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Abstract—Radio-frequency (RF) energy transport is a viable specifically designed energy transport device is deployigu w
technology to power small-sized sensors in Wireless Indusl  one or more wide beam directional panel antenna working at
Sensor Networks (WISN). 60 GHz wireless communication is #n the frequency of 915 MHz [9]. Although it is convenient to
leading technology for next generation wireless networksrad a .
potential technology to build WISNs. In this article, we foas separate frequ_ehcy bands for energy tran_Sport and communi-
on the efficiency of RF energy transport in WISNs with 60 Ccation, the additional energy transport devices adds muse c
GHz communications. We also present an antenna sphere with to this solution. Another problem is that an access poinhoan

the supported analytics of the directional antenna in 60 GHz pe determine when energy transport phase for scheduling the
wireless communication. We describe and solve the spherica energy assignment.

distribution problem of the directional antenna to maximize A potential is t th f ith inal
the efficiency of energy transport in the WISNs. Based on our potential way IS to use the same irequency with a singie

extensive simulations, the antenna distribution performsbetter ~device for both network communications and energy trartspor

than other solutions in given WISN environment. From some previous work, the energy transport efficiency can
Index Terms—Industrial Sensor Networks, Energy Harvesting, be improved by optimizing the design of the antenna for fecus
60 GHz ing energy in wireless waves. Generally, multiple direatib

antennas perform better than omnidirectional antennag-in R
directional energy transport. However, directional anten

need higher frequency band for improved directivity. Hoarev

Wireless RF energy transportis a feasible method to proviggy general antennas and devices, the wireless Etherest us
energy for the small-sized devices. Generally, RF energys 5 4 GHz or 5 GHz band which is not enough for focusing
transmission includes far-field RF transmission, induc®RF wireless waves in RF energy transport.

energy transmission [1] and non-radiative RF energy tra”S'Extremer high frequency communications, especially 60

mission [2]. In wireless sensor networks (WSN), people ugg; communications, will play very important roles in fugur
far-field RF energy transmission to power sensors. Thus, iifystrial sensor networks [10]. Since the frequency band
this energy transmission, there are two methods to getynergecomes extremely high, the size of antenna for 60 GHz
the first, referred to RF energy harvesting, uses ambient Ry munications becomes much smaller than general wireless
energy as a source while the second, RF energy transpost, Ysen munication with better directivity. Furthermore, sinit
a dedicated RF source [3]. Since WISN are usually isolatgd gitficult to work in non-line-of-sight (NLOS) environmen
through external radio waves, RF energy transport is alplessi it extremely high frequency communications, existing 60
way for energy transmission in this environment [4]. GHz networks usually use directional communication with
In WISNSs, researchers and companies have proposed §Qme reflection optimization. In this environment, narrow
lutions for wireless RF energy transport to power indubtligeam directional energy transport can perform better than
sensors [5][6][7]. A simple method is adding an RF enefmpigirectional or wide beam directional ways. As a result,

gy receiving module in each sensor for harvesting energy, focus on the narrow beam RF directional energy transport
from wireless signals [8]. The drawback challenge here S 60 GHz in WISN environment.

that energy efficiency is not sufficient when using the same | his article, we first discuss the antennas design and
frequency for both energy transport and signal transmissiQnerqy transport efficiency with the 60 GHz communication
The popular frequency for energy transport is 915 MHgcpngjogy. We calculate the received energy with the horn
while WIFI frequency is 2.4 GHz. Since a smgle W'rEIeS_ﬁntenna which is a popular type of antennas working at 60
module cannot support a broad range of operating freqUENCig 1, \with the discussion, we find it is possible to deploy

different antennas and modules are needed to support thgsf, antennas for both network communication and energy
two wireless frequencies. transport. Thus, for covering all sensors in the WISN, we

A possible solution is dividing the energy transport anfieqent an antenna sphere model to use multiple antennas

signal transmission. In some commercial systems, with theiibuted on a sphere. With this model, we state the proble

general WIFI access point, a specific device for wireless Rfyich attempts to minimize the transmitted energy for power
energy transport is deployed for sending energy to sensalf. sensors in a given WISN. To solve this problem, we

