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Abstract—Radio frequency (RF) energy transfer and harvest- In RF energy harvesting, radio signals with frequency range
ing techniques have recently become alternative methods to from 300GHz to as low as 3kHz are used as a medium to
power the next generation wireless networks. As this emergg carry energy in a form of electromagnetic radiation. RF gper

technology enables proactive energy replenishment of wikess ¢ f dh i ) fth irel :
devices, it is advantageous in supporting applications witquality ~ 2NSI€r and harvesting IS one o the wireless energy trans-

of service (QoS) requirementsl In this paper, we present an fer teChniqUeS. The Other teChniqueS are indUCtiVe CnglIn
extensive literature review on the research progresses inireless and magnetic resonance coupling. Inductive couplisigi$
networks with RF energy harvesting capability, referred to as pased on magnetic coupling that delivers electrical energy
RF energy harvesting networks (RF-EHNs). First, we present penveen two coils tuned to resonate at the same frequency.

an overview of the RF-EHNs including system architecture, R Th lectri . ied th h th tic field
energy harvesting techniques and existing applications.fien, we e electric power IS carrie roug € magneuc fie

present the background in circuit design as well as the statef- between two coils. Magnetic resonance couplifp Utilizes
the-art circuitry implementations, and review the communication —evanescent-wave coupling to generate and transfer elalctri
protocols specially designed for RF-EHNs. We also exploreavi-  energy between two resonators. The resonator is formed by
ous key design issues in the development of RF-EHNS accordin 5qqing a capacitance on an induction coil. Both of the above
to the network types, i.e., single-hop networks, multi-argénna ¢ techni field wirel t ission fedt
networks, relay networks, and cognitive radio networks. Fnally, V\_IO QC niques are r_]ear' ield wire QSS ran_‘c’m'ss'on edtur
we envision some open research directions. with high power density and conversion efficiency. The power

transmission efficiency depends on the coupling coefficient

_ Index terms- RF energy harvesting, simultaneous wirelegich depends on the distance between two coils/resonators
information and power transfer (SWIPT), receiver opemtiorhe power strength is attenuated according to the cube of

policy, beamforming, communication protocols, RF-powerg;, reciprocal of the distancé][ [8], specifically, 60 dB per

Cognitive radio network decade of the distance, which results in limited power trans
fer distance. Besides, both inductive coupling and resoman
|. INTRODUCTION coupling require calibration and alignment of coils/restmns

. at transmitters and receivers. Therefore, they are nodldeit
Recently, there has been an upsurge of research mter%ts

. : : . rmobile and remote replenishment/charging. In contrast
in radio frequency (RF) energy harvesting/scavenging-te L 1

. . -~ RF energy transfer has no such limitation. As the radiative
nique (see J] and references therein), or RF harvesting in

-~ o . ; lectromagnetic wave cannot retroact upon the antenna that
short, which is the capability of converting the received R g . . . . .
. : . . . .. generated it (by capacitive or inductive coupling) at aatise
signals into electricity. This technique becomes a pramgisi
: . . of above)/(2r) [9], RF energy transfer can be regarded as a
solution to power energy-constrained wireless networks-C

. . : far-field energy transfer technique. Thus, RF energy terisf
ventionally, the energy-constrained wireless networkshsas . . . SO
: . e : suitable for powering a larger number of devices distritute
wireless sensor networks, have a limited lifetime whiclyddy

confines the network performance. In contrast. an RE enerd wide area. The signal strength of far-field RF transmisiion
P : ’ enuated according to the reciprocal of the distance dsstw

harvestlng_ netW(_)rk (RF-EHN) has a sustainable power SUPEY nsmitter and receiver, specifically, 20 dB per decaddef t
from a radio environment. Therefore, the R energy hawgs“distance. Tabld shows the comparison between the three

capability allows the wireless devices to harvest energynfr ) ; .
P Y g major wireless energy transfer techniques. We can see that

RF signals for their information processing and transmiﬁ—F energy transfer technigue has clear advantages inieffect
sion. Consequently, RF-EHNs have found their applications 9y d g

quickly in various forms, such as wireless sensor netwadzks [energy transfer distance. However, it has low RF-to-DCgyer

wireless body networks3], and wireless charging s Stemsconversion efficiency especially when the harvested RF powe
y ' ging sy is small. The readers can refer tbl], [12] for more detailed

With the increasingly emerging applications of RF ENeT%¥ troduction of wireless energy transfer techniques. lis th

harvesting/charging, the Wireless Power Consortium is als .. . .
. N . . article, we focus on wireless networks with the RF energy
making the efforts of establishing an international stadda

for the RF energy harvesting technique. harvesting technique.

Wireless power transfer has caught research attentioe sinc
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with large apertures were used to overcome propagation los{ Design Issues in RF Energy Harvesting Networks
for large power transfer. For example, in 1960’s, the awghor |

in [14] demonstrate a small helicopter hovering at an height | CIRCUIT DESIGN

of 50-feet, powered by an RF source with a DC power supply

of 270W operating on 2.45GHz on the ground. Ird]| the Antenna

authors demonstrate a space-to-earth power transfernsyste Matching Network
using gigantic transmit antenna arrays at a satellite arelve Rectifier

antenna arrays at a ground station. For transmit power of Receiver Architecture

2.7GW, the power transfer efficiency is estimated to4b&
over a transfer distance 86000km. During the past decade,
with the development in RF energy harvesting circuit, low
power transfer for powering mobile terminals in wirelessneo
munication systems began to attract increasing attentfi6j) [

— Single-Hop Network with RF Energy Harvesting
S
— Multi-user Scheduling

'— Receiver Operation Policy

[17). The authors in]6] propose a network architecture for RF B M“lﬁ'A_“t,e“““ Network with RF Energy Harvesting
charging stations, overlaying with an uplink cellular netiu SWIPT Beamforming Optimization without
In [17], a harvest-then-transmit protocol is introduced for [~ Secure Communication Requirement
power transfer in wireless broadcast system. Moreoveiguar — SWIPT beamforming for Secure Communication
modern beamforming techniques are employed to improve — Energy Beamforming
power transfer efficiencyl[/]-[19 for mobile applications. — Information Feedback Mechanism

It is until recently that the dual use of RF signals for — Relﬂlworks with RF Energy Harvesting

delivering energy as well as for transporting informatias h
been advocated?)], [21]. Simultaneous wireless information
and power transfer (SWIPTRP] is proposed for delivering

— Relay Operation Policy

— Relay Selection

RF energy, usually in a low power region (e.g., for sensor net — PowerAllacation
works). SWIPT provides the advantage of delivering coatrol — RF-powered Cognitive Radio Networks

lable and efficient on-demand wireless information and gner

concurrently, which offers a low-cost option for sustaileab

operations of wireless systems without hardware moditicati

on the transmitter side. However, recent research has +ecoc

nized that optimizing wireless information and energy $fan

simultaneously brings tradeoff on the design of a wireless IR e S
|

system P0], [23]. The reason can be understood as the amount [ MAC Protocol

of “variations”, i.e., entropy rate, in an RF signal detengs i

the quantity of information, while the average squared ealu — Routing Protocol

of RF signals account for its power. Consequently, the amouysy |

of transmitted information and transferred energy canret b

generally maximized at the same time. This raises a demand

for redesign of existing wireless networks. directions of RF-EHNs and discuss the practical challenges

This paper aims to provide a comprehensive survey ®hally, Section X concludes this survey.
the contemporary research in RF-EHNs. The scope of this

survey covers circuit design, communication protocols at w

as the emerging operation designs in various types of RI’—I—l‘
EHNs. Note that we emphasize on the design issues relateth this section, we first describe the general architectdire o
to communications in RF-EHNs. The hardware technologyn RF-EHN and introduce the RF energy harvesting technique.
for RF energy harvesting electronics is beyond the scope Tien, we review the existing applications of RF-EHNs.

this paper. Figurel outlines the main design issues for RF-

EHNSs. The survey is organized as following. The next section ) )

presents an overview of RF-EHNs with the focus on the systén Architecture of RF Energy Harvesting Network
architecture, RF energy sources and harvesting technique# typical centralized architecture of an RF-EHN, as shown
as well as existing applications. Section Il introduces thin Fig. 2, has three major components, i.e., information gate-
principle and hardware implementation of RF harvesting desays, the RF energy sources and the network nodes/devices.
vices. Then, we introduce the main design issues with singlEhe information gateways are generally known as base sta-
hop RF-EHNs, multi-antenna RF-EHNs, and multi-hop RRions, wireless routers and relays. The RF energy souraes ca
EHNs in Section IV, Section V, and Section VI, respectiveljpe either dedicated RF energy transmitters or ambient RF
We also shed light on the arising challenges in RF-powersdurces (e.g., TV towers). The network nodes are the user
cognitive radio networks in Section VII. Then, in Sectiorequipments that communicate with the information gateways
VIII, we review existing communication protocols designedypically, the information gateways and RF energy sources
exclusively for RF-EHNs. Section IX envisions the futurdave continuous and fixed electric supply, while the network

— Spectrum Sensing
— Spectrum Access
I—  Spectrum Management

'— Spectrum Handoff

Outline of design issues in RF-EHNs

OVERVIEW OF RF ENERGY HARVESTING NETWORKS



TABLE |

COMPARISON OF DIFFERENT WIRELESS ENERGY TRANSFER TECHNIQSE

Wireless energy | Field region | Propagation Effective distance Efficiency Applications
transfer technique
RF energy transfer Far-field Radiative Depend on distance and frg- 0.4%, above18.2%, and | Wireless sensol
quency and the sensitivity of over 50% at —40 dBm, - | network [], wireless
RF energy harvester (typically 20 dom and 5 dBm input | body network ]
from several meters to several power, respectively 1[0]
kilometers)
Resonant  inductive] Near-field Non-radiative | From a few millimeters to a] From 5.81% to 57.2% | Passive RF indentificatior]
coupling few centimeters when frequency varies (RFID) tags, contactless
from 16.2kHz to| smart cards, cell phong¢
508kHz B] charging
Magnetic resonance Near-field Non-radiative | From a few centimeters to @ From above)0% to above | PHEV  charging, cell
coupling few meters 30% when distance varie§ phone charging
from 0.75m to 2.25mf]
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Fig. 2. A general architecture of an RF energy harvestingvort

nodes harvest energy from RF sources to support their opemaede consists of the following major components:
tions. In some cases, the information gateway and RF energy
source can be the same. As shown in Eigthe solid arrow
lines represent information flows, while the dashed arroedi
mean energy flows.

The application,

o A low-power microcontroller, to process data from the
application,

A low-power RF transceiver, for information transmission
or reception,

An energy harvester, composed of an RF antenna, an
impedance matching, a voltage multiplier and a capacitor,
to collect RF signals and convert them into electricity,

A power management module, which decides whether
to store the electricity obtained from the RF energy

The information gateway has an energy harvesting zone and
an information transmission zone represented by the dashed
circles in Fig.2. The devices in the energy harvesting zone are
able to harvest RF energy from the information gateway. The
devices in the information transmission zone can succlgsfu e
decode information transmitted from the gateway. Gengrall
the operating power of the energy harvesting component is harvester or to use it for information transmission im-
much higher than that of the information decoding component mediately, and
Therefore, the energy harvesting zone is smaller than thes An energy storage or battery.
information transmission zone. Note that the decentrdIiRE-
EHN also has a similar architecture to that shown in Rig.
except that the network nodes communicate among each o
directly.

