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Green Wireless Power Transfer Networks

Qingzhi Liu, Michat Golihski, Przemystaw Pawetczak, anémiin Warnier

Abstract

A Wireless Power Transfer Network (WPTN) aims to supportickes with cable-less energy on-
demand. Unfortunately, wireless power transfer itselfpeegally through radio frequency radiation rec-
tification —is fairly inefficient due to decaying power withsthnce, antenna polarization, etc.. Conse-
quently, idle charging needs to be minimized to reduce dirdarge costs of providing energy to the
receivers and at the same time reduce the carbon footpriMRIFNS. In turn, energy saving in a WPTN
can be boosted by simply switching off the energy transmiiteen the received energy is too weak
for rectification. Therefore in this paper we propose, angeexnentally evaluate, two “green” protocols
for the control plane of static charger/mobile receiver WPdimed at optimizing the charger workflow
to make WPTN green. Those protocols are: ‘beaconing’, wheceivers advertise their presence to
WPTN, and ‘probing’ exploiting the receiver feedback fromiTAN on the level of received energy.
We demonstrate that both protocols reduce the unnecess@BNWiptime, however trading it for the
reduced energy provision, compared to the base case of "WEHBEXger always on’. For example, our
system (in our experiments) saves at ms80% of energy and increases 5.5 times the efficiency with

only ~17% less energy possibly harvested.

. INTRODUCTION

Edholm’s law states that data rates offered by wire-lessneonication systems will converge with
wired ones, where forward rate extrapolation indicatesvemence around the year 2030 [1]. As a

result, the only cables that would require removal are thdesasupporting power. In turn, wireless
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Fig. 1. Probbaility of ‘wireless powerh-gram occurrance extracted from Google digitalized bockimlohse[[17] (left), and
number of articles containing phrase ‘wireless power’ fglield in a given year according to Google Scholar and IEEH®@Xp
database (right) (see algo [18, Fig. 1]).

power (transfer) (WPT) is rapidly gaining momentum, see. Blgand more companies are trying to
capitalize on the wireless energy promise, refer for exantpl WiTricity [2], uBeam [[3], Ossial[4],
Artemis [5], Energous_[6], or Proxi[7].

A natural next step is the deployment of networks of WPT nadesoted throughout this work as
WPTNSs), i.e. deployed and dedicated WPT devices providimgep to nearby energy receivers [8]] [9]
(see also an example of a fully energy autonomous WPTN_ih Fi@, 1]). WPTNs are expected to
find numerous applications, e.g. in sensing systems (vidbargeable sensor network [11]), biology
research (vide insect fly monitoring [12] or animal inspect{13]), or implantable networks (vide brain-
machine interface [14]). In all the above applications,uke of batteries is prohibitive (in biology-related
applications—due to induced weight or prohibitive cablimgimplantable applications—due to necessity
of surgical battery replacement), thus WPT is the only lterga viable option. Finally, we speculate
that due to continuous decrease of energy consumption oéédedl platforms [15, Fig. 1], [16, p. 87],
within a decade energy provision through WPTNs will exceeel tequired energy cost of the above

applications.

A. Problem Statement

The necessity of WPT becomes immanent while observing tbatepng battery-based platforms
using energy harvesting alone is not enough [19, Sectiosithply put, ambient energy harvesting

does not guarantee sufficient quality of energy provisiong8c. 3.3] [[20, Section 1]. For example,



TABLE |

ENERGY CONSUMPTION OF VARIOUSWPTN DEVICES, SEE SECTION[=A]

‘ RlOOO‘ s420‘ PWC‘ TI ‘

Consumed power (idle state) W] 24.31| 557 | 4.13| =02
Consumed power (charge state) [W] 45.20 | 12.68 | 4.13 | 1.59

R1000—Impinj Speedway R1000 RFID readef 1[21] (firmware:
Octane 3.2.4.240, hardware revision: 030-02-00001); $420
Impinj Revolution R420 RFID reader[_[22] (firmware: 4.8.3024
hardware  version: 250-004-000); PWC—Powercast TX91501-
3W transmitter [[2B, /products/powercaster-transmiliers|l—Texas
Instruments BQ500410AEVM-085 transmitter evaluation rdod24,
/product/bg500410a]. Both RFID readers were controlled2®}, charge
state induced in the inventory state of EPC Gen2 protocol.

2 Value was too small to be measured by Energino.

large-scale London, UK-based RF far field energy harvestirgsurements at 270 London Underground
stations demonstrate that in the best case only 45% of sweltidos can sustain the required minimum
rectifying operation[[19, Table VI] (for a single input seer considering digital TV, GSM 900/1800 and

3G transmitters).

However, WPT(N) has its own inherent deficiency. While thisr@ huge focus on making WPT(N)
more efficient considering its hardware and physics, itsrggneonversion coefficient is still low [19,
Section I] and absolutely not considered to be “green”. Téégls to a large carbon footprint of WPTN,
which will be amplified as the technology spreads to the masiken.

1) Case Study—Cost of Uptime for State-of-the-Art WPT No#esm the monetary perspective,
taking the energy conversion efficiency into account, agsgmnmat the energy conversion coefficient at a
given distance for wired and wireless system a¢gr=0.59 and nwpt=0.01, respectively, an extra cost
of providing an equal amount of energy by WPT-based comptiredconventional cable-based energy
supply during a period of 1year for a device consumiiizgl2.5 Wh/day (approximate smartphone daily
energy consumption) for a cost 6f,.=0.23 €/kWh is 365C.I'ncpt/nwet=103.88 €. Therefore, it is of
paramount importance to keep the chargers active only wiemearby receivers are requesting energy,
and to forbid energy provision when charging (rectificatibecomes ineffecti

To provide concrete results on how much power can be wastadeesured the power consumption of

several WPT nodes using the Energino platform [27]—a mealtbower consumption monitoring device

IFinally, it is a truism to note that control of charging upéirminimizes unnecessary RF exposliré [26, Sec. IX-H].



for DC-powered devices. In the experiment, the Energinmisnected between the mains power source
and a WPT source to measure the power consumed by the chEngeset of example WPTN chargers is
provided in Tablé]l representing (i) induction-based (shange) WPTN, i.e. Tl board, (ii) RFID readers
for transient computing/energy harvesting platforms [2&]. R1000 and S420, and (iii) long-range RF
power transfer, i.e. PWC. We observe that all of the abovecdswconsume non-negligible amount of
energy, both RFID readers in particular, even in the idléestexcept for the TI board).

2) Research Question—How to make WPTN “Greenl?the most obvious WPTN topology (which
naturally resembles cellular communication networks, nehrecent work proposed to overlay a WPTN
on top of a cellular on€ [29]) chargers are static but the ggheeceivers are moving and chargers and
receivers are able to communicate with each other. Thusrfergy receiver discovery and control of
charger uptime, there needs to be a well designed controégdlnd communication protocol) that turns
on chargers only when the charging conditions are favoraties “greenifying” the WTPN.

Unfortunately, to the best of our knowledge, the problem aivjsion of energy to mobile energy
receivers in such WPTN topology, guaranteeing fast chadgovery without the unnecessary energy

waste at the charger has been overlooked. We conjecturedhang such problem is not a trivial task.

