are
five critical locations in the 2D plane with the coordinates
(34.5, 185.5), (259.5, 210.5), (2717.5, 86.5), (187.5, 151.5), and
(79.5, 250.5). We set D = 1.5m, Py, = 10mW, and R, = 5.
Since the TX91501 is a directional charger, when recording the
experimental data, we rotate it to face the corresponding device
or critical location to imitate the omnidirectional charger [9],

[29], [31], [35].

B. Experimental Results

Table I demonstrates the overall charging utility and the
number of unsafe critical locations for all algorithms. As for
the overall charging utility, we can see that SANE outper-
forms PESA, WANDA, RAN-S, and RAN by 55.1%, 17.5%,
173.7%, and 112.3%, respectively. Additionally, SANE main-
tains zero unsafe critical locations. This verifies that SANE
achieves excellent charging performance while ensuring the
EMR safety of all critical locations, by utilizing constructive
interference for devices and avoiding placing chargers in
dangerous regions for critical locations.

Fig. 13 illustrates the charging utility of each device. It is
evident that SANE enables four devices to obtain a charging
utility of 1. Moreover, the charging utility variances are 0.008,
0.178, 0.107, 0.108, and 0.150, for SANE, PESA, WANDA,
RAN-S, and RAN, respectively. We can see that SANE
maintains the lowest variance which verifies its fairness. As
shown in Fig. 14, the EMR intensity at each critical location
is controlled to a low level that remains below the EMR safety
threshold with SANE. These two experiments verify both the
effectiveness and safety of our SANE scheme.
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TABLE I
EXPERIMENTAL RESULTS FOR FIVE ALGORITHMS.

| SANE | PESA | WANDA | RAN-S | RAN
charging utility 7.753 1 5.000 | 6.597 | 2.833 |3.652
# of unsafe critical locations | 0 1 3 0 4

VII. DISCUSSIONS

How to achieve safe charging in practical charging scenar-
ios with environmental objects?

When environmental objects are distributed around devices,
they reflect the waves emitted by the charger, resulting in inter-
ference between these reflected waves and the direct waves. To
quantify the influence of environmental objects on the EMR
safety of critical locations, one way is to treat each object
as a virtual charger. For any location in the network, when
determining whether a charger can be placed there, we can
calculate the position of the reflection point (i.e., the position
of the virtual charger) relative to this location. By accounting
for wave attenuation [36] and half-wave loss [37] during wave
reflection, we can estimate the charging power and the initial
phase of the virtual charger. Thus, when applying our SANE
scheme to practical scenarios with environmental objects, we
can identify dangerous regions and update candidate placement
subareas based on both placed chargers and virtual chargers
to complete the placement of each charger, and achieve safe
charging in practical charging scenarios.

How to extend the SANE scheme to WRNs with critical
areas that need to ensure EMR safety?

When there are critical areas requiring EMR safety in the
network, our basic idea for extending the SANE scheme is to
identify the position with the highest power intensity within
each critical area and then ensure the EMR intensity at these
positions is below the EMR safety threshold when placing
chargers. Based on this, we can identify new dangerous regions
where chargers cannot be placed. After accordingly updating
the candidate placement subareas, we can apply our SANE
scheme to complete the placement of chargers.

VIII. RELATED WORK

Safe charging: In recent years, much effort has been devoted
to achieving safe charging. [38] focused on the safe charging
problem and proposed a scheduling algorithm to maximize
the overall charging utility while ensuring EMR safety of
the network. [39] studied how to schedule charging tasks to
minimize the total charging time under the radiation constraint.
In [27], the authors studied the radiation constrained fair charg-
ing problem, which aimed to maximize the minimum utility
of sensors while ensuring the EMR safety. [28] concerned
wireless charger placement with EMR safety and proposed
a charger placement scheme to guarantee the EMR safety. In
[29], the authors studied the safe charging problem with the
EMR jitter phenomenon, and proposed a robust safe charging
scheme based on a probabilistic model. However, all of these
work ignored wave interference and assumed the charging
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Fig. 13. Charging utility of 8 devices. Fig. 14. EMR of 5 critical locations.

power from different chargers to be additive, resulting in
insufficient guarantee of EMR safety in the network.
Wireless charger placement. Many researchers studied the
charger placement issues. [9] noticed the blocking effects
of obstacles on charging waves, and proposed a charger
placement scheme with obstacles. [40] utilized multi-hop wire-
less charging to minimize the comprehensive cost of charger
placement, and devised a cost-sharing mechanism. However,
wave interference is not considered in these work. In [34], the
authors focused on the placement of wireless chargers with
multiple directional antennas, aiming to maximize the overall
charging utility by changing the positions of chargers and the
orientations of antennas. In [41], the authors paid attention to
the chargers with limited mobility and proposed a placement
scheme for these chargers.

A few researchers have taken wave interference into ac-
count, for instance, [30] developed a charging model with
wave interference and proposed an algorithm to achieve ef-
ficient concurrent charging. In [42], the authors studied how
to control the power distribution of the WRSN by utilizing
wave interference. Nevertheless, they do not further extend
the research to the field of safe charging.

IX. CONCLUSION

In this work, we focused on the overlooked wave inter-
ference in the field of safe charging. We developed a safe
charging scheme with wave interference to maximize the
overall charging utility while ensuring the EMR safety of
critical locations. We first designed a charging model with
wave interference, and then we identified candidate placement
subareas for chargers based on the EMR safety requirements
of critical locations. Subsequently, we determined a candidate
placement position within each subarea by leveraging the
nature of wave interference. Extensive experimental results
demonstrated that our proposed SANE algorithm significantly
outperforms the comparison algorithms in overall charging
utility while ensuring the EMR safety of all critical locations.
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