The power management module can adopt two methods to
@J%rr]trol the incoming energy flow, i.eharvest-usendharvest-
re-use In the harvest-usemethod, the harvested energy is
immediately used to power the network node. Therefore, for
Figure 3 also shows the block diagram of a network nod#éhe network node to operate normally, the converted etgistri
with RF energy harvesting capability. An RF energy harvegsti has to constantly exceed the minimum energy demand of the



network node. Otherwise, the node will be disabled. In ttes follows:

harvest-store-usenethod, the network node is equipped with GrG R\

an energy storage or a rechargeable battery that stores the Pr = PTW, 1)

converted electricity. Whenever the harvested energy ieemo ) ) ) )

than that of the node’s consumption, the excess energy wWili€re Pz is the received powet’r is the transmit powerl,

be stored in the battery for future use. is the path loss factotr is the transmit antenna gaiGir is
Figure 3 illustrates the block diagram of an RF energ{€ receive antenna gain,is the wavelength emitted, andl

harvester Is the distance between the transmit antenna and the receive

' antenna.

° ;I'he antenna Canlt.b? dfeS|gned to bWO:jk on e|trr1](_erh3|tr;1gle-|-he free-space model has the assumption that there is only
requerllcy odr mu Iphe requefncy an_s,lln whic " I((J)ne single path between a transmitter and a receiver. Hayweve
networ no T can ?rvsst rohml a S'T]g engr multiplg e to RF scattering and reflection, a receiver may collect
sources simu taneously. Nevertheless, the en.ergy.hﬁﬁ signals from a transmitter from multiple paths. The two
vester typlca_lly operate; overarange of frequenmes S'%?/ ground model captures this phenomenon by considering
energy density of RF s_|gn:_;1Is is diverse m_frequency. .the received RF signals pass through a line-of-sight path an

« The impedance matching is a resonator circuit operati Ireflected path separately. The harvested RF power from a

at the designed frequency to maX|m|_ze_the power Fr"fms Ansmitter according to the two ray ground model is given by
between the antenna and the multiplier. The efficiency

of the impedance matching is high at the designed fre- GrGRrhih? ?)
guency. ‘L
« The main component of the voltage multiplier is diodewhere s, and h, are the heights of the transmit and receive
of the rectifying circuit which converts RF signals (ACantennas, respectively.
signals in nature) into DC voltage. Generally, higher con- The above two deterministic models characterize RF prop-
version efficiency can be achieved by diodes with lowefgation based on determinate parameters. By contrast; prob
built-in voltage. The capacitor ensures to deliver powesbilistic models draw parameters from a distribution, ehil
smoothly to the load. Additionally, when RF energy igillows a more realistic modeling. A practical and widely
unavailable, the capacitor can also serve as a reserveg@bpted probabilistic model is a Rayleigh mod2#][ which
a short duration. represents the situation when there is no line-of-sighhobh
The efficiency of the RF energy harvester depends on thetween a transmitter and receiver. In the Rayleigh model, w
efficiency of the antenna, the accuracy of the impedanBave
matching between the antenna and the voltage multipliet, an
the power efficiency of the voltage multiplier that convehs
received RF signals to DC voltage. where Pget represents the received RF power calculated by
For the general node architecture introduced above, tAedeterministic model. The path loss factbris defined as
network node has the separate RF energy harvester and IRF= —alog10(d/dy), where dy is a reference distance.
transceiver. Therefore, the node can perform energy hiamges unif(0,1) denotes a random number generated following
and data communication simultaneously. In other words, tHiniform distribution between 0 and 1.
architecture supports both-bandandout-of-bandRF energy =~ The above has presented three common RF propagation
harvesting. In the in-band RF energy harvesting, the nétwanodels. The aggregated harvested RF energy can be caftulate
node can harvest RF energy from the same frequency bdased on the adoption of the network model and RF propaga-
as that of data communication. By contrast, in the out-ofion model. Readers can refer tod for more detailed survey
hand RF energy harvesting, the network node harvests RIFRF propagation models in different environments.
energy from the different frequency band from that used for
data communication. Since RF signals can carry energy @as
well as information, theoretically RF energy harvestinglan™
information reception can be performed from the same RFUnlike energy harvesting from other sources, such as solar,
signal input. This is referred to as the simultaneous walewind and vibrations, RF energy harvesting has the following
information and power transfer (SWIPT2J concept. This Characteristics:
concept allows the information receiver and RF energy har-« RF sources can provide controllable and constant energy
vester to share the same antenna or antenna array. transfer over distance for RF energy harvesters.
o In a fixed RF-EHN, the harvested energy is predictable
) and relatively stable over time due to fixed distance.
B. RF Energy Propagation Models « Since the amount of harvested RF energy depends on
In RF energy harvesting, the amount of energy that can be the distance from the RF source, the network nodes in
harvested depends on the transmit power, wavelength offhe R the different locations can have significant difference in
signals and the distance between an RF energy source and the harvested RF energy.
harvesting node. The harvested RF power from a transmitteiThe RF sources can mainly be classified into two types, i.e.,
in free space can be calculated based on the Friis equat#pn [dedicated RF sources and ambient RF sources.

Pr = Pt 5 10F x log(1 — unif(0,1)), 3)

RF Energy Harvesting Technique
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Fig. 3. A general architecture of an RF energy harvestingcdev

1) Dedicated RF sourcesDedicated RF sources can be
deployed to provide energy to network nodes when moree
predictable energy supply is needed. The dedicated RFe®urc
can use the license-free ISM frequency bands for RF en-

ergy transfer. The Powercaster transmitte¥] [operating on

915MHz with 1W or 3W transmit power is an example
of a dedicated RF source, which has been commercialized.
However, deploying the dedicated RF sources can incur high
cost for the network. Moreover, the output power of RF
sources must be limited by regulations, such as Federal
Communications Commission (FCC) due to safety and health

concern of RF radiations. For example, in 80§ M H z band,
the maximum threshold is 4W2f. Even at this highest

setting, the received power at a moderate distance of 20m is

attenuated down to only 10W. Due to this limitation, many

.
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harvesting rate can be achieved at the sensor.

Dynamic ambient RF sourceddynamic ambient RF
sources are the RF transmitters that work periodically
or use time-varying transmit power (e.g., a WiFi access
point and licensed users in a cognitive radio network).
The RF energy harvesting from the dynamic ambient RF
sources has to be adaptive and possibly intelligent to
search for energy harvesting opportunities in a certain
frequency range. The study B3 is an example of
energy harvesting from dynamic ambient RF sources in
a cognitive radio network. A secondary user can harvest
RF energy from nearby transmitting primary users, and
can transmit data when it is sufficiently far from primary
users or when the nearby primary users are idle.

Table Il shows from experiment the amount of harvested

dedicated RF sources may need to be deployed to meet the ¢§€renergy from different sources. We can clearly observe
demand. As the RF energy harvesting process with dedicaigds the energy harvesting rate varies significantly dejpend
RF sources is fully controllable, it is more suitable to SO 5 the source power and distance. Typically, the amount of

applications with QoS constraints. Note that the dedic®&Ed p5yested energy is in order of micro-watts, which is sufici
sources could be mobile, which can periodically move ang;, powering small devices.

transfer RF energy to network nodes. BO-[31], different

RF energy transmission schemes for mobile power transsitte
D. Existing Applications of RF Energy Harvesting

to replenish wireless sensor networks are investigated.

2) Ambient RF sourcesAmbient RF sources refer to the  \yjreless sensor networks have become one of the most
RF transmitters that are not intended for RF energy transfﬁﬁddy applied applications of RF-EHNs. An RF energy

This RF energy is essentially free. The transmit power
ambient RF sources varies significantly, from aroufdw

AGrvester can be used in a sensor node to supply energy. For
example, in 9], the authors design an RF-powered transmitter

for TV tower, to about 10W for cellular and RFID systemsyyat gypports 915MHz downlink and 2.45GHz uplink bands.
to roughly 0.1W for mobile communication devices and WiFAn gyerage data rate of Skbps is achieved, while the maximum
systems. Ambient RF sources can be further classified iffRiant data rate is up to 5Mbps. The transmitter can be

static and dynamic ambient RF sources.

operated with an input power threshold of -17.1 dBm and

« Static ambient RF sourceStatic ambient RF sources area maximum transmit power of -12.5 dBm. Various prototype
the transmitters which release relatively stable power ovienplementations of sensor nodes powered by RF energy are
time, such as TV and radio towers. Although the statiglso presented in2], [40]-[47]. In [48—-[50], a multi-hop
ambient RF sources can provide predictable RF enerdjf-powered wireless sensor network is demonstrated throug
there could be long-term and short-term fluctuations dgxperiments.
to service schedule (e.g., TV and radio) and fading, The RF-powered devices also have attractive healthcare and
respectively. Normally, the power density of ambientiedical applications such as wireless body network. Benefit
RF sources at different frequency bands is small. Asiag from RF energy harvesting, low-power medical devices
result, a high gain antenna for all frequency bands &an achieve real-time work-on-demand power from dedicated
required. Moreover, the rectifier must also be designé&F sources, which further enables a battery-free circuit wi
for wideband spectrum. Ir8p], the performance analysisreduced size. In J], the authors design the RF-powered
of a sensor powered by static ambient RF sources @sergy-efficient application-specific integrated circtgatured
performed using a stochastic geometry approach. Awith a work-on-demand protocol. Irb]], the authors present
interesting finding is that when the distribution of ambierd body device circuit dual-band operating at GSM 900 and
RF sources exhibits stronger repulsion, larger RF ener@®5M 1800. The antenna achieves gains of the order 1.8-2.06



TABLE I
EXPERIMENTAL DATA OF RF ENERGY HARVESTING.

[ Source | Source Power [ Frequency [ Distance | Energy Harvested Rate |
Isotropic RF transmitter34] 4w 902-928MHz | 15m 5.5uW
Isotropic RF transmitter3p)] 1.78W 868MHz 25m 2.3uW
Isotropic RF transmitter3g] 1.78W 868MHz 27m 2uW
TX91501 Powercaster transmitte37 | 3W 915MHZ 5m 189uW
TX91501 Powercaster transmittes7 | 3W 915MHz 11m 1uW
KING-TV tower [3§] 960kW 674-680MHz | 4.1km 60uW

dBi and efficiency of77.6 — 84%. Similar implementations of A. Circuitry Implementations

body devices can also be found i3], [52-[55]. There have been a large number RF energy harvester
Another RF energy harvesting application that has caughiplementations based on various different technologies s
intensive research investigation is RFID, widely used flem- as CMOS, HSMS and SMS. Tablgl shows the circuit
tification, tracking, and inventory managemefg][ Recent performance of some up-to-date designs. Most of the imple-
developments in low-power circuit and RF energy harvestingentations are based on the CMOS technology. Generally, to
technology can extend the lifetime and operation range @hieve 1V DC output, -22 dBm to -14 dBm harvested RF
conventional RFID tags. In particular, RFID tags, insteagower is required. Though CMOS technology allows a lower
of relying on the readers to activate their circuits padgive minimum RF input power, the peak RF-to-DC conversion
can harvest RF energy and perform communication activesfficiency is usually inferior to that of HSMS technology.€rh
Consequently, RFID technology has evolved from simplefficiency above70% can be achieved when the harvested
passive tags to smart tags with newly introduced featurels spower is above -10 dBm. For RF energy harvesting at a
as sensing and on-tag data processing and intelligent powslatively high power (e.g., 40 dBm/10W), SMS technology
managementd/]. Research progress has covered the desigeen be adopted. In particular, as shown 197, 30V output
of RFID tags with RF energy harvesting in rectend]f voltage is achieved at 40 dBm input RF power wih%
[59], rectifier [60], [61], RF-to-DC converter§2], [63], charge conversion efficiency. However, when the harvested RF power
pump B4]-[66] and power harveste6[]-[69. is low, the conversion efficiency is low. For example, ohly%
Other than the above popular applications, devices poweglinput power is -10 dBmip2.
by ambient RF energy is attracting increasingly research
attention. For example, referencé(] demonstrates that ang. Antenna Design

information rate of 1 kbps can be achieved between tWOAn antenna is responsible for capturing RF signals. Minia-
prototype devices powered by ambient RF signals, at tpe P P g 9 '

distance of up to 2.5 feet and 1.5 feet for outdoors aréar:ziﬂas,::hﬁgg hIg‘?hgr;itﬁtnhrzsgg?]r[]r:rintgec:r:lr;\r;irc; of
indoors, respectively. Existing literature has also pmeese 9y. b P