For example, in a typical battery-free sensor system, &tbep esign an equivalence transformation that simply the aaten

general wireless access points with omnidirectional am@ena gisribution as an ellipse covering problem. After that, we
He Li, Kaoru Ota and Mianxiong Dong are with Muroran Insituié compare the energy transport eﬁiCien_C)_/ of _the directioral 6

Technology, Japan. GHz RF energy transport to the omnidirectional and general

|. INTRODUCTION



915 MHz solutions.
The remainder of this paper is organized as follows. Sec- Control Room

tion Il introduces the WISN environment and the 60 GHz i Aggregator ik P;/@

communication technology. Section Il analyzes the efficie (@

of RF energy transport with a single antenna. Section IV J Sensor =

try to optimal an antenna distribution to maximize energy //// ______________ ;

transport efficiency. Section V evaluate the RF energy prarts z é '

performance through extensive simulations. Finally, gaper /
is concluded Section VI. ‘

~

[

II. WISNSs AND 60 GHz COMMUNICATIONS N

In this section, we first brief the environment of WISNSs.
Then, we discuss the 60 GHz communication technologies.

A. WISN . C '
o . ~ Fig. 1. Typical industrial sensor network
WISNs are useful for factory automation involving a variety

of applications (e.g., industrial process control and nraeh

maintenance) [11]. For example, machine vision is an agnd large channel capacity. In Japan, the Multimedia Mobile

plication of computer vision for industrial process cohtroanccess Communication (MMAC) committee is looking at

and WISNs can replace I/O devices and control networks @§ing 60 GHz to support ultra-high-speed wireless indoor

machine vision. Through WISN, machine vision can deteciANs with a bandwidth of 150 Mb/s. Additionally, there is

Flfg]dUCt defects then improve the quality of manufacturinghout 8 GHz band for all kinds of wireless communications
- 13].

For better understanding of a typical WISN, we introduc[e I-]|owever, there are many challenges in 60 GHz implemen-
an example shown in Fig. 1. Similar to general sensor neftions. One difficulty is that it is very hard to use 60 GHz for
works, industrial sensor networks also include three tyifes N OS communications. Previous research shows that 60 GHz
devices, namely, sink, aggregators and sensors. Sensiet Copjireless channel causes 20 to 40 dB increased free space path
information data from machines and environment then senddts and suffers from 15 to 30 dB/km atmospheric absorption
to the aggregators. Usually, for a single machine, there &f8pending on the atmospheric conditions.
several sensors with one aggregator. To connect sensors anghother difficulty is to design the millimeter-wave
aggregators together, some popular wireless protocas, (eransceivers. There are many challenges in the design of 60
Zigbee, 1SA-100.11a, WiFi, and Bluetooth) are deployed iz transceivers, which include increased phase noisitetim
the devices. For the energy supplement, except using Yattgmplifier gain, and the need for transmission line modeling o
or the power grid, some researchers and companies provige it components.
energy harvesting and transport solutions. When WISNs are deployed in a single building, it is not

Aggregators are usually used for collecting and bufferingricylt to resolve the above challenges. Here, the comoasni
data from sensors and transferring data to the sink node.gfy, gistance is limited to tens of meters in WISNs. For small

selected systems, these devices equip larger storage &paceyistances to be bridged in WISN environment, the 10-15 d-
more powerful processors than general sensors while i oty m attenuation has no significant impact. This means tbat 6
systems, aggregators and sensors have the same hard@af¢ communications can efficiently be used for short-range
settings. In the former type, aggregators usually use Mighg,mmunications such as datacenter networks. Researcers u
performance network for the communications with the sinkg GHz communications to replace wired links on top-of-
nodes while in the latter, all devices use the same netwqek., (ToR) switches [14]. Here 60 GHz communications can

protocol. As a result, with higher power supplement, the aggetly improve network performance and provide much finer
gregators in the former environment cost more energy. ATothyoitoring and controlling machines than general wireless
important function of aggregators is the sensor managemggtiocols,

that sensing applications and modules are deployed through
aggregators.