B. Our Contribution

1) In this paper we prove that making WPTN “green”ais NP-hard problemin layman terms, we
show that it is difficult to maximize harvested energy at tbeeiver and minimize idle time of the
energy transmitters at the same time;

2) We thenpropose two heuristics, called Beaconing and Probing, ttaitrol the WPTN charge
uptimeaiming at (i) maximization of harvested energy, charge ey charge efficiency and (ii)
minimization of energy consumed by the communication betwenergy receivers and energy
transmitters and by the chargers;

3) Finally, we build (to the best of our knowledge) worlds-first green WPIh our experiments,
compared to a baseline case (all chargers being constamylysgstem saves at most80% of

energy and increases 5.5 times the efficiency with ealy’% less energy possibly harvested.

C. Paper Organization

The rest of the paper is organized as follows. Related worttissussed in Sectidnlll. The WPTN
model considered in this paper is introduced in SediidnTihle formal problem statement of transmitter

energy-conserving WPTN design is given in Secfioh IV. Twopmsed WPTN “Green” charge control



protocols are briefly introduced in Sectibn V, with their iiemmentation details (and their performance
evaluation) given in Section VI. Experimental results arespnted in Section MIl. Limitations of this

work and future challenges are presented in Seéfion VIHaWy, the paper is concluded in Section IX.

II. RELATED WORK: WPTN CHARGERSUPTIME CONTROL

A plethora of papers considers an information theoretic, ctassical communications approach
to analyze WPTNSs, e.g. through Shannon capacity formulatib energy transfer, see e.d. [30], or
optimization of transmission parameters of WPT sources &ximize considered objectives such as
(i) harvested power [31],[[32], (ii) interference to coliged transmission sources [20], (iii)) energy
outage([29],[33], (iv) charging delay [34] and (v) qualityservice [35]. In the majority of those studies
a continuous energy source is assumed, i.e. energy trdesnfETx(s)) are always on/up, despite of
energy receivers (ERx(s)) absence in the vicirity [20]]] [8bare triggered at predefined intervdls][36,
Sec llI-A]. Minimizing energy consumption while maximizjrenergy supply mostly limits itself to power
control of ETx.

On-demand energy provision has been considerdd in [37p6e of mobile ETx and static ERX), [10],
[38] (for static ETX/ERX). In all of these works no actual feol for controlling ETx uptime has been
introduced. Papers that do propose ETx uptime control @ (f®ntrolling power flow in an inductive-
based WPT),[[40] (although considered only architectyralithout further investigation), [10, Fig. 4]
(without any discussion on the details of the protocol)/4di [(in the context of electromagnetic exposure
minimization). The most relevant work [38], proposes a nesdiam access control protocol for WPTN-
enabled sensor networks, which controls (among other shilJx uptime, (i) considers both static
ETxX/ERX, and (ii) is ETx-centric, i.e. receivers must taleecof requesting for energy (ETx never offer
to send energy). Another relevant protocol has been comsida [10, Fig. 4], but without analysis of
the protocol parameters and its influence on the WTPN pedoom.

It is important to state that in all above works the number ®k Bnd ERX is always constant and an
ERX/ETx discovery mechanism has been overlooked. Furthrernas none of the above works (except
for [38]) propose an actual charge control protocol for WRBTNlis unknown how control and signaling
affects provisioned energy for topologies other than tHaf38]. We thus conclude that ETx charge
control with discovery mechanism, saving energy due toaigg, has not been considered. This paper

will fill this gap.



. WPTN MODEL

We now present the classification of the existing WPTNs. Basethis classification we shall select

a WPTN model.

A. WPT Classification

1) WPT Physical Layer Technique$he obvious classification in WPT relates to the source ofggne
which is later converted to electric current—please reterdcent surveys of WPT considering far
field [42] (through various radio frequency (RF) rangesB][#hrough microwave RF), and through
inductive coupling([44] (near field),_[45] (mid-field). Theajority of WPTN that we are aware of are RF
conversion-based—refer also to a recent survey df [26], §dGsidering design issues in RF rectification
conversion for wireless networks.

2) WPTN TopologyA WPNT topology is composed ofi ETx andn ERX. Consequently, four special
cases WPNT are observed in the literature: withn{ix1, n>1 e.g. [30], [47], (i) m>1, n>1 e.g. [20],
[38], (i) m=1, n=1 e.g. [35], [32], and (iv)m>1, n=1 (which to the best of our knowledge has not
been considered so far).

Considering mobility, a WPTN topology is categorized infd):static ETx/static ERx[[35],[138], (ii)
mobile ETx/static ERx([47],137], (iii) static ETx/mobileR [8], [11], [36], and (iv) mobile ETx/mobile
ERXx (which also has not been considered so far in the litexatuthe best of our knowledge). A related
categorization on WPTN mobility can be found in[26, Tablé &énsidering routing algorithms in energy
harvesting sensor networks. In addition, WPTN topologis loe categorized into (i) planned, elg./[20],
[30Q], [47], [35] and (ii) unplanned, e.gd. [31].

3) WTPN Energy/Communication Separati@eparation of energy provision and communication/control
in WPTN can be categorized into (i) joint energy and inforimrattransmission (through power split-
ting) [20], 48], [29], (ii) time division approach [30],_B], and (iii) frequency division[[39],[37] (often
in relation to inductive-based WPT). For a in-depth surveyamgain refer to[[26, Sec. IlI-E] and [49].

B. Selected WPT Technology

As we show above, due to the large design space it is prorebiti consider all WPTN topologies
in one work. Therefore, we constrain ourselves to the fabhgwWPTN model, due to simplicity and

resemblance to a cellular topology (see Sedtionll-A2)—fogra baseline for further studies.



1) WPTN NodesWe utilize RF-based energy transfer, as it is the (i) leagsive, (ii) and its hardware
is the smallest of all WPT techniques (allowing for implditta in biological organisms while keeping
the charging distance long rande [14]).

a) ETx: ETxs are assumed to be static, with their locations planoeld as to guarantee a minimum
needed energy supply at any place in space (which nevesthdi®es not preclude energy being below
the rectification threshold for any ERx at any point of sptce).

No central controller coordinating a set of ETx is considefia contrary to[[50, Sec. 1ll]). Charging is
performed at a frequency, MHz, e.g. f,=915Mhz in case of Powercast TX91501-3W transmitfer [23,
/products/powercaster-transmitters]. ETx do not possddé®/icapabilities, beam steering nor transmission
power control, making an ETx (and whole WPTN) design simple.

2) ERx: Charge requests/charge control between ETx and ERXx isrpextb at frequencyf,, e.g.
fe=2.4GHz (as used in the experimental WPTN measurement setupdirded in Sectiofi VI using
XBee motes[[51]). ERx aims at charging its internal batteapAcitor to the maximum level. ERx are
mobile and equipped with wake-up radio capability, ad i, [2dc. II], operating at frequencf, MHz,
e.g. f,=915MHz [52]. Wake-up radio allows to conserve energy by ERx bgidwg idle listening to
information broadcasted by ETx. In our WPTN charge protaomplementation we assumnyg,# f.# f, to
avoid any interference scenarios (which does not preclodiesign a WPTN charge control system with
overlapping charge/wake-up/control frequencies). Nbtg ETx and ERx are schematically depicted in
Fig. 2.