. . . tudy of several antenna designs for RF energy harvesting.
many implementations of battery-free devices powered everal antenna topologies for RF energy harvesting haar be
ambient energy from WiFi 1], [72], GSM [73—-[76] and polog 9y 9

DTV bands [7-[87] as well as ambient mobile electronicreported in L14. In [117], the authors perform a comparison
devices B3 of existing antenna structures. Antenna array design s al

. . . been studied for effective RF energy harvestinglihg, [113.
Additionally, RF energy harvesting can be used to providg tenna arrays are effective in increasing the capabibity f
charging capability for a wide variety of low-power mobil§q,y input power. However, a tradeoff exists between antenna

devices such as electronic watches, hearing aids, and ME3, 44 performance.
players, wireless keyboard and mouse, as most of them congqr hardware implementations, research efforts have been
sume only micro-watts to milli-watts range of power. B¥, maqe for narrow-band antenna (typically from several t@ ten
the authors present a design of an RF circuit that enab[ﬂq\AHz) designs in a single band3], [109, [114], [119, and
continuous charging of mobile devices especially in urbaf}a| pands 117, [116-[116 as well as t’riple t;andsinSZ—
areas where the density of ambient RF sources is high. 1121 Moreover, broadband antenna designs (typical on order
of 1GHz) have been the focus of some recent wdrR7-
[129.
[1l. CIrRcUIT DESIGN
C. Matching Network

This section introduces some background related to theThe crucial task of matching network is to reduce the
hardware circuit designs of RF energy harvesting devicggnsmission loss from an antenna to a rectifier circuit and
Here, the purpose is to introduce some basic kownledimerease the input voltage of a rectifier circuit3[]. To
of circuit design required to understand the communicatidhis end, a matching network is usually made with reactive
aspects of the RF-EHN. Again, the comprehensive survey @imponents such as coils and capacitors that are not digsipa
the works related to circuit design and electronics for RFL31. Maximum power transfer can be realized when the
energy harvesting is beyond the scope of this paper. impedance at the antenna output and the impedance of the



TABLE Il
CIRCUIT PERFORMANCECOMPARISON.

Literature Minimum  RF  Input Peak Conversion Efficiency | Frequency Technology
Power @ Qutput Voltage | @ RF Input Power
F. Kocer, et al [85] (2006) -19.58 dBm @ 1V 10.9% @ -12 dBm 450MHz 0.25% m CMOS
J. Yi, et al [86] (2006) N. A. 26.5% @ -11 dBm 900 MHz 0. 18« m CMOS
S. Mandal,et al [87] (2007) -17.7 dBm @ 0.8V 37% @ -18.7 dBm 970 MHz 0. 18&um CMOS
A. Shameli,et al [88] (2007) -14.1 dBm @ 1V N. A. 920MHz 0.18: m CMOS
T. Le, et al [34] (2008) -22.6 dBm @ 1V 30% @ -8 dBm 906MHz 0.25, m CMOS
Y. Yao, et al [89] (2009) -14.7 dBm @ 1.5V 15.76% @ 12.7 dBm 900MHz 0.35 m CMOS
T. Salter,et al [90] (2009) -25.5 dBm @ 1V N. A. 2.2GHz 130nm CMOS
G. A. Vera, et al[9]] (2010) N. A. 42.1% @ -10 dBm 2.45GHz SMS 7630
G. Papottoet al [92] (2011) -24 dBm @dp W) @ 1V 11% @ -15 dBm 915MHz 90nm CMOS
O. H. Seunghyunet al [93] (2012) -32 dBm @ 1V N. A. 915MHz 130nm CMOS
J. Masuchget al [94] (2012) N. A. 22.7% @ -3 dBm 2.4GHz 130nm CMOS
S. Scorcioni,et al [95] (2012) -17 dBm @ 2V 607% @ -3 dBm 868MHz 0.13Qx m CMOS
S. Scorcioni,et al [96] (2012) -17 dBm @ 2V 60% 557% @ -10 dBm 868MHz 0.13: m CMOS
T. Taris, et al [98] (2012) -22.5dBm @ 0.2V N. A. 900MHz HSMS-2852
-11 dBm @ 1.08V
H. Sun,et al[99] (2012) -3.2dBm @ 1V 83% @ -1 dBm 2.45GHz HSMS-2852
D. Karolak, et al [100] (2012) -21 dBm @ 1.45V 65.2% @ -21 dBm 900MHz 13nm CMOS
-21 dBm @ 1.43V 64 % @ -21 dBm 2.4GHz
M. Roberget al[10]] (2012) 40 dBm @ 30V 85% @ 40 dBm 2.45GHz SMS-7630
P. Nintanavongseat al [107] (2012) -10 dBm @ 1V 10% @ -10 dBm 915MHz SMS-2852
Bruno R. Franciscattoet al [103] (2013) | 0 dBm @ 1.2V 70.4% @ 0 dBm 2.45GHz HSMS-2855
S. Scorcioniet al [104 (2013) -16 dBm @ 2V 58% @ -3 dBm 868MHz 130nm CMOS
M. Stoopmanset al [35] (2013) -26.3 dBm @ 1V 31.5% @ -15 dBm 868MHz 90nm CMOS
X. Wang, et al [105 (2013) -39 dBm @ 2.5V N. A. AM frequency band| N. A.
T. Thierry, et al [10€ (2013) -10 dBm @ 2.2V N. A. 900MHz HSHS-2852
- 20 dBm @ 0.4V 2.4GHz
A. Nimo, et al[107] (2013) -30dBm @ 1.9V 55% @ -30 dBm 13.56MHz HSMS-286B
S. B. Alam, et al [10g (2013) -15 dBm @ 0.55V N. A. 2.45GHz HSMS-2850
S. Agrawal,et al [109] (2014) -10 dBm @ 1.3V 75% @ -10 dBm 900MHz HSMS-2852
M. Stoopmanget al [36] (2014) -27dBm @ 1V 40%@ -17 dBm 868MHz 90nm CMOS

load are conjugates of each other. This procedure is knowrndel is further developed to describe the dynamic charging
as impedance matchingCurrently, there exist three mainof the capacitor of the rectifier.
matching network circuits designed for RF energy harvgstin

i.e., transformer, shunt inductor, LC networlhe detailed

introduction of these circuits can be found ih3fl].

D. Rectifier

The function of a rectifier is to convert the input RF signalgarvesting works on very different power sensitivity (g-60
(AC type) captured by an antenna into DC voltage. A majéBm for energy harvesters versus -60 dBm for information
challenge of the rectifier design is to generate a battégy-lireceivers) 2. This inspires the research efforts in devising
voltage from very low input RF power. Generally, there aréhe receivers for RF-power information receivers. Cutyent

three main options for a rectifier, which are a diod&7, a
bridge of diodes133 and a voltage rectifier multiplierl34.
The diode is the main component of a rectifier circuit.
The rectification performance of a rectifier mainly depends o

the saturation current, junction capacitance and its cotioiu
resistance of the diode(s)L31]. The circuit of a rectifier,
especially the diode, determines the RF-to-DC conversion
efficiency. The most commonly used diode for rectennas is
silicon Schottky barrier diodes. Generally, a diode witl\aér
built-in voltage can achieve a higher rectifying efficiency
This is because larger voltage will result in significantlpne
harmonic signals due to the nonlinear characteristics ef th
diode, thus notably decreasing the rectifying efficientyq.

In [13€, a model is developed to characterize the RF-to-
DC rectification with low input power. Based on the model,
the authors derive closed-form solutions for the equilibri
voltage and the input resistance of the rectifier. A quaatiest

E. Receiver Architecture Design

The traditional information receiver architecture design
for information reception may not be optimal for SWIPT.
The reason is because information reception and RF energy

there are four typical types of receiver architectures.

o Separated Receiver Architecture: Separated receiver ar-
chitecture, also known as antenna-switchi@g][ equips

an energy harvester and information receiver with inde-
pendent antenna(s) so that they observe different chan-
nels. Figuretashows the model for the separated receiver
architecture. The antenna array is divided into two sets
with each connected to the energy harvester or the in-
formation receiver. Consequently, the architecture adlow
to perform energy harvesting and information decoding
independently and concurrently. The antenna-switching
scheme 22] can be used to optimize the performance of
the separated receiver architecture.

Co-located Receiver Architecture: The co-located re-
ceiver architecture let an energy harvester and an in-
formation receiver share the same antenna(s) so that
they observe the same channel(s). As a single antenna



can be adopted, the co-located receiver architecture is
able to enable a smaller size compared to the separated
receiver architecture. This architecture can be categdriz
into two models, i.e., time-switching and power-splitting
architectures. The time-switching architecture, as shown
in Fig. 4b, allows the network node to switch and use
either the information receiver or the RF energy harvester Information Receiver
for the received RF signals at a time. When a time-
switching receiverj working in the energy harvesting
mode, the power harvested from souicean be calcu-
lated as follows: Energy Harvester

Pj i = nP;|h; ;| 4)

Energy Harvester

(a) Separated Receiver Architecture

Antenna

i

Time Switcher

4

wheren denotes the energy harvesting efficiency factor, ‘

7
. - . . . 4
P; is the transmit power at sourdg and h; ; denotes Information Receiver

the channel gain between between souremd receiver
j. Let W and ¢ denote the transmission bandwidth

(b) Time Switching Achitecture

and noise power, respectively. When the time-switching Antenna w
receiverj working in the information decoding mode, the Energy Harvester
maximum information decoding rate from sources

Power Splitter

Rj7i = WlOg(l + Pi|hi,j|2/02). (5)

Information Receiver

In the power-splitting architecture, as shown in Fig,
the received RF signals are split into two streams for (c) Power Splitting Achitecture
the information receiver and RF energy harvester with
different power levels. Le#; € [0,1] denote the power-
splitting coefficient for receivey, i.e., §; is the fraction

of RF signals used for energy harvesting. Similarly, |Battery|4—|c§f,§ij’,}';r| Low-pass e { biode
the power of harvested RF energy at a power-splitting
receiverj from sourcei can be calculated as follows:

Pj,i = 77P1|h13|29] (6)

Energy Harvester Antenna

i

Information Receiver

Analog-to-digital
. . . Converter | ll Decoder |
Let 0%, denote the power of signal processing noise.
The maximum information decoding rate at the power- Integrated Receiver Architecture
splitting receiver; decoded from sourceis

(d) Ingerated Receiver Achitecture

Rj,i = Wlog <1 + (1 _ Gi)Pi|hi,j|2/(0'2 + U%P))' (7) Fig. 4. Receiver Architecture Designs for RF-powered Imfation Receiver

In practice,power splittingis based on a power splitter ) ) ) ) o
andtime switchingequires a simpler switcher. It has been ~ INg- However, as pointed out i.$7, this assumption is

recognized that theoretically power-splitting achieves b not realistic in practice. The current circuit designs ave n

ter tradeoffs between information rate and amount of RF ~ Yet able to extract RF energy directly from the decoded
energy transferred?p], [137. information carrier. In other words, any energy carried
Integrated Receiver Architecture: In the integrated re- Py received RF signals sent for an information receiver is
ceiver architecture proposed ihd7, the implementation lost during the information decoding processing. Existing

of RF-to-baseband conversion for information decoding, works that consider ideal receiver architecture, such as
is integrated with the energy harvester via the rectifier. [20, [23], [138, [139, generally analyze the theoretical
Therefore, this architecture allows a smaller form factor. UPPer bound of receiver performance.