The sink node plays a bridge between the control node and
WISN. Usually, the sink node has stable energy supplementn this section, we discuss the energy efficiency of RF
from the power grid and has wired or stable wireless netwoghergy transport with 60 GHz communications. As shown in

Ill. RF ENERGY TRANSPORT WITH60 GHz

connection with the terminal in the control room. Fig. 2 and to simplify the discussion, we consider a singié& si
o node with 60 GHz directional antenna and a single wireless
B. 60 GHz Communication sensor with RF energy receiving (harvesting) antenna.

60 GHz communications will be an important wireless We choose the standard 60 GHz WR-15 waveguide horn
technology in the future. It uses 60 GHz band as the carger flantenna which is a popular antenna model for extremely high
guency to accommodate high-throughput wireless communideequency communications. We uég, to denote the antenna
tions. 60 GHz band has many benefits such as free, avajabilgain indB and¢, and¢; to denote the degrees of the vertical



Harvesting Antenna

[ Horn Antenna

E Wireless Sesonr Sink

Fig. 2. Wireless sensor receives energy from the sink eqdipghorn antenna

TABLE |
COMMERCIAL WR-15ANTENNA MODELS WORKING AT 60 GHz
Model Gain Beam (H) | Beam (V) P
PE-W15A001 | 3 dBi 360° 35 -36 dBm
PE9881-20 | 20 dBi 20° 20° -19 dBm
PE9881-24 | 24 dBi 7.5° 10° -15 dBm Fig. 3. Antenna distribution in 60 GHz energy harvesting
PE9881-34 | 34 dBi 3° 3° -5 dBm
PE9881-42 | 42 dBi 1.9° 1.9° 3 dBm

with the building ceiling. Finally, we state the distribofi

and horizontal beamwidth. Then, we calculate the ¢, and Problem and describe the solution.

¢p, with the given antenna. Since the size of the antenna used in
WISN is very small, within the distances of factory build&g
the calculation of beamwidth and gain can be approximatéd Antenna Spherical Distribution

to be relevant to the flared flange dimension and wavelength.smce the single directional antenna cannot cover all $enso
We usea to denote the size of the flared flange dimensian Y

(narrow), b to denote the size of the flared flange dimensioﬁ inltf’]Nﬁg\rﬁ gﬁfeiafsnnviz c()jr;;?ens;nnk :ﬁtii.ngsssm%vrv: :anngl?ﬁe
(wide), and\ to denote the wavelength. ' ' 9 P

Thus, the gain can be calculated approximately as flared flange of each antenna is d_is.tributed on this sphere.
Thus, to connect these antennas, it is convenient to put the
Gy = 10 (a- b)_ (1) Sink node in the center of the sphere.
A? We useR), to denote the radius of the sphere and put the
Then, we analyze the energy propagation. We @seto center of the sphere in the ordinate origin. We use aSskt
denote the receiving antenna gainto denote the distancedenote all sensors in the space ando denote one sensor
between the sink node and the sensBy, to denoted the in S. For each sensos; € S, we use a triple(z;, y;, 2;) to
transmitted power, anft,. to denote the received power. For anlenote the three-dimensional coordinate. We use aAstt
energy transport pair in free space, the propagation igitéesc  denote all antennas ang to denote the one antenna i
by the Friis transmission equation. To simply the calcolati For each antenna; € A, we use a vectoa_; to denote the
we assume the energy is transported in free space. With Fhiisam direction. For each two antennaanday, we used,
equation, we calculate the energy received by the sensbr wand 6, to denote the vertical and horizontal components of

units of dBW can be calculated as the angle between these two vectors.
10- (a-b) 4.1 For each sensat;, we useP,; to denote the received power
P.= Py, + ———+ G, —20-logo( ). (@ and P; to denote the rated power. Thus, for basically working,

)\2
Considering the directivity of the horn antenna, we alst€ received power should no less than the rated power. For

assume each sensor equips similar horn antennas with sm&IReh antenna;, we usez,; anday; to denote the vertical and

size. Thus, we list some commercial models and calculate fh@fizontal beam direction. With,; anday;, we defines),; to

energy transport performance with, = 20 dBi, P, = 15 denote the angle betweeﬁ]’» and X-axis and,; to denote

dBm, andr = 20 meters as follows. the angle between_h; and Y-axis. To denote the degrees of
From Table I, we can find the received energy is related € vertical and horizontal beamwidth, we defiyg and¢, ;.

the antenna design. In a previous RF energy transport systdiius, since we assume << /a7 + y7 + z3, we use a 0-1

the battery can be charged if the received power is more thé¥ue X;; to describe the relationship between the antennas

18 /W [3]. Therefore, in our RF energy transport method, wand sensors, given by

choose the third model as the antenna of the sink node and

the second model for each sensor. X = {17 s; is in the beam area of;

(/.