3) WPTN Charge Control Protocoln general, as ERxs roam they are assumed to request a cauinu
flow of energy from the neighboring ETx. To achieve the “gre@fPNT presented in Sectidn 1A, ETxs
will send power to an ERx only when (i) a formal connection r@gfiencyf. between ETx and ERX
has been established and (ii) when the rectified energy atiERkove the predefined threshold. Two
attempts to introduce such protocol will be described intiaé/] and Section MI. First, in the following

section, we introduce the problem formally.

IV. GREENWPTN—FORMAL PROBLEM STATEMENT

Let a WPTN be composed aEM, |M|=m ERxs andjeN,|N|=n ETxs. The decision of ET¥
is to switch itself on or off (to conserve ETx power), with teaitch decision denoted age{1,0},
respectively. We assume that the decisigns performed per time slot and that the state of WPTN (e.g.

position of ETx and ERX, propagation conditions) is invatigithin the time slot.
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Fig. 2. WPTN components: ETx (left) and ERx (right).

We consider the following WPTN performance parametersrddeived power at ERx from ETXx
J 0;;>0 (expressed in Watts) noting that, as Inl[41, Sec. lll-A], wedre the effect of destructive
interference([24, /PDF/P2110-datasheet.pdf (p. 7)],2@7.:%:1 d;; increases with increasinE;?:1 Cjs

(iiy charging accuracy, which can be defined as

1, c¢;=1landd; ;>F,orc;=0andd; ,<E,,
191'7jé J 2Y) r J 2¥} r (1)

0, c¢;=lands; ;<E,orc;=0andj; ;>FE,,

where E,. denotes minimum energy required for rectification, and @harging efficiency

S5 .
” ) Cj#lv
&= 2)
1, CjZO,
wherep; (expressed in Watts) denotes the transmission power fromjE@ssuming that energy cost of
running ETx; is linearly proportional tau;. It then follows that the charging error is-v; j=n; ; and
energy wasting rate from ETxto ERX is S%éwm.
Furthermore, we introduce user defined WPTN performancetrints. To achieve safe charging
> _j=10i,<0; whered, is the exposure limit, see e.g. [41, Sec. lll-B]. To achievE'MX-wide charging
errorzg‘:1 ni,; <1, Wheren, is the acceptable error limit. Finally, to achieve WPTN-avighergy wasting

rate 2?21 Vi j<vy, wherey), is the allowed energy wasting limit.

“Note thatd; ;€[0, 1] when described statistically over multiple time slots.



In addition we introduce the following vectors: @) ;=[d; ;,7; ;, & ;] (vector of WPTN performance
descriptors from ETx to ERx4), (ii) b; j=[0i ;, 7, (alternative form ofa; ;), (iii) s;=[0¢, 7, 1]
(vector of WPTN-wide constraints). In addition we introdue;=[ws, w,,, wy,]ERTU{0} describing
weights assigned to each WPTN performance descriptor.

We then define; ;=w,a]; (weighted sum of WPTN performance descriptous),=w;b; ; (weighted
sum of alternative form of WPTN performance descriptorall @ 2w;s! (weighted sum of constraints).
Foro; ; we also define a total WPTN performance requiremgr(user specified). We can now introduce
two problems formally

PI: zn:iom-cjzoq, (38.)

j=1 i=1

PIl: maxiiomcj, (3b)

j=1i=1

PI/PII subject to )~ a; jc;<s;. (3¢c)
j=1

Proposition 1: Pl expressed a$ (Ba) with subject kal(3c) is NP-Complete.

Proof: We will prove this proposition via restriction [63, Sec. AR By allowing only instances
of PI wherem=1, 0; j=a; j, 0,=s:=3 _;_, 0;; and noting thaty""_, >=i" | 0; jc; is a subset of all
possibleo; ; we restrictPl to the PARTITION problem which is NP-Complete [53, Sec. 3Tlerefore
Pl is NP-Complete. O

Corollary 1: PIl expressed ag (Bb) with subject [0](3c) is NP-Hard.

Proof: For 37, >~ 0;;¢;=Sp in PI, to decide whethebp >0,, we askPIl to find max Sp=
Spir, and then check whethélp >o,. If Spji>04, thenSp lo,, Spi]. However, if Spy <o4, then there is
no Sp;>o0,. Then we havePl <,PIl, whereY <, X denotes ¥ is polynomial time reducible to™ [54]
Sec. 8.1]. From Propositidd RI is NP-Complete. Therefore Problem Il is NP-Hard, followiingm its
definition [55, pp. 80]. O
We remark thaPl andPlII is a generalized case of [41, (3)].

Less formallyPl andPI I can be looked at as the multi-dimensional 0-1 knapsack @noliMKP) [56].
That is, the number of ERx with constraintss; corresponds to the number of knapsack with capacities.
The number of ETx: corresponds to the number of items. Each ETgenerates; ; in ERx ¢ and
corresponds to each item consuming resources in the kragsach ETx; yields o; ; profits in receiver

1 and corresponds to each item yielding profit in a knapsackenTeach ETx decides to turn on or
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off by assigning the values af; and corresponds to each item being selected or not. Nowygipoal

of Pl is to decide whether the profit yielded by the ETX, @;:1 Yot 0ijc;, can be larger or equal
to o, while not exceeding constraist in each receiver—while the decision goal of MKP is to decide
whether the profit of the selected items can be larger or etguiile requirement and not exceeding the
resource capacity of each knapsack. Similarly, (ii) thelgdaPll is to make ETx yielding maximum
profit from 3%, 37, 0; jc; while not exceeding constraing in each ERx—while the optimization
goal of MKP is to make selected items yield maximum profit ant exceeding the resource capacity

of each knapsack.

V. GREENWPTN: CHARGE CONTROL PROTOCOL PROPOSALS

Polynomial approximation schemes are used to solve MKP $86, 3.1]. Nevertheless, this does not
help us designing an algorithm for maximizing; in WPTN, asPI/PI| are introduced for a very simple
(per time slot) WPTN system, not considering other elemémds increase complexity of the problem
(and the problem formulation), e.g. the mobility of ERx, t@mmunication rate between ERx and ETX,
or path loss. This shows a need to design a protocol to coatrolTherefore, in this paper we propose
two simple protocols (heuristics) to solMd (3) in a best efiway. The general high-level idea behind
these is as follows.

« Protocol 1-Beaconingwhen an ERX is in need of energy it broadcasts charging stqueckets
periodically. If a charging request is received by an ETxuins itself on in order to charge ERX.
While ETx is turned on, it expects that charging requests avilive correctly at regular intervals
from ERX.

« Protocol 2—Probing Extending Protocol 1, if ERx is in need for energy it measunarvested
energy and reports it to ETx. Then, ETx decides if ERx shoeldtearged based on the information
regarding energy harvested at ERx. If ETx does not receiyecharge requests after timeout, then

it will switch itself off.
To asses protocol 1 and 2 we propose a simple benchmark.