Figure4d demonstrates the model for integrated receiver The studies in 137 show that when the circuit power

architecture. Note that the RF flow controller can a|590nsumptions are relatively small compared with the regbiv
adopt a switcher or power splitter, like in the co-locategignal power, the integrated receiver architecture oftpes
receiver architecture. However, the difference is that thge co-located receiver architecture at high harvestedggne
switcher and power splitter are adopted in the integrategyion, whereas the co-located receiver architecturegsror
receiver architecture. at low harvested energy region. When the circuit power con-
Ideal Receiver Architecture: The ideal receiver architegumption is high, the integrated receiver architecturéopers
ture assumes that the receiver is able to extract the Bftter. It is also shown that for a system without minimum
energy from the same signals used for information decogly yested energy requirement, the integrated receivéeash



Antennas  from more signal power attenuation in the uplink informatio

transmission, compared to the nearer receiver. This doubly
near-far phenomenon has been considered in different netwo
Powler - & models [L7], [144], [145. In [144], a joint downlink RF
splitter [F] Combiner [ 5 Downlink | energy transfer and uplink information transmission peabls
investigated in a multiple access system. The authors gmpo
a harvest-then-transmiprotocol which allows the receivers
Uplink to first harvest energy from the downlink broadcast signals,
and then use the harvested energy to send independent uplink
information to the access point based on time division rpldti
access (TDMA). To maximize the system throughput, the
time allocations for the downlink energy transfer and uplin
information transmissions are jointly optimized. To addre
the doubly near-far problem, the authors define a performanc
metric called common-throughput. The metric evaluates the

introduced in 141 can be adopted. lllustrated in Fi§, a constraint that all receivers are assigned with equal trput

combiner is adopted to coherently combine the input RF si 2gardless of their locations. An iterafive a_Ig(_)rithm ivele
nals for enhancement of the received power. This architect ped to solve the common-throughput maximization problem.

can be easily extended to the case with a larger numberT&e.throu.ghput and faimess fradeoffs fo_r §um-throughput
antennas and the case with time-switching operation. maximization and common-throughput maximization are also

The following sections will review various communicatior?nalyzed' ) )

resource allocation issues and designs. The work in [L45 gxtends the harve_st—then-transmn pro-
tocol to the case with user cooperation to overcome the

doubly near-far problem. Specifically, considering TDMA-
) ) based RF-EHNs with two users, the user located nearer to
A. Multi-user Scheduling the access point is allowed to use some of its allocated time

The goals of multi-user scheduling in RF-EHNs are tand harvested energy to relay the information of the farther
achieve the best utilization of resources (e.g., RF energger, before transmitting its own information with the rest
and frequency band) through allocation among differentsusd¢ime and energy. To maximize the weighted sum-rate of the
achieving fairness and to meet some QoS criteria (e.gno users, the time and power allocations for both wireless
throughput, delay or packet loss requirement) under the RRergy transfer in the downlink and information transnoissi
energy harvesting constraint as well as taking into accoua well as relaying in the uplink are optimized. Demonsttate
of implementation complexity and scalability. A major dif-by simulations, the proposed protocol with user coopematio
ference from conventional multi-user scheduling is th&; Rincreases both the throughput and user fairness conslgerab
EHNs require new criteria in scheduling fairness and en-The study in [L7] extends 44 by considering the case with
ergy harvesting requirements. For instance, in conveatiora multi-antenna access point. The access point can control
wireless communication systems, the maximum normalizéte amount of energy transferred to different receivers by
SNR scheme, which schedules the user with the maximwadjusting the energy beamforming weights. To cope with
instantaneous normalized SNR, can maximize the users’ tae doubly near-far problem, a joint optimization of time
pacities while maintaining proportional fairness among ahllocation, the downlink energy beamforming, uplink tnaits
users 147. However, for the RF-EHN with SWIPT, such apower allocation and receive beamforming is designed to
scheduling discipline may fail to fulfill the energy haniagt maximize the minimum throughput among all receivers. The
requirement while guaranteeing fairness, as it leads to thethors formulate a non-convex problem for an optimal lin-
minimum possible harvested energy by the userd3| The ear minimum-mean-square-error (MMSE) receiver employed
reason is straightforward since the best states of the et@nrmat the access point, and solve the problem optimally via
are exploited for information decoding rather than RF eper@ two-stage algorithm. The algorithm first fixes the time
harvesting. Therefore, balancing the information and gnerallocation and obtains the corresponding optimal downlink
tradeoff is one of the primary concerns in designing muéu energy beamforming and uplink power allocation solutidme T
scheduling schemes. We categorize the existing schedulalgorithm performs the time allocation by solving a seq@enc
disciplines into three classes: throughput fairness adiveyy of convex feasibility problems and a one-dimension search
throughput maximization scheduling and utilization opziaa for energy beamforming and power allocation, respectively
tion scheduling. Furthermore, to reduce computational complexity, the @nsth

1) Throughput Fairness Schedulingihe aim of throughput propose two suboptimal designs based on the zero-forcing
fairness scheduling is to ensure fairness among individuakeiver in the uplink information transmission. It is faln
nodes. In 144, a doubly near-farphenomenon which resultsthat when the portion of time allocated to RF energy transfer
in unfair throughput allocation is found and studied in atinul increases or when the distance between users and the access
user RF-EHN. In particular, the receiver far away from apoint decreases, the performance of the proposed subdptima
access point not only harvests less RF energy but also suffeolutions with the zero-forcing receiver approaches that o

k — —
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Fig. 5. An Architecture for Dual-antenna Receiver

higher information rate than that of the separated receitver
short transmission distances.
With an antenna array, the dual-antenna receiver archiect

IV. SINGLE-HOP RF-EHNs
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optimal solution with the MMSE receiver in terms of the maxinformation receivers due to zero-forcing channel invarsi
min throughput. [15Q. In this context, only some of the users can be scheduled
The study in 46 considers the same system modédbr information transmission over the same time and freqyen
as in [L44 with the harvest-then-transmischeme. A low- block, while other idle users can only be arranged to harvest
complexity fixed point iteration algorithm is proposed foenergy. A power allocation problem is formulated to maxigiz
the min-throughput maximization problem. Simulation tesu the throughput of information receivers under the constsai
show that the fixed point iteration algorithm achieves samil of downlink transmit power and energy harvesting of the
individual throughput compared to the iterative algoritiom idle users. The authors develop a bisection search method
[144] but with much lower computation complexity. for power allocation and define the necessary conditions for
The authors in]47] study a downlink multi-user schedulingexistence of optimal solution.
problem for a time-slot based RF-EHN with SWIPT. A proto- The authors in 141 consider an OFDMA broadband sys-
col which schedules a single user for information recepdioth  tem where a multi-antenna base station not only commursicate
the others for energy harvesting in each time-slot is pregosbut also transfers RF energy to the users. The throughput
To control the information and energy tradeoff, the authoresaximization problems, under the constraints of circaitvpr
propose two scheduling schemes. The first scheme schedat@ssumption at the users and transmit power, are formulated
the user according to the descending order of normalizéd the cases of single user or multiple users. The problems
SNR. The second scheme selects the user having the smattestsider fixed or variable information encoding rates, iwido
throughput among the set of users whose normalized SN&k or uplink. The corresponding power allocation alglonits
orders fall into a given predefined set of allowed orderare designed for the formulated problems.
Both scheduling schemes are shown to achieve proportionaBoth references151] and [157 consider multi-user time
fairness in terms of the amount of harvested energy by th#ocation problems in a full-duplex TDMA-based RF-EHN.
users. It is also shown that the lower the selection ord&€he system contains a hybrid access point which is equipped
for the order-based normalized SNR scheme, or the lowsith two antennas and is able to broadcast RF energy in
the orders in the predefined set for the order-based eqtre downlink and receiver information in the uplink simul-
throughput scheme, the higher the average total amounttafieously. In [5]], the authors characterize two fundamental
harvested energy at the expense of a reduced ergodic systgtimization problems for the considered system. Spedifica
capacity. Furthermore, the authors analyze and give tleedto the first problem maximizes the total throughput of the syste
form expressions for the average per-user harvested eardjy subject to the time constant. An algorithm with linear com-
ergodic capacity of the proposed schemes for independednt arexity is proposed to calculate an optimal time allocation
non-identically distributed Rayleigh, Ricean, Nakagami, It is shown that, though constrained by the constant time,
and Weibull fading channels. the sum of the throughput of the network is non-decreasing
The authors in 149 introduce a frame-based transmissiomvith the increase of the number of users. The second problem
protocol in a massive multi-input multi-output (MIMO) sgsh  minimizes the total energy harvesting time and transmissio
with imperfect channel state information (CSI). The pratoc time of the system subject to the data transmission congtrai
divides each frame into three phases. The access point @seach user. A two-step algorithm is introduced to obtain
timates downlink channels by exploiting channel recipgocian optimal time allocation. It is shown by simulations that
from the pilots sent by users in uplink channels and broddcathe users with high SNR should have priority to transmit
RF energy to all users in the first and second phases, respata. The authors in1pZ aims to maximize the weighted
tively. Then, the users transmit their independent infdroma sum-throughput of the considered system, by jointly optimi
with harvested energy to the access point simultaneoushein ing the time allocations to the access point and users for
third phase. The scheme optimizes the time and energy allmwnlink energy transfer and uplink information transnaes
cation with the aim to maximize the minimum rate among atespectively, as well as the transmit power allocationshat t
users. The authors also define a metric called, massive MIMOcess point. The authors obtain optimal and suboptima tim
degree-of-rate-gain, as the asymptotic uplink rate ndeedl and power allocation solutions for the cases with perfect
by the logarithm of the number of antennas at the access.poarid imperfect self-interference cancellation, respebtivihe
The proposed transmission scheme is shown to be optimakimulation results show that the full-duplex RF-EHNs is enor
terms of the metric and is able to guarantee the best possibémeficial than half-duplex ones in the cases when the self-
fairness by asymptotically achieving a common rate for alhterference can be effectively cancelled, the systematosit
users. a sufficiently large number of users, and/or the peak transmi
2) Throughput Maximization Schedulind:he throughput power constraint is more stringent as compared to the agerag
maximization scheduling disciplines are devised to maxémitransmit power at the access point.
the system throughput under energy harvesting consteagpt ( 3) Utility Optimization Scheduling:The utility optimiza-
circuit-power consumption). Both referencdstf] and [L41] tion scheduling disciplines are developed to handle variou
deal with power allocation problems for system throughpobjectives with or without constraints, through centmdizor
maximization. The authors in1fi9 investigate a MIMO decentralized approaches. Both referencesy[ and [154
downlink system with co-channel interference. To mitige investigate energy efficiency problems. 1b5F, the authors
interference, the authors propose to use block diagonialiva consider a multi-receiver OFDMA downlink system. A joint
preceding method which can support a limited number design of transmit power allocation and receiver operation
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based on time-switching is formulated as a mixed non-convabgorithm, based on decentralized online learning, to mizré
and combinatorial optimization problem. The objectiveas tthe total number of packets queuing in the whole system. The
maximize energy efficiency (i.e., bit/Joule) of informatio authors also derive the conditions that the proposed afgori
transmission. The authors introduce an iterative algarithconverges to a local optimal solution. However, the authors
exploring nonlinear fractional programming and Lagrangeald ignore the bidding mechanism and consider random and un-
decomposition to solve the formulated problem. Simulatigoredictable use of radio resource for information transiois
results demonstrate that, compared with a baseline schesne energy transfer.
maximizing the system capacity, the proposed algorithm has
better performance in terms of average energy efficiency and
system throughput. Besides, the proposed algorithm is sho
to achieve higher total harvested energy when increasiag th A receiver operation policy is required for wireless desgice
number of receivers, and converge within a small number sffiaring the same antenna or antenna array for information re
iterations. The authors inlp4 aim to maximize the energy ception and RF energy harvesting. The policy can be designed
efficiency in SWIPT to an information receiver and an energp deal with various tradeoffs in the physical layer and MAC
harvester. Considering statistical CSI feedback, the aasthlayer to meet certain performance goals. Most of the exgstin
first propose two optimal power allocation algorithms basggblicies are either based dgime switchingor power splitting
on gradient projection and golden section search, respécti architecture. The focus of theme switchingarchitecture is to
Then, a suboptimal algorithm based on two layer bisecti@@ordinate the time for information reception and RF energy
search with low-complexity is devised. The simulation showharvesting. By contrast, for thpower splittingarchitecture,
that the suboptimal algorithm achieves near-optimal perfdhe operation policy is to find an optimal ratio to split the
mance. Additionally, it is revealed that SWIPT offers highereceived RF signals.
energy efficiency compared with conventional information The majority of research efforts in receiver operation
transmission. designs focus on a point-to-point single-input singlepoitit
The authors in155 deal with the admission control policy (SISO) channel. Operation policies are proposed in fading
to support QoS in the network. The policy determines thghannels withoutd?2], [137], [16(, [161] and with co-channel
RF energy transfer strategy to maximize the reward of thterference 162-[164. In [22], the authors investigate time-
network, while the throughput of each admitted user is maiswitching based policies with fixed or flexible transmit powe
tained at the target level. An optimization problem basec orconstraints. The policies allow the signals transmittedato
Markov decision process is introduced to achieve an optimiaformation receiver and energy harvester to have the same
admission control policy. fixed or different maximum power limit, respectively. The
All the scheduling disciplines reviewed above are based anthors also analyze two power-splitting based policies, i
a centralized approach. However, when the size of the systaniform power splittingand antenna switchingThe uniform
grows, the centralized approaches suffer from the curse-of gower splitting assigns all the receiving antennas with the
mensionality, thus causing intractable computation cexipt. same power-splitting ratio. By contrast, taetenna switching
Although suboptimal solutions (e.g.17]) are introduced to divides the total number of receiving antennas into two gspu
relax complexity, they come along with detrimental perforeach of which is either dedicated for information decoding
mance. Therefore, decentralized approaches are designedrtenergy harvesting. The authors derive the achievabée rat
achieve the optimal (e.g.156 and [L57) or local optimal energy regions for all the studied operation policies. The
solution (e.g., 15§) as well as easing the complexity. Inauthors demonstrate that, when the RF band noise at the
[15€, the authors develop a non-cooperative game framewadceiver antenna dominates the baseband processing thase,
for competition of RF energy in a decentralized wirelesgower-splitting based policy approaches the upper bound of
network. A bidding strategy based on stochastic resporrsge-energy region asymptotically. It is also proved thee t
dynamic is proposed for wireless nodes to achieve a Nashiform power splitting outperforms the time-switchingsked
equilibrium. The authors in159 introduce a coalitional game policy with a fixed power constraint in terms of achievable
framework in a delay-tolerant network where RF-powerette-energy region. Nevertheless, the uniform powertsmit
mobile nodes can cooperatively help one another in packet ik generally inferior to the time-switching based policyden
livery. Considering that some mobile nodes may secretlyenathe flexible power constraint without any peak power limit.
deviation from its coalition, a repeated coalition formati In [137, the authors generalize the time-switching and
game is developed for the mobile nodes to improve long-temower-splitting based policies proposed 22 to a general
payoff. In [157]), the authors consider bidding competitions fodynamic power-splitting based policy. This policy dynami-
both radio and energy resources. Specifically, an optimoizat cally splits RF signals into two streams with arbitrary oati
problem is formulated as a decentralized partially obdsdeva over time. The authors also investigate a special case of
Markov decision process with the objective to minimize thdynamic power-splitting, namely, then-off power-splitting
total number of packets queuing at and the total bid priceslicy which divides the receiver into two modes. In thi
from the wireless nodes. A decentralized learning algorithmode, only the RF energy harvester receives all the RF signal
incorporating a bidding mechanism is proposed, for schiegul By contrast, in theon mode, the receiver operates as power-
separated information transmission and energy transfer, splitting. The analytical results prove that, for both ocodted
obtain an optimal policy. The authors ihgg present a similar and integrated receiver architectures, timeoffpower-splitting