3
0, s;is notin the beam area aof; 3)

IV. ANTENNA DISTRIBUTION OPTIMIZATION

In this section, we try to distribute antennas in a sphere tdherei € [1,|S|] andj € [1,]A][].
cover all sensors in the factory building. We first introdtice With value X;;, for sensors;, we use a valué’,;; to denote
model of the distribution scenario then present the refiactithe energy received from antenna Therefore, the received
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B. Reflection , . . . . T
) o o ~ Fig. 5. Example of ellipse covering problem in solving amelistribution
Since it is difficult to use 60 GHz for NLOS communica-

tions, we should consider how to transport energy to those
sensors behind obstacles. From some existing work, a feasib pntenna Spherical Distribution Problem: Given a set

method is using refection beamforming [15]. An example it sensors and a sphere, the distribution problem atteropts t
shown in Fig. 4, where a sink node bounces its signal Gffstribute minimal horn antennas on this sphere to trarispor
of the ceiling to the sensors. This creates an indirect difie- energy such that all sensors can be supplied with enough
sight (LOS) path between the sink node and sensors, bygas%'Hergy_

obstgcles S_L,'Ch as ma_chines, etc. . ) For solving this, we find an equivalent problem with simple
Using ceiling reflection, beamforming will bypass obstacle,,qqel. For each senser, since R << r,, the problem can

in the horizontal plane, eliminating the problem for usingq oqivalent to an ellipses covering points problem.
60 GHz for NLOS communications. Since ceiling reflectors As shown in Fig. 5, the ellipse covering problem attempts to

shoulq produce no loss, it should produce_ an indi_rect LO8 p ut ellipses to cover the points on the sphere. The pointhare
folloyvmg the free-spa:)ce er;er?yt péoti)ag;tlc\)lc, Wh;;hdmeh:as rojections of sensors on the antenna sphere. The ellipses a
received energy can be calculated by (2). We s Enote 4o projections of wireless beams on the antenna sphere. If a

_the distance between se_nsgrand gntenn@j. The pr_oblem point is covered by an ellipse, the projected sensor carvesce

is how _to _calculate_ the distanag; with cel_lmg reflection. energy from the projected antenna. The rectangles mean the
For finding thg cﬂstance bet\_Neen.the smk node ans Sen\sﬁﬁe of antennas. When putting ellipses on the sphere, dtis n

we use some §|_m|lar processing V\.”th the light reflectlon. Hlowed to generate overlap area of the antennas. For those

assume the ceiling reflectors as mirrors and use light Swu'@ensors need more energy from multiple antennas, we can put

wireless beam. Thus, we can use mirror images of the Sena%rlap beam area to cover it, which means those sensors can
and for each sensat, the distance between the image and tr}

Rceive energy from multiple antennas.
sink node s the same with the distangg We use# to denote WiI:/h this ?gblem trazs;grmin it be?:omes simpler than the
the ceiling height. Therefore, by assuming tifak < r;;, we P 9, b

can get the distance, — \/z2 + 12 + (2 + 1)’ original one and we design a strategy to solve this problem.
J = i i g :

Another problem is how to determine whether the sensgpus’ we describe the main procedures for transforming and

s € S in the beam from the antenna It is easily to calculate problem solution. First, we find out those sensors needncgili
)é by using the mirror images reflection in the building and calculate the positions ofitthe
1] .

images. Then, we project all sensors to the sphere. The

projection position of each sensef is the intersection of

C. Problem Statement and Solution the line froms, to the center of the sphere and the sphere.
With the formulation of the antenna distribution, we caMeanwhile, we calculate the needed transport energy fdr eac

now define the distribution problem. We assume each antersgasor.

transports the same energy and same size with the objectivafter transforming to the ellipse covering problem and sinc

of minimizing the number of antennas to cover all sensorhere are several methods to solving circular coveringlprab

Thus, the problem can be stated as follows. it is not hard to find one method to solve this covering problem
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with low and high antenna positions

Considering that the size of the beam area is not so lar
and sensor distribution is not very dense, we design a qu
covering strategy. We try to cover the entire area with bead?
areas and with minimal overlap. Then, we remove those ar
without covering any sensor. Finally, we add some antenny
for covering those sensors which need more energy.