« Benchmark—Freerun (i) there is no communication among ERx and ETx, i.e. nognerconsumed
for communication, (i) ERx can freely harvest energy froatke ETx, and (iii) ETxs are up all the

time.

In the subsequent sections we will describe and evaluateriexentally Protocol 1 and 2 in detalil.
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VI. GREENWPTN: CHARGE CONTROL PROTOCOL IMPLEMENTATION
A. WPTN Hardware, Software and Measurement Platform

To evaluate the proposed protocols we have deployed trenfioly WPTN emulator, together with the
charging protocol measurement platform. Our green WPTNomposed of four Powercast TX91501-
3W transmitters with integrated antennas|[23, /produotsfrcaster-transmitters] and one Plllo—EVB
receiver evaluation board with co-supplied 1dBi omnidi@tal antennal[23, /products/development-
kits], see Fig[B. Each ETx, see F[g. 3(a), is connected with hains power through the transistor
switch controlled by the Arduino Uno board |57, /arduinoBiidno]. Analogically, ERx emulator is
controlled by the same Arduino board, see Fig.|3(b).

All Arduino Uno boards are equipped with Wireless SecureitBigd SD) Shields|[[57, /ArduinoWire-
lessShield] with Digi XBee IEEE 802.15.4 modules|[51] altted (with 10EC version firmware and
PCB antennas). XBee IEEE 802.15.4 modules are used to proeisimunication layer for the emulated
WPTN. Each XBee device is configured to work as an end node iarae-based APl mode and given
a unique 16-bit address. The rest of XBee |IEEE 802.15.4 aardipn parameters have default values.

Each device logs its measurements and events to an SD caedpla the slot of the Wireless SD
Shield. Both protocols introduced in Sectioh V, as well aseasurement collection process, has been
implemented in C++ amassing to more than 2800 lines of code.

There are two remarks that need to be made about our WPTN yaeeid. First, we note that we
use the word ‘emulator’ throughout, as ERX is still connddtethe power supply. This was dictated by
(i) the simplicity of the WPTN design, and (ii) an extra enefgurden on ERxs due to data collection.
Therefore, our WPTN implementation should be considereadnagvaluation testbed for various WPTN
protocols. Second, we note that the Powercast ETX/ERx we hagd operated in the 915MHz center
frequency channels (ISM Region 2), co-interfering with tetch KPN cellular operator and channels

allocated to the Dutch Ministry of Defense.

B. Green WPTN: Charge Control Protocol Details and Impletagan

1) Protocol Descriptors:Before describing the operation of the two protocols in tieta introduce a
set of support variables used by both protocols—messagestates—controlled by the timers provided

in Table[Tl.

3Due to measurement simplicity we have chosen a harvestedlmasa continuous output power, P1110, rather than pulsed
power, P2110.
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Fig. 3. Components of the implemented WPTN: (a) ETX, and ®% Emulator and a charge measuring unit. Notes: LED1 and
LED2 are used for ETx state indication purpose; value ofstesiR4 is user-changeable allowing to test the effect ofuar

ERx impedances on the WPTN performance.

a) ERX/ETx Message€ach packet from/to ERX/ETxX is enclosed in an IEEE 802.1&hé, with
frame header encapsulating source and destination adtiréss protocols implementation of WTPN, on
the reception of the packet, we allow to read received sigtrahgth indicator of this particular packet.

The following packet types used in our WPTN implementatiom iatroduced:

e« REQcgrc: packet with charging request, broadcasted e\téﬁgs in Charging Request Phase (see
Section VI-B3) by ERX;

o REQpuz . power report packet request sent by ETx from ERx used in P&rwebing Phase (see
Section VI-B3);

e REPpyuz . packet containing two values: (i) voltage level on the l@ddERx—V" and (ii) threshold
level of ERx—:ERX% 1. REPpy can be a response REQgux (if in Power Probing Phase) or sent
by ERx unsolicited (if in Charging Phase, see again Se(iibBJ).

b) ERX/ETx StatesETx and ERx states are as follows.

ERx states: The following states are defined at ERXx:

o SppLe: ERXis in need of energy and broadca®EDx¢ everytEﬁ?és. ERXx is in this state in Charging

Request Phase of the protocol;

“The reason for sendiny’ and n5X%+from ERx to ETxs is due to ease of experiment result collecfid) and debugging

(mER% ). ETx usesnER%, rextracted from the packet instead of a pre-programmed drezefore only ERx needs to be re-

programmed in order to change this parameter of the expatime
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TABLE Il

PROTOCOL PARAMETER VALUES USED IN THEWVPTN EXPERIMENT IMPLEMENTATION

Symbol Typé? Description Set value
tgngeq In Sony —feedback timer within which unsoliciteHEQcrs packets from ERx need to be received 8s
ngrxanh P | Received signal strength value below which a packet from ERgnored when receivéd —70dBm
tEfﬁl’é P | Time between two consecutiEQcrc packets being broadcasted by ERXx (if$fp g for Probing) 4s
tEJjﬁPmbeRsp P | Time ETx waits forREPpyr after sendingREQpur 4s
tEﬁvaast P Time for which each ETx address is stored inxQueue 30s
Hﬁorf P In Sgn —waiting time for the first (unsolicitedREPpyr (Sent by ERx on transition frorSyatt0 ScHarcED) 2s
X obe P | In Sony—feedback timer within which unsoliciteHEPyr packets from ERx need to be received 8s
tEﬁvfprobe P | In Schuarcep —time interval between tw&EPryr packets sent by ERx to the ETx currently charging ERx 4s
tE;?]dWait P | Maximum time ETx waits before sendirREQpur after receivingREQcrg from ERX 0.5s
t&v@ﬁFoerr P | Maximum time ERx will wait for power from ETx while being in & Syat 4s
”Emeﬁh P | Voltage threshold for a load being attached to the micractistd 0.5V
tsyn n/a n/a| Measurement synchronization inteffval 2s

a Protocol type: B—Beaconing, P—probing

b Parameter used to simulate different levels of communinatiyer power transmission/coverage

¢ Timer used to avoid collisions at ERx when multiple ETx hda sameREQcrs and sencREQpyx immediately

d|f the voltage level is above this threshold the power lesetdnsidered to be sufficient to initiate charging

€ Value chosen as to synchronization happen more often thamamts WPTN, seé¢ [58, Sec. 5.2] for detailed discussion

o Swa: ERx awaits for the first power transmission from ETx. If povw@nsmission is successful,

ERx will move to Scharcep - Else, if ERx does not receive any power #§f%-.p,,S ERX moves

back toS\p el3;

o Scharcep : State in which ERx is being charged by a specific ETx. ERx lstive address of ETx

last one stored in € queue) and sendsEP .y to this ETx everyt5Rx . ERx is in this state if
PwrProbes

protocol is in Charging Phase and ERx harvests energy aif{ig.r,V.