Receiver Operation Policy
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policy is optimal if taking receiver circuit power consurigst antennas at the receiver increases.
into account. However, static power-splitting is optimad the The study in 163 considers the spectral efficient opti-
ideal case when the circuit power consumption is negligiblenization problem in an OFDM-based system with a slow-
The authors in]61] aim to achieve the best ergodic capacityading channel and co-channel interference. A joint design
performance for the power-splitting receiver throughrirag. of transmit power allocation and receiver operation based o
The system employs a block-wise transmission scheme, whimbwer-splitting to maximize spectral efficiency of infortiva
consists of a training phase and a data transmission phlase. ffansmission (i.e., bit/s/Hz) is formulated as a non-canve
power-splitting ratios are optimally designed for bothirtnag  optimization problem. The optimal solution is obtained by a
and data phases to achieve the best ergodic capacity perfoll- search for the power-splitting ratio and convex optima
mance while maintaining required energy harvesting rate. Ttechniques. Then, two suboptimal iterative algorithmshwit
authors devise a non-adaptive and an adaptive powersplittlow complexity are proposed to compromise between com-
scheme in which the power-splitting ratios are fixed for apflexity and performance and shown to reach near optimal
blocks, and are adjustable during data phases, respgctlivel performance. Considering the same system model a5, [
is proved that both schemes can provide optimal solutiorthe same authors also investigate the energy efficiency opti
The simulation demonstrates that the adaptive powertigglit mization problem in164]. A similar joint design to maximize
design achieve a considerably improved capacity gain owarergy efficiency of information transmission (i.e., kotilk)
the non-adaptive one, especially when the required eneiigyformulated as a multi-dimensional non-convex optinmaat
harvesting rate is high. problem. To solve the problem, the authors propose aniiterat
The authors in 167 investigate the time-switching basedalgorithm based on dual decomposition and a one-dimerisiona
operation policy for a fading channel with time-varying cosearch. The simulation shows that the iterative algorittam c
channel interference. For the case without CSI at tranerjtt converge to an optimal solution. It is also revealed thatesgs
an opportunistic optimal time-switching policy, based b t throughput maximization and energy efficiency maximizatio
instantaneous channel gain and interference power, iopeap can be achieved simultaneously in the low transmit power
to leverage the information and energy tradeoff as well asgime. Besides, RF power transfer enhances the energy
outage probability and energy tradeoff for delay-tolerand efficiency, especially in the interference limited regime.
delay-limited information transmission, respectively. 8on- The authors in 165 introduce the time-switching based
trast, for the case with CSI at the transmitter, joint optiation receiver operation policy for a point-to-point system with
of transmit power control with the receiver operation pple random beamforming applied at a multi-antenna transmitter
also investigated. It is shown that for time-switching, @ o The theoretical analysis proves that, when transmit power
timal operation policy is threshold-based. The policyrasts approaches infinity, employing one single random beam en-
the user to harvest energy when the fading channel gainaisles the proposed policy to achieve an asymptoticallymogti
above a certain threshold, and decode information otherwitradeoff between the average information rate and average
To reduce the complexity at the receiver, the authors devisarvested energy. The authors demonstrate by simulations
heuristic operation policies, one of which performs timehat, even with finite transmit power, the proposed policy
switching based on co-channel interference. This policy &hieves the best information and energy/outage probabili
shown to achieve optimal performance. Besides, an insightfradeoff with a single random beam employed for large power
finding is that for opportunistic energy harvesting, thetbebarvesting targets.
policy to achieve the optimal information and energy trdfleo Various operation policies have also been proposed for
as well as outage probability and energy tradeoff is to allec multi-user downlink systems with SISO channel§, [167],
the fading states with the best channel gains to power #andf1ISO channels 169. The investigation in 166 considers
rather than information transfer. an OFDMA system with SWIPT from an energy efficiency
In [16(Q, the authors explore a power-splitting based omperspective. Specifically, the joint design of power altaoa
eration policy for both SISO and single-input multi-outpusub-carrier allocation and receiver operation policy sgmsed
(SIMO) fading channels. It is found that, in a SISO channelp maximize system energy efficiency. In particular, théarg
to achieve an optimal information and energy tradeoff fahboexamine the case that the receivers can perform powelirsglitt
cases with and without CSI at transmitters, the best poticy fwith arbitrary continuous splitting ratios, and the casat the
power-splitting based operation is to divide all the reediv receivers can only split the received signals into a discset
signals according to a fixed ratio when the fading channel power streams with fixed splitting ratios. For each case,
gain is above a certain threshold, and allocate all the Egna the authors formulate the joint design policy as a non-cenve
information receiver otherwise. Additionally, shown bynsi- optimization problem and solve the problem by applying
lations, the proposed power-splitting based policy canexeh fractional programming and dual decomposition techniques
substantial information and energy performance gains thver The simulation reveals that RF energy harvesting capgbilit
time-switching based policy proposed ih6]. Furthermore, improves network performance in terms of energy efficiency,
the authors extend the power-splitting based policy to a@IMespecially in the interference limited regime.
channel, and show that the uniform power splitting policy is The investigation in167] considers receiver operation prob-
optimal. An antenna switching policy with low complexity islems in multiple access channels with TDMA and OFDMA.
proposed and shown to achieve the performance close to thaé aim is to maximize the weighted sum-rate over all re-
of the optimal uniform power splitting when the number o€eivers under the constraints of minimum amount of hardeste



13

energy as well as peak and/or total transmit power. In particbased policy. The optimization problems associated wigh th
lar, the authors propose a joint TDMA-based transmissidgh witwo time-switching based policies are formulated as convex
time-switching based policy as well as a joint OFDMA-baseproblems, while those with the ideal policy and the power-
transmission with power-splitting based policy. Evaldaie splitting based policy are solved by an approximation metho
a downlink OFDM system, it is proved that for a singlebased on log-exponential reformulation and successive con
receiver case, the time-switching based policy outperfornex approximation. An interesting observation is that the
the power-splitting based policy if there is no peak powedeal policy may not always yield the best information and
constraint on each subcarrier. By contrast, the powettisigi energy tradeoff compared with the proposed simple time-
based policy is superior when the peak power is sufficientbwitching based policies. This is because the interference
small. For a general multi-user case without the peak powehich is avoided in time-switching based policies, degsade
constraint, it is shown numerically that the power-spifti the achievable information rate for the ideal policy and pow
based policy outperforms the time-switching based poligplitting based policy. Another finding is that higher cross
when the minimum required harvested energy is sufficientiyk channel powers can increase the system throughputunde
small. However, with the finite peak power constraint, thenergy harvesting constraints, which is different from the
time-switching based policy outperforms the power-dplift case in conventional interference channel without RF gnerg
based policy when both the minimum harvested energy ahdrvesting. This is due to the fact that interference hetps t
the achievable rate are sufficiently large. improve the amount of harvested energy, and thus indirectly
The studies in169 and [L69 both investigate joint beam- benefits information transmission.

forming vector and receiver operation designs.16g, the au-
thors present the joint beamforming vector and powerisudit .
ratio design for a multi-antenna base station. The objectiv Both references 171 and [173 deal with antenna-

is to minimize the total transmit power under the signaF—W'tChlng policy in MIMO channels. In 171, a MIMO