I
100

Total transmitted energy for covering different roen of sensors

V. PERFORMANCEEVALUATION

generate from 2 to 20 machines with different sizes to the
factory area. We put 1 aggregator and 5 sensors on each
machine. For each sensor or aggregator, the position on the
machine is randomly selected.

For the sink node, we use two positions for deploying the
antenna sphere. In the first type, we put the sink node on the
floor with a height of 7 meters while the second type, we put
the sink node on the ceiling with the height of 27 meters. The
radius of the antenna sphere is 0.35 meters. Thus, we choose
the WR-15 waveguide horn antenna with the flared flange
dimension sizes a0, 15 millimeters. The gain of this antenna
is 24 dBi, vertical beamwidth is 10 degrees, and horizontal
beamwidth is 7.5 degrees. We set the output pogmer
each antenna is 15 dBm and the limited

For comparison, we also defined two settings with different
antennas as follows.

(1) 60 GHz omnidirectional antenna: We put a WR-15
omnidirectional antenna in the factory to transport endogy
all sensors. The gain of this antenna is set to 3 dBi shown in
Table I. Since it is very hard to use this antenna for energy
transport, we assume this antenna can cover all sensorsan fr
space.

(2) 915 MHz directional panel antenna: We put 9 high
gain directional panel antennas in the factory area to frans
energy for all sensor. The gain of this antenna is set to 15 dBi
The horizontal and vertical beamwidth of each panel antenna
is 40 and 40 degrees. Considering the better performance of
NLOS communications than 60 GHz, we also assume the
energy is transport in free space. With the same size of the 60
GHz antenna, the gain of the 915 MHz receiving antenna is
set to 2 dBi.

Then, we test the total energy transmitted by all antennas
with different sensor density. We set the number of machines
from 2 to 20 and test the total energy transmitted by the sink
node. We run each simulation 20 times and get the average
values and standard deviation. The lowest required power pe
each sensor is set to 18V or -17.4473 dBm.

As shown in Fig. 6(a), for covering all sensor in WISN,
Qen the number of sensors is no more than 60, we find
total transmitted power with 60 GHz directional antenna

rforms similar with the traditional 915 MHz energy trans-

&%rt solution. The omnidirectional 60 GHz energy transport

ution performs worse with low sensor density. When the
number of sensors increases beyond 80, the directional an-
tennas solution performs worse than the other two solutions
Since we use dBm as the unit of the result, the difference
of the energy cost between the three solutions is more than

In this section, we use simulations to evaluate the effigienseveral times especially when the number of sensors is less
of energy transport with 60 GHz for WISNs. First, we introthan 40.
duce the simulation settings then we analyze the results fro As shown in Fig. 6(b), when we choose the position that

simulations-based experiments.

placing antennas on the ceiling, the energy efficiency with

Considering the industrial sensor network environment, vgérectional antennas solution performs much better than th

try to simulate a single factory with machines. We use law antenna position. When the number of sensors less than
rectangle area as the workshop floor with the sizé0dfx 50 30, the transmitted power with directional antennas is near
meters and we set the height of the workshop ar8é mmeters. 30 dBm, which means the total power is near 1 watt. Since
For the machines, we also use some cuboids of different.sizée average distance is farther than the low antenna positio
The length, width and height of these cuboids are uniformgettings, the other two solutions perform much worse than
distributed from1 meters to4 meters. In simulations, we the directional antennas solution when the number of sensor



is less than 60. When the sensor density becomes highsy R. Daniels and R. Heath, “60 ghz wireless communicaticemerging

the difference of the total transmitted power between three
solutions becomes smaller. [11]
From the simulation results, with directional antennardist

bution optimization, the energy efficiency in 60 GHz energy
transport is much better than the transitional way with loyy,,
sensor density. When the sensor distribution becomes dense
for covering this WISN, it needs more antennas for ener%ys]
transport. Since the number of sensors in a typical WISN s
limited by the factory room space, we consider the 60 GHz
energy transport technology is a feasible solution for gper(14]
supplement with our spherical antenna distribution.