ETx states: The following states are defined at ETx:

o Sore: ETx does not transmit power;

o Son: ETx does transmit power;

o Sproge: ETx probes ERx for power before decision to moveSiger or Son ; ETX waits in this

state forREPpyx from ERX for maximum oftEJv’;PmbeRsé. ETx is in this state when protocol is in

Power Probing Phase.

5SpLeis a state in which ERX is initially when protocol is in ChargiPhase.
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Protocol 1 Beaconing—ETx and ERx events
1: upon EVENTTIMEOUTPING() > ERx event—Note (a)

2: BROADCAST(REQcre )

3: upon EVENTRECEIVE(REQcrc) > ETx event
4: TURNONPOWERTRANSMISSION()
5: STATE(—SON

6: upon EVENTTIMEOUTCHARGINGREQUEST) > ETx event—Note (b)
7: TURNOFFPOWERTRANSMISSION))
8: STATE—Sorr

@ Executed everyghes

® Executed inSoy if REQcrg Was not received for more thaB s ones

2) Beaconing Protocol DetailsThe details of the protocol implementation is provided intBcol[].
Set of parameters describing the implementation are giverable[dl. As a worst case scenario, in the
implementation we assume that ERx is constantly in needHarging.

3) Probing Protocol Details: The protocol executes in three phases described below. Awirase
of Beaconing protocol, it is assumed that ERx constantlyireg charging.

a) Charging Request Phasén this phase ERX, ever fﬁ,’és, broadcastBEQcrs - At any time one
or more ETx can receivREQ:g; and initiate Power Probing Phase.

b) Power Probing PhaseHere ETx tries to find out if ERx is already being charged byth@oETx.
After ETX receivedREQcgc it will wait random time distributed uniformly with a maximu tE1% .S
(used as a simple collision avoidance scheme at ERx) and dkad REQuz t0 ERx from which
REQcrs Was received. After ERxX receives filREQpyx it Will ignore all subsequenkEQ.yx packets from
other ETxs in current Power Probing Phase. In return ERx sem.,z containing current level of
harvested energy. After ERx sen@8&P.yz in Power Probing phase, it will wait predefined time of
tERx pwrS for the power transfer from ETx after which (if no power weantferred) it concludes that
power transfer from ETx was unsuccessful.

If REPpyx received by ETx contains power level lower than a power tiotes 75X+, it means ERx
is not currently harvesting energy and requires chargindps€quently ETx tries to charge ERx and
Charging Phase starts. If power will not be received, ERX gl back to Charging Request phase. In
a process called blacklisting, ERx saves address of ETxwhatunsuccessful in Charging Phase in its
internal queue, denoted as»Q All the addresses are kept inrQfor tERX, _s. If protocol is in a Power

Probing state ERx ignores all ETxs with addresses storedtin. Qhis is done to prevent ETx that
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was not successful to initiate Power Probing Phase withngif@x again before the network conditions
change, e.g. ERx moves to another position.

c) Charging PhaseAfter ETx starts charging ERX, there is a possibility that&kRarvests energy
that is above)ER%, V. If this is the case ERx will start sending unsolicite#Ppyx to the current ETx
(as ERx keeps track of ETx devices that tried to charge itRHP.,z packets are received by ETx at
least everyt5l%., .S, ETx will continue charging a given ERXx. If ERx does not ieeenough power, it
will not sendREP,;z packet to ETx within specified time, which will result in stoppower transmission
from ETx to ERX.

Pseudocode of the Probing protocol is described formall?riotocol2 and in Protocdl 3, for ERx
and ETx side, respectively. Again, Tablé Il summarizes atibmeters of the protocol and their assumed

values in the experiment.

C. Synchronization in WPTN

For accurate collection of measurements a time synchriboizs implemented as follows [58, Ch. 5].
ERXx broadcasts its timestamp evegyn s. On the reception each ETx takes this timestamp as its own.
After the experiment, timestamps received from ERx areraotd#d from local ETx time. The result is
the sum of transmission, processing and the actual clook drift. Therefore time drift is a difference
between the time of the reception REQqrs at ETx and time of ERx broadcasting it. As it is impossible
to eliminate processing and transmission time from the omeasent in a simple way all measurements

were made with the assumption that these values are ndgligimpared with other events in WPTN.

D. WPTN Deployment and Experiment Scenarios

All ETxs and an ERx emulator were placed on cardboard boxesrb@all—allowing for equal
positioning in the vertical plane. Four ETxs were placedhat €dges of a 1.5m 3.5m rectangular
plane. The angle of the front of the antennas were regulatddratially shifted 45 degrees to the border
of the rectangular plane, with their center axis unchangethd the entire experiment. Conversely, the
ERx emulator was allowed to be placed in ten different posgtiseparated in vertical and horizontal
axes by 1 m and 0.5m, respectively. Front of the ERx emulaoepantenna was always vertical to the
ground floor. Schematic representation of all ETxs and ERulator positions are presented in Hig. 4(a).
The measurement setup has been built inside the mastemnsmitiece of TU Delft Embedded Systems

Lab, see Fig[ 4(b), with movement of humans during the erpamt minimized.
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Protocol 2 Probing—ERX events
1: upon EVENTTIMEOUTPING() > Note (b)

2: BROADCAST(REQcre )

upon EVENTRECEIVE(REQpur, ETX 1) > Note (a)
if STATE = SipLe and ETx ¢ address¢ Qrx then
address ETx— Qrx
SEND(REPpyr , ETX %)
STATE—Swarr

N o g kR w

3

upon EVENTTIMEOUTWAITING FORPOWER() > Note (c)
9: STATE<—S|D|_E

10: upon EVENTTIMEOUTPOWERPROBING() > Note (d)
11: SEND(REPpyr , ETX i=Qrx (first))

12: upon EVENTVOLTAGEABOVETHRESHOLD() > Note (e)
13: Qrx <+ ENQUEUE(ETx ¢ address)

14: SEND(REPpyr , ETX %)

15: STATE—ScHarGED

16: upon EVENTVOLTAGEBELOWTHRESHOLD() > Note (f)
17: STATE%SDLE

18: upon EVENTTIMEOUTREMOVEOLDESTPROBESENDER() > Note (g)
19: Qrx <+ DEQUEUHQrx (last))

@ When REQsw= received from ETx

®) Every t5is if ERX is in SipLe

©When ERX inSwar and no power from ETx for more thafiR zorpwS

@ Every thiyprones if ERX iS in Scharsep

©When ERXx inSwar receives power and load voltage exce@f®. .,V

® When inScharcep and attached load voltage drops belgffe VvV

@ When oldest address int@has been stored longer th&R, .«S

Within such setup, the experiment simulated the random appee/disappearance of the ERx in a
controlled and replicable fashion. The experiment wagedalby placing the ERx emulator at position
‘", see Fig.[4(d), and initializing a measurement by tugnon or pressing the reset button of each
device in WPTN. From that moment the ERx emulator adveriisetf to WPTN and starts collecting
measurements. The ERx emulator is placed at this positioa fandom time chosen uniformly between
40s and 44s. This behavior is introduced to simulate randppearances and arrivals of the ERXx

emulator within one time period of sendirREQcrc . After that time it signals the end of the single
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Protocol 3 Probing—ETx events