: . . ; downlink system with an information receiver and an en-
to-interference-plus-noise ratio (SINR) and energy hstixig . . . .
. ; ..~ . ergy harvester is studied. To maximize the achievable rate
constraints at the receivers. The authors formulate thig jo

; . - at the information receiver subject to the energy-harmgsti
design as a non-convex problem and derive the sufficient and . )

. - constraint at the energy harvester and the transmit power
necessary condition for the feasibility of the problem. Thé . . o . )
o . . : . onstraint, a joint antenna-switching and transmit carese

semidefinite relaxation technique is applied and proved 0 _.". T . .
. . . matrix optimization is formulated as a non-convex mixed in-
achieve the globally optimal solution. Moreover, the ausho : . : - .
: . . : teger programming. An iterative antenna-switching aldponi
propose two suboptimal solutions with low complexity, lthse L .,
. ; oo ] is proposed to optimize the antenna switching at both the
on the zero-forcing and SINR-optimal criteria, respedgivior . . . . .
A . transmitter and information receiver as well as the trahsmi
the formulated problem by designing the beamforming vector
T . . . power over the selected antennas. Moreover, the authors
and power-splitting ratio separately. The simulation Hssu

) . . fropose a low-complexity non-iterative norm-based atbari
show that the two suboptimal solutions achieve compara g - o )
which optimizes the antenna switching and transmit power

performance when S.INR IS gr_eater than 5 dB.’ and Ioencorsngzquentially. The simulation results show that the achileva
very close to the optimal solution when SINR is larger than . . .
. S rates of the proposed iterative algorithms approach that of

20 dB. The study in169 extends 6§ by considering secure o o .
N . the antenna-switching scheme optimized by an exhaustive
communication in presence of potential eavesdroppers.mrA ng . . . .
. . - . search. The study inl1[f4 considers multiple transmitter-

convex problem is formulated to jointly optimize beamfongi

o . . receiver pairs with MIMO interference channels. The auhor
vectors, power splitting ratios and the covariance of the

artificial noise, with an additional constraint on the maxim nvestigate the performance of the random antenna swgchin

. olicy selecting antennas independently of channel raaliz
tolerable data rate at potential eavesdroppers. The probl . . .
) . e ; ions, and derive ergodic rate and expected harvestedyeimerg
is transformed into semidefinite programming and solved b

o . . osed-form. Moreover, an exhaustive search and an iterati

semidefinite relaxation. The authors prove that the reiomas : L .
! . . - receive antenna switching policy are proposed to exploge th
tight and achieves the global optimum of the original prahble . . .

. . . . information and energy tradeoff. The evaluation shows that

The study in L 77 deals with the receiver operation proble o . .

. o . : - he antenna switching policy outperforms the uniform power
in the system consisting of multiple transmitter-receipairs

with MISO interference channels. The objective df7() splitting policy in terms of rate-energy region.

is to maximize the system throughput subject to individual

energy harvesting constraints and transmit power consstai  TablelV presents the summary of the existing receiver op-
The authors first propose two time-switching based policgration policies for RFEHNSs. Time-switching, power-djiiy
namely, time division mode switching and the time divisioand separated receiver architecture have been the mastly st
multiple access. The former divides each time slot into twied that existing policies are based on. We find that the point
sub-slots. All receivers harvest energy in the first sub-slto-point MIMO/SIMO channel and multi-user SIMO downlink
and subsequently decode information in the second sub-skytstem have not been investigated. Moreover, few existing
The latter divides each time slot inf§ sub-slots, and allows receiver operation policies (e.g167, [17( and [L77) take
each receiver to take turn to decode information while thm-channelinterference into account. Dealing with irgezfice
others harvest energy in each sub-slot. The authors furthesuld be a crucial concern for the practical designs of the
study an ideal-receiver based policy and a power-splittifigture receiver operation policies.



TABLE IV

COMPARISON OFRECEIVEROPERATIONPOLICIES FORRFEHNS.

Literature | Receiver System model Channel model Design objective CSI requirement

architecture
C. Shenet | Time-switching, Multiple transmitter- | Cross-link interfer-| Maximizing system| N.A.
al [17Q power-splitting receiver pairs with MISO| ence channel throughput

channels

X. Zhouet | Time-switching, Multi-user OFDM-based| Slow-fading chan-| Maximizing weighted | N.A.
al [167] power-splitting SISO downlink system nels sum-rate over all receivers
B. Koo et | Separated receiver af- Multiple transmitter- | Cross-link interfer-| Information and energy] N.A.
al [177 chitecture (Antenna-| receiver pairs with MIMO| ence channel tradeoff

switching) channels
S. Zhaoet | Separated receiver af- MIMO downlink system | AWGN channel Maximizing throughput of| Perfect CSI at transmitte
al [17]] chitecture (Antenna-| with an information re- information receiver and receiver

switching) ceiver and an energy halr

vester

D. W. K. | Power-splitting Multi-user OFDMA SISO | Quasi-static block] Maximizing energy ef-[ Perfect CSI at receivers
Ng et al downlink system fading channels ficiency of information
[166] transmission
Q. Shi et | Power-splitting Multi-user MISO down-| Quasi-static  flat-| Minimizing total transmit| N.A.
al [169 link system fading channel power
S. Lenget | Power-splitting Multi-user MISO/MIMO | Flat fading channel| Minimizing total transmit| Perfect CSI at transmitter]
al [169 downlink system power
H. Juet al | Time-switching Point-to-point MISO sys-| Quasi-static  flat| Information and energy None
[165 tem fading tradeoff
X. Zhouet | Time-switching, Point-to-point SISO sys{ AWGN channel Information and energy] Perfect CSI at receiver
al [137)] power-splitting, tem tradeoff

integrated
X. Zhouet | Power-splitting Point-to-point SISO sys{ Block-wise Maximizing ergodic ca-| None
al [16]] tem Rayleigh fading pacity
L. Liu et | Power-splitting Point-to-point Flat fading channel| Information and energy] With and without CSI at
al [160] SISO/MISO channel tradeoff transmitter
L. Liu et | Time-switching Point-to-point SISO inter-| Flat fading channel| Information and energy] With and without CSI at
al [167 ference channel tradeoff, outage probabil{ transmitter

ity and energy tradeoff
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Fig. 6. A general model for SWIPT beamforming system.

Fig. 7. A model for SWIPT beamforming with secure commundzat
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V. MULTI-ANTENNA RF-EHNSs employing multiple antennas can be applied to improve ef-

A key concern for RF information and energy transfeficiency of RF energy transferlf] as well as SWIPT 22,
is the decay in energy transfer efficiency with the increa¥dthout addltlonal_ bandwidth or increased tra_nsmlt power.
of transmission distance due to propagation path loss. THi§leed, beamforming has been deemed as a primary technique
problem is especially severe in a single-antenna transmitfor feasible implementation of SWIPTLY], [141], [173.
which generates omni-directional radiation of emitted RF In RF-EHNs, beamforming designs have been explored to
signals. The low energy transfer efficiency of RF energyscakteer the RF signals toward the target receivers with differ
for advanced multi-antenna and signal processing tecksiginformation and/or energy harvesting requirements. Edur
such as beamforming. Multi-antenna techniques can achiesl®ws a general model for the SWIPT beamforming system. In
spatial multiplexing. Furthermore, beamforming techmsju addition to data transmission and energy harvesting opdimi
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TABLE V
SUMMARY OF SWIPT BEAMFORMING DESIGNS INMULTI-ANTENNA RF-EHNS.
Literature | Network model Design goal Constraints Problem for- | Solutions CSl
mulation requirement
J. Parket | Two transmitter-| Optimal transmission| Transmit power P1 and | P1 iterative water-filling; | Perfect CSI at
al [18]] receiver pairs| strategy for different P2 Linear | P2 singular value decomd transmitter
with MIMO | cases program; position; P3: Iterative al-
interference P3:  Convex | gorithm based on singu
channels optimization lar value decomposition andl
programming | subgradient-based method
J. Parket | Multiple Optimal transmission| Transmit power Non-convex An iterative algorithm based Perfect CSI at
al [182) transmitter- strategy for different programming | on singular value decom; transmitter
receiver pairs| cases position and subgradient
with MIMO based method
interference
channels
R. Zhang| MIMO downlink | PL Maximization of | PL Average transmit| PL Linear | PL Singular value decom{ Perfect CSI at
et al[22] system with | harvested energyP2 | power; P2 Average | programming; | position; P2 Singular value| transmitter
a single | and P3. Maximiza- | transmit power; P3 | P2  Convex | decomposition and wate
information tion of information | Average transmit power programming; | filling algorithm; P3 La-
receiver and| rate and harvested energy P3:  Convex | grange duality method and
energy harvester requirement programming | singular value decomposit
tion
Z. Xiang | MISO downlink | Maximization of the | Information rate target af Semi-infinite Semidefinite relaxation Imperfect CSlI
etal[174 | system with | worst-case harvested information receiver non-convex at transmitter
a single | energy at energy har: quadratically
information vester constrained
receiver and quadratic
energy harvester program
S. Timo- | Multiple Minimization of total | Individual SINR and| Non-convex Semidefinite programming Perfect CSI at
theouet al | transmitter- transmit power energy harvesting quadratically with rank relaxation transmitters
[17§ receiver pairs constraints at receivers | constrained
with MISO quadratic
interference program
channels
H. Zhang | MISO downlink | Maximization of the| Total transmit power| Non-convex Semidefinite relaxation Imperfect CSlI
etal[175 | system with mul-| amount of energy har{ limit and SINR | programming at transmitter
tiple information | vested at the worst requirements af]
receivers and en{ energy harvester information receivers
ergy harvesters
J. Xuetal | MISO downlink | Maximization of | Individual SINR con-| Non-convex Semidefinite relaxation| N.A.
[176 system with mul-| weighted sum energy straints at information| quadratically uplink-downlink duality
tiple information | transferred receivers constrained
receivers and en quadratic
ergy harvesters program
M. R. | Downlink MISO | P1 and P2: | P1 and P2: SNR and| P1 and P2: | P1: Semidefinite relaxation| P1: Perfect
A. Khan- | multicasting Minimization of | energy harvesting cont Non-convex Hermitian matrix rank-one| CSI at
daker et | system with | total transmit power| straints at each receiverl problem decomposition techniques; transmitter;P2:
al [177) multiple power- | of base station P2: Semidefinite relaxation| Imperfect CSI
splitting receivers interior point methods at transmitter
D. Li etal | Analog network | Maximization of | Transmit power limit at| P1 and P2 | PL Semidefinite relaxation| N.A.
[179 coding based| weighted sum rate relays and energy hart Non-convex and successive convex ap-
two-way vesting requirement ap Programming | proximation; P2 Semidef-
multiple-relay sources inite relaxation, Charnes
system copper transformation and
successive convex approxi-
mation
D.Lietal | AF based two-| Maximization of | Transmit power limit at| Non-convex Semidefinite relaxation, St Imperfect CSI
[18Q way multiple re- | weighted sum rate relays and energy hart programming | procedure and successiveat relays
lay system vesting requirement a convex approximation
sources
D. W. K. | Multi-user Jointly minimization | Minimum required [ Non-convex Semidefinite relaxation, a Perfect CSI at
Ng et al | coordinated of total transmit| SINR constraint at| programming | local-optimal iterative algo-| central proces-
[184) multipoint power and maximum| information  receivers rithm sor
network with | capacity consumption and minimum harvested
SWIPT per backhaul link energy constraint a
energy harvesters
J. Parket | Information Joint maximization of| Energy harvesting cont Convex prob-| Optimal Geodesic informa] Partial
al [183 transmitter- amount of harvested straint at energy har{ lem tion/ energy beamforming CSI at en-
receiver pair| energy at energy hart vester and rank-one con- schemes ergy/information