[15]
VI. CONCLUSION

With its high performance and large capacity, 60 GHz
communications will be an important technology for future
WISN generations. Meanwhile, with its good directivity, RF
energy transport with 60 GHz becomes a feasible solution for
powering sensors in WISNs. After analyzing the efficiency of
the RF energy transport with 60 GHz with different antenna,
we chose the directional horn antenna and proposed a spheric
antenna distribution that uses multiple directional angnto
cover more sensors. We formulate the distribution probledh a
then designed an equivalent problem transforming to sol
it. Finally, in the performance evaluation, we compared th
energy efficiency of our RF energy transport to the gener
60 GHz solution and a commercial 915 MHz solution. Fron
the result, with general density of sensors in WISNSs, ot
energy transport solution performs much better than other t
approaches. In the future, we will plan to acquire few anésnn
for 60 GHz communications and implement our design in the
real-world environment. Meanwhile, we will try to find a bett
antenna distribution strategy to archive the optimal soiut

REFERENCES

[1] J. Hirai, T.-W. Kim, and A. Kawamura, “Wireless transsisn of power
and information and information for cableless linear matove,” IEEE
Transactions on Power Electronicgol. 15, no. 1, pp. 21-27, Jan 2000.

[2] A. Karalis, J. Joannopoulos, and M. Soljai, “Efficient reless non-

radiative mid-range energy transfeAhnals of Physigsvol. 323, no. 1,

pp. 34 — 48, 2008, january Special Issue 2008.

H. Visser and R. Vullers, “Rf energy harvesting and tgors for

wireless sensor network applications: Principles and irements,”

Proceedings of the IEEEvol. 101, no. 6, pp. 1410-1423, June 2013.

[4] V. Gungor and G. Hancke, “Industrial wireless sensomeks: Chal-
lenges, design principles, and technical approachE&EE Transactions =
on Industrial Electronicsvol. 56, no. 10, pp. 4258-4265, Oct 2009.

(3]

requirements and design recommendatioiSEE Vehicular Technology
Magazine vol. 2, no. 3, pp. 41-50, Sept 2007.

J. Heo, J. Hong, and Y. Cho, “Earq: Energy aware routiog real-
time and reliable communication in wireless industrialssemetworks,”
IEEE Transactions on Industrial Informaticsol. 5, no. 1, pp. 3-11, Feb
2009.

I. F. Akyildiz, T. Melodia, and K. R. Chowdhury, “A suryeon wireless
multimedia sensor networksComput. Netw.vol. 51, no. 4, pp. 921—
960, Mar. 2007.

P. Smulders, “Exploiting the 60 ghz band for local wasd multimedia
access: prospects and future directiolEEE Communications Maga-
zing vol. 40, no. 1, pp. 140-147, Jan 2002.

D. Halperin, S. Kandula, J. Padhye, P. Bahl, and D. Wethe'Aug-
menting data center networks with multi-gigabit wirelegsks,” in
Proceedings of the ACM SIGCOMM 2011 Conference (SIGCOMMY '11
New York, NY, USA: ACM, 2011, pp. 38—49.

X. Zhou, Z. Zhang, Y. Zhu, Y. Li, S. Kumar, A. Vahdat, B. Xhao, and
H. Zheng, “Mirror mirror on the ceiling: Flexible wirelesmks for data
centers,” inProceedings of the ACM SIGCOMM 2012 Conference on
Applications, Technologies, Architectures, and Protedar Computer
Communication (SIGCOMM '12) New York, NY, USA: ACM, 2012,
pp. 443-454.

He Li received the B.S., M.S. degrees in Computer
Science and Engineering from Huazhong University
of Science and Technology in 2007 and 2009, re-
spectively, and Ph.D. degree in Computer Science
and Engineering from The University of Aizu in
2015. He is currently a Postdoctoral Fellow with
Department of Information and Electronic Engi-
neering, Muroran Institute of Technology, Japan.
His research interests include cloud computing and
software defined networking.