1: upon EVENRECEIVE(REQcre, ERX ) > Note (a)
2: if STATE=Sorr then

3 WAIT RANDOM (tEX gwai) > Uniform distribution
4: SEND(REQpyr , )

5 STATE—Sprose

6: upon EVENRECEIVE(REPpur, ERX 14, V, 58 > Note (b)
7. if STATE=Sproge then
8
9

if V> ngc?v)\(/erThthm

STATE+—Sore
10: else
11: TURNONPOWERTRANSMISSION()
12: STATEFSON
13: upon EVENTTIMEOUTPOWERPROBERESPONSH) > Note (c)

14: STATE—Sorr

15: upon EVENTTIMEOUTONPOWERPROBE() > Note (d)
16: TURNOFFPOWERTRANSMISSION))
17: STATE—Sorr

@\When REQczc received from ERX
® \When REPz«z received from ERx with V' V and 15XV
©When in Sproge after sendingREQsyx the REPsy= from ERX not received for more thalﬁvTVX,pmbeRs,g

@ wWhen inSon and REPsy= from ERX not received for more thatS e opes

measurement through a buzzer, see[Fig] 3(b). Consequenatlycol execution is paused for 15 s allowing
the experiment operator to move ERx emulator to the next umas position. One round of data
collection is finished when the ERx emulator reaches pasii®’, with the movement pattern depicted
in Fig.[4(a@). Each round of movements has been repeated fivestior statistical significance. The
duration of single experiment was ten minutes. Therefasults presented in the following section are
based on approximately nine hours of constantly runningsoresnents. The voltage at resistor R4 of
ERXx, Fig.[3(b), was sampled with a period of 0.1s.
1) Experimental Results ReplicatioRor the results reproducibility measurement data, MATLABp

processing scripts and Arduino-based charge control ppbimplementation are available upon request

or via http://www.es.ewi.tudelft.nl/reports/suppdites/ES-2015-01source code.zip.


http://www.es.ewi.tudelft.nl/reports/support_files/ES-2015-01_source_code.zip
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(a) Measurement setup (b) ERx emulator/ETx pair

Fig. 4. WTPN experiment setup: (a) ERx—qray circles, withpbsition (marked a$—10 and its orientation (marked with
arrows), where dashed arrow denotes ERx movement direetiimhETx—white trapeziod, see also Secfion YI-D, (b) phcaph

of the ERx emulator/ETx pair in the laboratory setting—frdBRx emulator, back: one ETx.

VIl. EXPERIMENT RESULTS
A. Performance Indicators of Green WPTN Control

We will look at the following performance indicators for hoprotocols.

1) ERx Energy HarvestedAmount of energy harvested by ERx during the entire expartme

2) ETx Energy Consumptiorifotal energy consumed by all ETx during the entire experimen

3) WPTN Charging EfficiencyRatio of ERx energy harvested to the energy consumed by Efirglu
charging.

4) ERx Energy Consumptiorfor a fair comparison of the two WPTN charge control protseat take
into consideration the energy consumed by the transmigsimaption of packets from/to ERx. Avoiding
extra burden of measuring the energy consumption of ERx aamuation (refer e.g. to_[59] for such
studies) we directly calculated energy consumption vaftes the data sheet for the ERx emulator we
built. The set of parameters used in the calculations arengin Table[1Il.

Although following Fig.[2 we assume that the passive wakedioris used to wake up ERx from
the off state to communication with ETx state, in the caltafawe nevertheless include the cost of

the idle state of the microcontroller and the radio of the ERierefore, we calculate the ERx power
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TABLE Il
VARIABLES USED FORETX ENERGY CONSUMPTION
CALCULATION: ATMEGA328 (ARDUINO UNO’S
MICROCONTROLLER) AND DiGI XBEE IEEE 802.15.4

‘ Symbol ‘ Description ‘ Value ‘
Us \oltage supply: ATmega328/Xbee 3.3V
It Current consumed: Xbee transmission 35mA
IR . Current consumed: Xbee reception 50 mA
Is ., Current consumed: Xbee sleep state 10pA

Isq Current consumed: ATmega328 sleep state 9 A

Iy, Current consumed: ATmega328 active statel.7 mA
Ry Digi Xbee data rate 9.6 kb/s
Sp Digi Xbee packet size 960 bits

ATmega328 DC characteristics follow from [60, Table 29-7]
Digi Xbee DC characteristics follow fronh [61]

consumption asEc:EéX)+E£A), where

BB 40 Y

S. S.
:Nt_p(USIT,m)+Nr_p(USIR,:B)"i'TEUsIS,z» (4)
Rd Rd

denoting total energy consumption of Digi Xbee board Tors total experiment time, composed of
transmission energyﬂ}f)), receive energylcg)), and idle state energ;EéX)), respectively, for and

N; and N, are the number of packets that the ERx transmits and receines

EW~EM+EW

S. S.
= Nt_p+Nr_p USIA a+TEUsISa> (5)
Rd Rd ) )

is the energy consumed by the Arduino Uno board composedtivEatate energszElA)), and idle state
energy E§A)), respectively.

5) Time to Charge:Finally, we measure and analytically evaluate protocee#fir parameter, i.e.
time to charge—a time between transmission of charge réduyethe ERx to the beginning of charge

provision by the first-responding ETX.

®Note that[[#) and{5) are worst case approximations, we as$oinsimplicity during transmission and reception Arduinas
simultaneously in sleep state—this is due to a small overteéanergy consumption by transmission and reception cosdpa

to the total time when the node was idle.
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We consider one ERx an ETxs, as in the experiment. ERX is in charging rang&oETxs (K <N)
and in communication range of aN' ETxs. At a given moment of time (given ERx positioR) and N
is fixed. Our goal is to derive formulas for expected time targe an ERx in WPTN.

a) Beaconing:In Beaconing implementation we assumed only one round ofgaig after which
all ETxs within the communication range of ERx will be turned. The duration of this round is
Top=U (0, t5in), Where U (a, b) denotes an uniform distribution from to b.

If ERx randomly starts to send charge requests in WPTN, tie to charge isTS‘?a,t:Tcﬁ,t. A
cumulative distribution function (CDF) 6fE,,, under the assumption th?ﬁfpt is not random but constant
and equal to its mean valu@Ept, is

Fig, (1)t /153% ©)

wherete[0, tERX).

b) Probing: Probing works in rounds. Successful round starts with Ghgr&equest, continues to
Power Probing Phase and ends in Charging Phase, in whichrtiiecpl stays, successfully charging
ERx. However, if the charging is not successful, the protgoes back to the Charging Request phase. In
the new Charging Request phase previous ETx, that unsuathgsstempted to charge ERX, is excluded
from WPTN. Therefore, for the first round, there a¥eETx and K ETx that could charge ERX. If we
choose one ofV— K ETxs that could not charge ERx, we exclude it in the next rowvidch starts with
N-1 ETx and K ETx that could charge ERx. Considering random variakle—ERx was charged in
roundi, thenPr(X;)=K/N for i=1 and Pr(X,)=x—f—; [[/25 “5-5~ for i€[2, N—K+1].