and an energy|
transmitter-

receiver pair

vester and minimiza-
tion of interference to

information receiver

straint on transmit sig-
nal covariance of infor-

mation transmitter

transmitters
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tion for beamforming, existing literature has also ex@dit be solved efficiently. The theoretical proof indicates ttreg
beamforming to ensure secure communication. The secumsigiution of the relaxed semidefinite program is always rank-
issue in RF-EHNs with SWIPT is that, a transmitter may anone.
plify the power of information transmission to facilitateergy Both referencesl[79 and [L76 consider a MISO downlink
harvesting at receivers. Consequently, it may result inemdoroadcast system with multiple separated informationivece
vulnerability to information leakage. Therefore, beamiorg and energy harvesters. 169, the authors aim to maximize
with secrecy requirement has to be designed taking into dbhe amount of energy harvested at the energy harvester that
count potential eavesdropping. Recent work has advoch&d ¢tollects the least amount of energy. To achieve the goal,
dual use of artificial noise/interference signals in faafing the authors present a robust beamforming design consigderin
RF energy transfer and providing security for informatiormperfect CSI at the transmitter under the constraints biFSI
transmission. The idea is to impair the received signaloat pat information receivers and total transmit power. As the
tential eavesdroppers (e.g., unauthorized informatiorivers considered design problem is non-convex in general, it is
and energy harvesters with information decoding capgbilitconverted to the relaxed semidefinite problem and solved by
by injecting artificial noise into their communication clmafs. standard interior-point methods. The authors further psep
Figure7 shows a network model for SWIPT beamforming withan iterative algorithm based on the bisection method toilmbta
secure communication. the robust beamforming solution, the performance of which
The knowledge of CSI plays an important role in beanms demonstrated to be very close to the upper bound. The
forming performance optimization. To accurately estimate objective of [L76 is to maximize the weighted sum energy
channel state, a significant overhead (e.g., time) can be fransferred to energy harvesters while guaranteeing iohaa
curred at a receiver. Normally, the longer time for chantetes SINR requirements at information receivers. In particular
estimation contributes to more accurate CSlI, which, howevevo types of information receivers without and with the
results in reduced time for transmission, and also less amoagapability of canceling the interference are studied. Farhe
of harvested energy. As a result, an optimization of RF gnertype of the information receiver, the authors formulatejtfiet
transfer or SWIPT entails a tradeoff between data transomisstransmit beamforming weight and power allocation desiga as
and channel state estimation duration. Another problesingri non-convex quadratically constrained quadratic progrargm
in beamforming is channel state estimation feedback. Desigproblem. The authors obtain the globally optimal solutitors
ing a feedback mechanism is challenging in RF-EHNs becaube formulated problem by means of semidefinite relaxation.
existing channel training and feedback mechanisms usexhforlt is shown that the solutions of the relaxed semidefinite
information receiver are not applicable for an energy hstere program for both types of information receivers are rank-on
due to the hardware limitation, i.e., without baseband aignMoreover, it requires no dedicated energy beam to achiee th
processing. optimal solution for information receivers without interénce
This section reviews the beamforming designs for REancellation. The authors also design an alternative agpro
EHNs. We classify the related work into three categories, i. based on uplink-downlink duality to obtain the same optimal
SWIPT beamforming without and with secure communicatiggolutions by semidefinite relaxation.
requirement as well as energy beamforming designs. TheDifferent from [L79 and [L74, in [177], multiple power-
feedback mechanisms for beamforming are also included. splitting receivers are considered in a MISO downlink broad
cast system. The authors investigate the joint design of mul
) L _ ticast transmit beamforming and receiver power-splittiatp
A_' SWIPT Bef_;\mformlng Optimization without Secure Comimyl; minimizing the transmit power of a base station with SNR
nication Requirement and energy harvesting constraints at each receiver. For the
Beamforming is first explored in a three-node MIMO neteases with perfect or imperfect CSl, a non-convex program-
work [22] with one transmitter, one energy harvester and omeing problem is formulated and solved applying semidefinite
information receiver. The authors study the optimal transelaxation techniques. The conditions when the relaxaison
mission strategies to achieve tradeoff between informatitight are also derived.
rate and the amount of RF energy transferred under theThe study in 178 deals with a total transmit power mini-
assumption of perfect knowledge of CSI at the transmittanization problem for a MISO network consisting of multiple
The study in 174 extends P2 by considering imperfect transmitter-receiver pairs with co-channel interferenEer
CSI at the transmitter in a three-node MISO network. Theach of the considered fixed beamforming schemes, i.e; zero
objective is to maximize the worst-case amount of harvestéatcing (ZF), regularized ZF, maximum ratio transmission
energy at the energy harvester with the information raigetar (MRT), and a linear combination of ZF and MRT, called
for all possible channel realizations. Additionally, thetteors MRT-ZF, a joint design of transmit power allocation and
consider a robust beamforming design. As both the expressioeceiver power-splitting ratio is formulated as an optiatian
of harvested energy and the information rate constraint gyeoblem assuming power-splitting architecture adoptethat
quadratic, the design is modeled as a semi-infinite noreceivers. It is found that MRT significantly outperforms iaF
convex quadratically constrained quadratic programmiogp terms of transmit power, because the co-channel interferen
lem with infinite constraints due to the channel uncertamti which is canceled in ZF beamforming, is beneficial for energy
By applying semidefinite relaxation, the original problesn iharvesting in MRT beamforming. However, the side-effect fo
then transformed into a convex semidefinite program anchit cMRT beamforming is that it may result in infeasible solugon
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while ZF beamforming ensures existence of feasible saigtio strategy developed based on this metric is shown to achieve a
The reason is because, without co-channel interference, &fer rate-energy region than those of the other two pragpose
beamforming requires more energy to achieve desired leb&lamforming strategies. The authors 8J generalize the
of energy harvesting which also improves SINR. Regularizgaioblem investigated in1B1] to the case ofk transmitter-
ZF is not suitable for the considered problem as it exhibiteceiver pairs. The different scenarios are considered, i.
the most infeasibility issue. By combining the best of MRTultiple energy harvesters/information receivers andnglsi
and ZF, MRT-ZF always results in feasible solutions with-coninformation receiver/energy harvester as well as multiple
siderable better performance than those of the other schenfermation receivers and multiple energy harvesters. Hdhal
The authors further investigate adaptive beamforminggissi scenarios, the authors define necessary conditions fanapti
in the transmit power minimization problem. A joint desigh oenergy transmitters. Accordingly, the transmission sgis
beamforming weights, transmit power and power-splittiag rthat exploit rank-one beamforming at energy transmitters
tio is formulated and solved by semidefinite programmindiwitare developed. The three beamforming strategies proposed
rank relaxation. Moreover, a heuristic algorithm is pragmbs in [181] are modified to be applicable for the considered
to obtain the beamforming solution when the rank relaxatiarase. Moreover, to derive achievable rate-energy regioengi
is not tight (i.e., an optimal solution is not available).idt that the energy transmitters adopt rank-one beamformimey, t
theoretically proved that the proposed approach alwayssgivauthors formulate the non-convex optimization problem and
rank-one solutions when there are two or three transmitt@ropose an iterative algorithm to solve it. An interesting
receiver pairs. finding is that when the number of information transmitters
Beamforming design problems are studied v and increases, the optimal beamforming strategy approxinthtes
[18( for a two-way relay system. Two single-antenna sourdeeamforming strategy that maximizes harvested energg Thi
nodes exchange information through multiple relay noded, ais because the interference from information transmisgon
harvest RF energy from the transmission of these relays. Tiheneficial for energy harvesting.
objective of [L79 is to maximize weighted sum-rate with The focus of L83 is to reduce the feedback overhead in a
the transmit power limit and energy harvesting constraintsvo-user MIMO channel. An access point serves an informa-
Under the assumption of an ideal receiver architecture et ttion receiver and a power charger serves an energy harvester
source nodes, an iterative algorithm based on semidefintitg sharing the same spectrum resource. The authors propose
relaxation and successive convex approximation is dewiseda Geodesic energy beamforming scheme and a Geodesic
obtain a local optimal solution. Then, the iterative algori information beamforming scheme that require only parti@l C
is extended to the case of the time-switching architecttire & both power charger and access point. The authors prove
the source nodes. The authors B(] extend the case with that the Geodesic information/energy beamforming apgroac
the ideal receiver architecture if'{9 by exploiting imperfect is an optimal strategy for SWIPT in the two-user MIMO
CSl at relays. A robust beamforming design problem isterference channel, under the rank-one constraint ofirat
formulated to optimize the same objective assuming amplifgignal at the access point.
and-forward (AF) based relays. To handle infinity of the non- The beamforming design for coordinated multi-point net-
convex constraints due to channel uncertainty, the autheverks with SWIPT is addressed ii§4. The system under
first reformulate the optimization problem by approximgtinconsideration contains a central processor, which is aziede
the SINR. Then, semidefinite relaxation, S-procedure amgl the transmitters via capacity-limited backhaul linke, t
successive convex approximation techniques are appliedfdoilitate coordinated multi-point transmission. The ettjve
address the reformulated problem. is to jointly minimize the total network transmit power and
The authors in 181] and [187 investigate SWIPT beam- maximum capacity consumption per backhaul link, with the
forming in a MIMO system consisting of multiple transmitterminimum SINR and harvested energy constraints at the infor-
receiver pairs with co-channel interference, where all thmation receivers and energy harvester, respectively. Memye
receivers adopt time-switching architecture. The studyL&1] this results in a non-convex programming problem. The au-
focuses on the case with two transmitter-receiver pairs. Fors propose a suboptimal iterative algorithm and proa th
the cases when both receivers work as information receivétrean obtain a locally optimal solution. The simulationuks
or energy harvesters, the authors study the achievable rsttew that the proposed scheme performs close to the optimal
for an iterative water-filling algorithm without CSI shagin scheme based on an exhaustive search. The study also shows
between two transmitters. The authors also devise an optirttee potential power savings enabled by coordinated moititp
strategy based on singular value decomposition to maximizetworks compared to centralized multi-antenna systems.
transferred energy. For the case when one adopts an informaFableV shows the summary of the above reviewed SWIPT
tion receiver and the other adopts an energy harvester, ggamforming designs.
authors develop two rank-one beamforming strategies with
the objective to maximize transferred energy to the ener
harvester and minimize interference to the information re*
ceiver. Furthermore, the performance metric, called digpa  The authors in 185 and [18€ investigate the beamform-
interference-and-harvested, is introduced to maximiaastr ing schemes for secure communication in MISO downlink
ferred energy as well as minimize interference to the isystems with a single targeted information receiver anéroth
formation receiver simultaneously. A rank-one beamfogniridle information receiver(s) or energy harvester(s) whicim