Kaoru Ota was born in Aizu Wakamatsu, Japan.
She received M.S. degree in Computer Science from
Oklahoma State University, USA in 2008, B.S. and
Ph.D. degrees in Computer Science and Engineering
from The University of Aizu, Japan in 2006, 2012,
respectively. She is currently an Assistant Professor
with Department of Information and Electronic En-
gineering, Muroran Institute of Technology, Japan.
From March 2010 to March 2011, she was a visiting
scholar at University of Waterloo, Canada. Also she
was a Japan Society of the Promotion of Science

[5] K. Shams and M. Ali, “Wireless power transmission to aiedrsensor
in concrete,"IEEE Sensors Journalol. 7, no. 12, pp. 1573-1577, Dec
2007.

[6] A.Parks, A. Sample, Y. Zhao, and J. Smith, “A wirelesssieg platform
utilizing ambient rf energy,” INEEE Topical Conference onBiomedical
Wireless Technologies, Networks, and Sensing System$Vi(BieSS
2013) Jan 2013, pp. 154-156.

S. Sudevalayam and P. Kulkarni, “Energy harvesting sensdes:
Survey and implications,”IJEEE Communications Surveys Tutorials
vol. 13, no. 3, pp. 443-461, Third 2011.

U. Olgun, C.-C. Chen, and J. Volakis, “Design of an effiti@mbient
wifi energy harvesting systemlET Microwaves, Antennas & Propaga-
tion, vol. 6, no. 11, pp. 1200-1206, 2012.

[9] A. Sample and J. Smith, “Experimental results with twaeléss power

(7]

(8]

(JSPS) research fellow with Kato-Nishiyama Lab at Graduathool of
Information Sciences at Tohoku University, Japan from Ap€i12 to April
2013. Her research interests include Wireless NetworksudCIComputing,
and Cyber-physical Systems. Dr. Otas research resultsbeare published in
110 research papers in international journals, confeeeaoe books. She has
received best paper awards from ICA3PP 2014, GPC 2015, &b BASC
2015. She serves as an editor for Peer-to-Peer NetworkidgAgplications
(Springer), Ad Hoc & Sensor Wireless Networks, Internaglodournal of
Embedded Systems (Inderscience), as well as a guest eglit@EE Wireless
Communications, IEICE Transactions on Information andt@ys. She is
currently a research scientist with A3 Foresight Progra@i{22016) funded
by Japan Society for the Promotion of Sciences (JSPS), N$EDioa, and
NRF of Korea.

transfer systems,” ilEEE Radio and Wireless Symposium, 2009. RWS

'09, Jan 2009, pp. 16-18.



Mianxiong Dong received B.S., M.S. and Ph.D.
in Computer Science and Engineering from The
University of Aizu, Japan. He is currently an As-
sociate Professor in the Department of Information
and Electronic Engineering at the Muroran Institute
of Technology, Japan. Prior to joining Muroran-IT,
he was a Researcher at the National Institute of

\
w Information and Communications Technology (NIC-
T), Japan. He was a JSPS Research Fellow with
School of Computer Science and Engineering, The

University of Aizu, Japan and was a visiting scholar
with BBCR group at University of Waterloo, Canada supportsd JSPS
Excellent Young Researcher Overseas Visit Program fromil AZf¥10 to
August 2011. Dr. Dong was selected as a Foreigner ResealichvKe total
of 3 recipients all over Japan) by NEC C&C Foundation in 2(Hi&.research
interests include Wireless Networks, Cloud Computing, @ytber-physical
Systems. His research results have been published in 128rcaspapers in
international journals, conferences and books. He hasvestéest paper
awards from IEEE HPCC 2008, IEEE ICESS 2008, ICA3PP 2014, GPC
2015, and IEEE DASC 2015. Dr. Dong serves as an AssociaterEftit
IEEE Communications Surveys and Tutorials, IEEE NetwoBEE Wireless
Communications Letters, IEEE Access, and Cyber-Physigatefns (Taylor
& Francis). He has been serving as the Program Chair of IEE& &ty 2015
and Symposium Chair of IEEE GLOBECOM 2016. Dr. Dong is cutlyea
research scientist with A3 Foresight Program (2011-20L65éd by Japan
Society for the Promotion of Sciences (JSPS), NSFC of Chind, NRF of
Korea.