Length of a successful rount,— U (0, t5l), is different from the unsuccessful rouigee= U (0, t5i) +

ERx ; ; . _ya=P =P .
twaitrorpwr CONSIdering average values of those variablgg, and 7', respectively, as a consequence

the CDF ofTg,, assumes no randomnessTf, and T}, giving

=P | =P
Fre (D=1 Pr(X;),t€{0, (N —K)Tpest Topi) @)

start

where f(t)= {t;fs"‘—lJ :
6) WPTN Chzsrge Accuracy:
a) Reference Measuremento calculate accuracy for both protocols we need to measee t
reference case first. The reference will denote whether Ebxld switch on during a particular time to

charge ERx. We measure the reference scenario as follows.

1) We mark the appearance timé?), and disappearance time,(,d), of the ERx at each position

depicted in Fig[ 4(d). The ERx stays at one location for 20¢ ianallowed to move to a new
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position within 15s from switch off, respectivEly

2) During each round of movement of the ERx, one ETx is chargina time. After position 10 was
reached by the ERx as given in Fg. 4(a), a new ETx is turnednohaacurrently charging ETx is
switched off;

3) We consider the following situation to be correct¥it>n5R%, at a resistor R4 of ERXx, then ETx

j should switch on to charge the ERx at this position, othenitishould switch off. Each event

of voltage crossing threshold is added to a ve@®i [tV ¢ ¢o2) 4(d2) = - ylaw) 4do))

wheretﬁ,d’m)<TE andtg”’y), x€{a,d} denote the startr=a) and stop £=d) of the reference charge
andy<N denote its successive number. We note that the voltage saymg@riod at resistor R4 of

ERx is 0.1s, just like in experiments in Section VI-D.
b) Charge Accuracy MetricHaving the reference case we can compare the actual workirgy t

sequence of each ETk (for each protocol—Beaconing and Probing) with the refeeewectorR?. and

calculate charge accuracydas

V2 (ResRYY) /Ti |, (8)

WhereRS‘) is the corresponding vector of for protocoland < denotes XNOR operation.

B. Experimental Results: Case 0—Benchmark

To obtain the metrics of interest from the measurementsHerkdtenchmark (Freerun protocol), see
Section[Y, we use the measured valueRip, described in Section VII-A6, to calculate the harvested
power at each position depicted in FHg. 4(a). We then sum ephtirvested power of four ETX, as the
theoretical harvested power in the testing scenario whaue ETxs are switched on all the time. Then
we measure the same performance parameters as for the wth@rdtocols. Results are presented in
Fig.[d and Fig[l7 and discussed in the subsequent sectiots.thad all experimental results were plotted

using MATLAB’s boxplot function.

C. Experimental Results: Case 1—Line of Sight Scenario

We have performed the experiment for five different commaindn threshold values;E’X -, to

measure WPTN performance simulating various ETx/ERXx lin&liies. The result is presented in Hig. 5.

"Note that these respective times were shorter than thosegdactual experiments, refer to Sectfon VI-D.

8We refer the interested reader fo [58, Ch. 5] where otherstygfeaccuracy metrics (including ETx accuracy and ERx

accuracy) are introduced.



22

)

2t —_ —_ —_ —_ —
NN
%1.5- T _
L = | gs |
%) 1 4+ &=
(3]
205F = i
]
T

(a) ERx harvested energy

=

o

0]

v
I
b
i
1]

ETx energy used [kJ]

(b) ETx consumed energy

-

7
il

S
N
T
|

I3
s
T
L

-70dBm  -65dBm -60dBm  -55dBm  -50 dBm

o
:
I
I
I

ERXx Energy used [J]
|
|
|
|
I

(c) ERx communication cost

Yootk F = - - = é_ -

-70dBm  -65dBm  -60dBm  -55dBm  -50 dBm
PBF PBF PBF PBF PBF

(d) WPTN Efficiency

0.8 (&8 - = - =z

0 L |
g 06 = T

-70dBm -65dBm -60dBm -55dBm -50dBm

(e) WPTN Accuracy

Fig. 5. WTPN experiment results: P—Probing, B—Beaconing;Ffeerun; Refer to Sectidn_VIIC for more explanation.

Observe large ETx energy consumption gain for BeaconingRanding, compared to Freerun.
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1) ERx Harvested EnergyRefer to Fig[5(@). For every value @flX .1, the energy harvested by
Beaconing is higher than for Probing. This is due to restmcbf Probing, where at most one ETx can
charge the ERx during a beacon period. The Beaconing pricatlors multiple ETx to be turned on at
the same time.

As thenElX rincreases, the harvested energy decreases for both pissteBeaconing and Probing.
Naturally, the higher the threshold is, the less probabilitat the ETx would be triggered on by
neighboring ERx. As expected, the Freerun mode has the stiglevested energy in almost every
testing point, because all ETxs are switched on all the time.

2) ETx Energy Consumptioie are now ready to present the fundamental result of thisrpayoving
the “green” aspect of the designed WPTM addition to harvested energy we show total energy used
(in kJ) by all ETx during the whole experiment, refer to Higbp We clearly see the power saved by the
Beaconing and Probing protocol, compared with the Freeraden{for Probing—by almost five times).
Since Freerun mode switches ETx all the time, the energywopson by ETx is highest and constant
overnElX +, We discuss the reason behind this gain in detail in subseceetions.

3) ERx Energy ConsumptionThe power consumption of the Probing protocol is higher tfam
Beacon in our measurements. The main reason is that ProbeusERX to receive the probing command
from the ETx, measure the signal strength and send feedlmlters to the charger. The ETxs request
ERXx to measure harvested power in every beacon round. Natdtbbbing protocol uses three message
types to trigger the charging Phase, see Protidcol 2, while@®gng protocol uses only one message to
trigger charging, see Protoddl 1.

As thenElX increases, the power consumption by the ERx with Probingedses. The reason is

CommT!

that the larger theEl% s, the less probability that ETx will accept charge requasssages from the

ERx. Then largenglX . rcauses less number of ETx to associate with the ERx on probinigh further
causes less number of communication messages at ERX.

4) WPTN Efficiency:Compared with the Beaconing protocol, Probing stays on hlestievel for
eachnElX 1, At —=70dBm, the efficiency of Probing is around three timegea than Beaconing. At
-50dBm, the efficiency of Beaconing increases. The mainoreés thatnElX 1, represents the range
that ETx evaluates whether the ERx can be successfully etlasg not. The larger thegl%, s, the
smaller the threshold range is, and the higher energy ERXhaarest in the range. Therefore, smaller
nElX mvalue results in higher efficiency. The benefit of using seratreshold)ETX . +is that the power

transmission efficiency increases. The drawback is thatedsing range causes decreasing harvested
energy, see Fif 5(a).
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The Freerun mode always takes the lowest charging efficibecause it can not estimate whether
ERXx is inside or outside the WPTN and what is the possibledsting power. If the receiver is outside
the WPTN or in the area with very low power radio, switchingEnxs will waste a lot of power. In the
experiment, the disappearing time of ERx is 15s. We conjedtat if the disappearing time increases
the efficiency of Freerun mode will be even lower.

5) WPTN Accuracy:Probing protocol keeps relatively high and stable accufaayn —70dBm to
—50dBm. High accuracy causes the high efficiency in probiaged protocol as shown in Fig 5(d).
In Probing, only one ETx is allowed to charge the ERx whichepttlly decreases the accuracy. We
hypothesize that if multiple ETxs could exploit Probingeiprotocol at the same time the accuracy and
efficiency could further increase.

The accuracy of Beaconing increases as the threshold sesdm —70dBm to —50 dBm—the higher
nElX mvalue is, the closer the ERx must be to an ETx for triggering ¢harging. And the closer the
ERX is to the charger, the higher the probability that the Eax charge the ERx. Freerun mode naturally
has the worst charging accuracy—the ERx can hardly haruéfstisnt energy at certain positions while
ETxs are continuously switched on.

6) ERx Time to ChargeTo verify theoretical analysis of time to charge in both puoails, we have
conducted an experiment, where we have placed ERx less tham %o each of ETx devices (to ensure
ERx is within charging range of all ETxs). To emulate ERx lgeimithin charging range of a given
ERXx, we would connect or disconnect Powercast device frodu#io microcontroller. For each value of
K from K=1 (one ETx connected) t&=4 (four ETxs connected) we have performed an experiment
where ERx appears randomly in the network 50 times. Aftetiaiawe measured the time it takes from
appearing in the network to being charged. A CDF values aéehexperiments are presented in [Elg. 6.
In this figure experimental results (solid lines) are coregdaagainst theoretical results (dashed lines).
For Fig.[6(a)-Fig[ 6(d) additionally a CDF @i, is added.

We see that Beaconing is faster in reaching ETx than Proliingiever with increasings< time to
charge for Probing becomes very low as well (almost instanhection after approximately two seconds).
For Beaconing, irrespective of number of ETx, the time torghatays constant. The discrepancy between
experimental and numerical results is due to approximationot taking into account propagation and
processing time. Nevertheless the analysis follow thedseof the experimental results in all cases

reasonably well.
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Fig. 6. WTPN time to charge CDF: P—Probing, B—Beaconingidstthe—experiment, dashed line—analysis.

D. Experimental Results: Case 2—Non-Line of Sight Scenario

In this experiment, we have tested the performance of WP Mhich the ERX is inside the commu-
nication range while outside the charging range of ETx. Wenge the experiment setup in Fid. 4 by
turning ETx 1 and 3 by 180 degrees around its axis. Resultsisntésting scenario and previous section
are depicted aback andnormal ETx n5lX s set to —70dBm.

1) ERx Harvested Energyin both normal and back condition, the harvested energy @cBeing
protocol is larger than the Probing protocol. By Beaconiragrcol the harvested energy in back condition
decreases by 45% from the normal condition, which fits withékperiment setup by turning two chargers
180 degrees back. The decreasing percent in Probing fromatdo back condition is 32%, which is
smaller than in Beaconing protocol. This is because Probatects the ETx that can charge energy over
the thresholdhETX 1,

2) ETx Energy ConsumptionAs expected, the power consumption of ETxs in Beacon prétacd
Freerun mode maintains at the same level in both normal ackl dmnditions. Beacon protocol does not
give ETxs the function to know whether the charging powerfigiently harvested not. Therefore, as
in the back condition, even if the ERx is outside the chargempge, the charger still switches on as it
hears the request message from the ERXx. Lots of energy iedvasthe back condition by Beaconing
protocol. In Probing protocol, the ‘back’ ETxs (ETx 1 and EZxwill switch off, after they evaluate

the harvested energy at the ERx is low.
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Fig. 7. WTPN experiment results: (a); B—Beaconing, P—PRighF—Freerun; Refer to Sectibn VIIID for more explanation.
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3) ERx Energy Consumptionior both protocols, Beaconing and Probing, the schedulinthe
communication in ERx are not influenced by the topology of WPBo the power consumption in
communication in both normal and back conditions are alrtiostsame.

4) WPTN Efficiency:By Beaconing protocol, the efficiency in the back conditi@tidases by 45%
from the normal condition. The decrease in Probing protdamh normal to back condition is 25%,
which is much smaller than for Beaconing. The smaller desingapercent is because Probing protocol
makes ETx work only when the charged energy is o}&f,,r; The 25% decrease mainly comes from
the probing period when the ETx is turned on and asks the ERxdasure the harvested power. In
our hardware implementation the probing period is very sfys) and we speculate that increasing the
probing period can further increase the efficiency of prgbddased protocol in the back condition.

5) WPTN AccuracyThe accuracy trends in the non-line of sight scenario areséime as in line-of-
sight case, Se€. VII-G5. Also, as in the previous case Pgopintocol obtains the highest accuracy and

confirms its supremacy over the other two considered aphesac

VIII. DISCUSSION LIMITATIONS AND FURTHER RESEARCHDIRECTIONS

With these results we do believe we open up a new researattidivevithin WPTN and we are aware

of many points of improvement. We list the most important©here.

1) Considering Beaconing protocol, the charge requeststadald be optimized with respect to power
consumption and harvested energy of the ERX. For exampdebelacon period can adapt to the
number of ERxs in the WPTN. Since as long as one ERx calls thegeh to switch on there is
no need to trigger ETXs for every ERX.

2) Considering Probing protocol, the probing frequencyuthdoe optimized with respect to power
consumption of probing as well. ERxs should optimize thebprg scheduling considering static
and dynamic conditions. For example, when the ERX is stiit@re is no need to make the receiver
measure harvested power with high frequency, since theebtad power is not expected to fluctuate
much in such case.

3) WPTN should optimize the combinations of the subset ofdweid on ETxs to take advantage of
the constructive signal combined at the ERx. Measuring @disfble combination of the subset of
the neighboring ETxs to switch on consumes too much time awkpat the ERx. Thus a novel
charge control algorithms are required to enable green W®RitN multiple ETxs operating at a

time.
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IX. CONCLUSIONS

In this paper we have introduced a new class of charging abpitotocol for wireless power transfer
networks (WPTNs)—denoted as ‘green’—that conserve enefgyhe chargers. The purpose of such
protocol is to maximize three metrics of interest to WPTNm{(twe introduced here for the first time):
(i) ETx charge accuracy, (ii) ETx charge efficiency and @RRx harvested power, which in-turn minimize
unnecessary uptime of WPTN energy transmitters. We proaketliis problem is NP-hard.

To solve it we propose two heuristics, denoted as ‘beacoffivigere energy receivers simply request
power from transmitters) and ‘probing’ (based on the ppteciof charge feedback from the energy
receivers to the energy transmitters). The strength of cotopols lies in making few assumptions about
the WTPN environment.

We conclude that each protocol performs its task best in peaial cases. Experimentally we show that
for large distances between chargers and receivers, gridmore efficient and accurate but harvests less
energy than beaconing and has higher communication cosheAsharger to receiver distance increases,
the efficiency of the beaconing-based protocol increasasgscommunication range is well correlated

with charging range).
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