. SWIPT beamforming for Secure Communication
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TABLE VI
SUMMARY OF SWIPT BEAMFORMING DESIGNS FORSECURE COMMUNICATION IN MULTI-ANTENNA RF-EHNSs.
Literature | Network model Design goal Constraints Problem Solutions CsSl
formulation requirement
D. W. K. [ A MISO | Minimization of | Different SINR | Non-convex | Semidefinite Imperfect  CSI
Ng et al | downlink system| transmit power constraints at desired program- relaxation of potential
[186] with a targeted receiver and potential ming eavesdroppers
and multiple eavesdroppers, outage problem and no CsSI
idle information probability  constraint of passive
receivers at the passive eavesdroppers af
eavesdroppers, and receiver
energy harvesting

constraint at idle
legitimate receivers

L. Liu et | A MISO | PL Maximization | P21 individual harvested| P1 and | P1 and P2 Semidef- | N. A.
al [185 downlink system| of secrecy | energy constraintsP2 | P2 non- | inite relaxation and
with  a single | information rate; | secrecy information ratg@ convex pro-| one-dimension searcl
information P2 Maximization | constraint gramming
receiver and| of weighted sum problem
multiple energy | harvested energy
harvesters
B. Zhu et | A MISO down- | Minimization of total | SINR and energy har{ Quadratically| Rank-two Perfect CSI at
al [187) link system with | transmit power vesting constraints at in{ constrained | beamformed transmitter
multiple informa- formation receivers and quadratic Alamouti coding
tion receivers and energy harvester, respeg¢- program and semidefinite
energy harvesters tively relaxation, a rank-
two Gaussian
randomization
procedure
D. W. K. [ A MISO down- | Minimization of the | Heterogeneous QoS rg- Non-convex | Semidefinite Perfect CSI at re-
Ng et al | link system with | total transmit power | quirements for multicast program- relaxation, two sub-| ceivers
[18§ multiple targeted video receivers and ent ming optimal algorithms
and idle informa- ergy harvesting requiret problem
tion receivers as| ments at idle receivers
well as passive
eavesdroppers
Q. Shiet| A MIMO | Maximization of se-| Harvested power] Non-convex | Semidefinite N. A.
al [19Q downlink crecy information rate| constraint and  theg program- relaxation, eigen-
system with total transmit power| ming decomposition,
an information constraint at the RF{ problem rank-one  reduction
receiver and an| powered information technique, an inexac
eavesdropping receiver and transmitter| block coordinate
energy harvester respectively descent algorithm
D. W. K. | A downlink | Joint maximization| SINR constraints at sect Non-convex | Semidefinite Imperfect CSI at
Ng et al | MISO secondary| of energy harvesting ondary information re-| program- relaxation idle  secondary
[197 communication efficiency, and| ceiver, eavesdropper and ming receivers and
system minimization of total | primary network, trans- primary receivers

transmit power and mit power constraint af
interference  power| secondary transmitter
leakage to transmit

power ratio

Q. Lietal | Atwo-hop single| Maximization of se-| Relay transmit powerl Non-convex | An iterative algorithm| Perfect CSI at the
[192 relay system with| crecy information rate| constraint and energy program- based on constrained relay

an information harvesting requirement ming concave convex prof

receiver, at the energy harvester| problem cedure

an energy

harvester and an

eavesdropper

be eavesdropper(s). 185, the authors investigate a jointwhich design the beamforming vectors separately with power
design of transmit beamforming vectors and power allooati@llocation, are proposed for each of the studied problers. T
with different objectives. Specifically, the former aims tdirst suboptimal solution attempts to eliminate the infotioa
maximize the secrecy rate for the information receiver undieakage by aligning the information beam to the null space of
individual harvested energy constraints of energy haevest the energy harvesters. The second suboptimal solutionsalig
The latter maximizes the weighted sum harvested energytla information beams to the same direction to maximize SINR
the energy harvesters with the secrecy rate constraint fdrthe information receiver. The simulation results shoet th
the information receiver. Both are formulated as non-cgnvéhe second suboptimal solution achieves better informatio
problems and solved by a two-stage optimization approaahd energy tradeoff at the cost of higher complexity. The
based on the semidefinite relaxation and one-dimensiontseaauthors in 18§ consider a secure communication guarantee
Furthermore, two suboptimal solutions with low complexityia artificial noise injection, with imperfect CSI of potéat
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eavesdroppers and no CSI of passive eavesdroppers. The @®Ver ratio, a multi-objective non-convex programmingtpro
uncertainty introduces a non-convex probabilistic carstr lem is formulated and recast as a convex optimization proble
in the formulated transmit power minimization problem. Teia semidefinite relaxation. By exploiting the primal andatu
tackle this issue, the authors replace the non-convex probatimal solutions of the relaxed problem, the globally oyl
bilistic constraint with a convex deterministic consttaiand solution of the original problem can be obtained. The awghor
adopt semidefinite relaxation to obtain the optimal sotutib further devise two suboptimal schemes for the case when the
is found that the energy harvesting efficiency improves wittolution of the dual problem is not available. It can achieve
the number of receivers, however, at the cost of higher tnéns the near-optimality of the suboptimal schemes.
power. Different from the above literature, the investigation in
Although some of the above works such &8, [186 de- [197 copes with the beamforming design in a two-hop relay
sign secure transmit beamforming based on rank-one semidedtwork. Specifically, the objective is to maximize the segr
inite relaxation, they are only applicable for a single ifi@- rate of a non-generative multi-antenna relay forwardednto a
tion receiver scenario. In1B7 and [189, the authors study information receiver, subject to the transmit power caistr
a more general system model with secure information muland energy harvesting requirement of an energy harvester in
casting (i.e., with multiple information receivers). 107, presence of an eavesdropper. Under the assumption thaf CSl o
instead of utilizing artificial noise, the authors propose tthe whole system is available at the relay, the authorsdnite
use rank-two beamformed Alamouti space-time codit® an iterative algorithm based on the constrained concaveezon
to develop secure multicast design for SWIPT. Specificallgrocedure, which is proved to achieve a local optimum. Te eas
a secure multicast design employing rank-two beamformedmputation complexity, the authors also propose a semidef
Alamouti coding, and semidefinite relaxation is proposed tnite relaxation based non-iterative suboptimal alganitand
address the total transmit power minimization problem unde closed-form suboptimal algorithm. The simulation result
SINR and energy harvesting constraints at the informatidiustrate that when SNR is high, the semidefinite relaxatio
receivers and energy harvester, respectively. The autleorse based non-iterative suboptimal algorithm performs clostaé
sufficient conditions under which the rank-two semidefinitproposed iterative algorithm.
relaxation design is tight, and propose a rank-two GaussiarTable VI shows the summary of SWIPT beamforming
randomization procedure to obtain a suboptimal solutioerwhdesigns with secure communication.
the semidefinite relaxation design is not tight. 118§, the au-
thors study information multicasting in a TDMA-based secur .
layered transmission system consisting of multiple infation C. Energy Beamforming
receivers in presence of passive eavesdroppers. The aim i [18], the authors design an adaptive energy beamforming
to design a power allocation method that minimizes the totatheme based on imperfect CSI feedback in a point-to-point
transmit power accounting for the energy harvesting requilMISO system. The considered system adopts a frame-based
ment at idle receivers and heterogeneous QoS requirenmentgpirotocol, in which the receiver first performs channel eatim
multicast video receivers. As this design is shown to be an ition through the preambles sent by the transmitter and feeds
tractable non-convex optimization problem, it is reforatetl the estimated CSI back to the transmitter. Then, the trattemi
by introducing a convex deterministic constraint. The atgh transmits via beamforming. The focus is to maximize the
develop semidefinite relaxation based power allocation harvested energy by exploiting the tradeoff between channe
obtain the upper bound solution for the reformulated pnoble estimation duration and power transfer duration as well as
Furthermore, two subptimal power allocation schemes aa#locating transmit power. The authors first derive theropti
devised and demonstrated to give near optimal performancgsergy beamformers. Then, they obtain an optimal online
The study in 90 deals with the beamforming designpreamble length and an offline preamble length, for the sce-
in MIMO broadcast systems. The authors consider a simplarios with variable and fixed length preambles, respdgtive
three-node network consisting of a transmitter, an intdndé&he transmit power is allocated according to both the odtima
information receiver and an energy harvester that can eavpgeamble length and the channel estimation power.
drop. A beamforming design is formulated as a non-convexThe studies in 193 and [19] investigate energy beam-
problem to maximize the secrecy information rate subject forming in multi-user systems. The authors kB consider
the transmit power constraint and energy harvesting cainstr a TDMA-based MISO system powered by a power station.
The authors derive an equivalent problem of the beamform- joint time allocation and energy beamforming design is
ing design and propose an inexact block coordinate descérmulated as a non-convex programming problem to max-
algorithm to obtain the solution. It is proved that the pregd imize the system sum-throughput. The authors apply the
algorithm can monotonically converge to the Karush-Kuhrsemidefinite relaxation technique to reformulate the pobl
Tucker solution of the formulated problem. The authors alss a convex problem and prove the tightness as well as the
show that the proposed algorithm can be extended to a joifiobal optimality of the semidefinite relaxation approxiioa.
beamforming design and artificial noise generation problenfrurthermore, a fast semi-closed form solution is devisedi an
The work in [L9]] explores the beamforming design in ashown by simulations to substantially reduce implemeoitati
cognitive radio network. With the objective to jointly maxi complexity.
mize energy harvesting efficiency and minimization of batht In [19], the authors deal with the resource allocation prob-
tal transmit power and interference power leakage-tostran lem to improve energy efficiency of information rate (i.et, b
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TABLE VII
SUMMARY OF ENERGY BEAMFORMING DESIGNS FORMULTI-ANTENNA RF-EHNS.
Literature | Network model Design goal Constraints Problem Solutions CsSl
formulation require-
ment
G. Yanget | A point-to-point MISO system| Maximization of | Transmit power limit Dynamic Threshold-type pol-| Imperfect
al [18] total harvested program- icy Csl at
energy ming energy
transmit-
ter
Q. Sunet | A multi-user MISO system| Maximization Transmission time[ Non-convex | Semidefinite Perfect
al [193 with a dedicated power station of the system| constraint and transmif program- relaxation Csl at
sum-throughput power constraint at the each ming energy
user and the power station, transmit-
respectively ter
X.Chenet | A time division duplex large-| Maximization of | Constraints of transmif Fractional Lagrange multiplier| Perfect
al [19] scale MIMO system with a co{ system energy] power, sub-slot duration program- method, an iterative] CSI at
located energy transmitter and efficiency for RF energy transfer, and ming algorithm based on energy
information receiver as well a: information rate problem Dinkelbach method| transmit-
an information transmitter [194 ter
S. Lee et | Multiple transmitter-receiver| Optimization Energy harvesting] Non-convex | Lagrange duality| Perfect
al [195 pairs with SISO interference of rate-energy| constraints at receivers program- method Csl at
channels and a network tradeoff ming receivers
coordinator

per Joule) in a large-scale MIMO system. The system consi#ss investigated. Energy beamforming needs to be exgloite
of two components, i.e., a co-located energy transmitter aim more diverse systems, such as heterogeneous networks.
information receiver as well as an information transmitter

The system operates on a simple time-slot based schelmelnformation Feedback Mechanism

vyhich divides each time-slot into_ two su_b-slots. During the The study in 197 aims to tackle the problem of information
first sub-slot, the energy transmitter delivers RF energy {@edpack for a practical energy harvester. Specificallg, th
the information transmitter that transmits informatiorridg  5,thors devise a channel learning method for a transmitter
the second sub-slot. A fractional programming problem,-nog, acquire CSlI in the point-to-point MIMO network with RF
convex in general, is formulated to maximize energy efficjen energy beamforming. The method relies on one-bit informa-
taking into account the transmit power constraints, a timMgn, which is a measurement of the increase or decrease of th
duration constraint for RF energy transfer, and an infoiomat 51,0unt of harvested energy at the energy harvester between
rate requirement. The authors first use the Lagrange miahtiplipe present and previous intervals, for feedback. Conselyye
method to obtain the dual problem. Then, the resource allogge energy transmitter can adjust transmit energy beanifigrm
tion scheme based on a Dinkelbach metht@] is proposed ang optain better estimation of the MIMO channel based on
to jointly optimize the transmit power and time duration d¥ R the feedback information. Compared with a cyclic Jacokitec
energy transfer. The proposed scheme is shown to have {ggi,e based methodl 9§ and a stochastic gradient method
convergence speed and reach higher energy efficiency véith fagq the proposed learning method is shown to achieve lower
increased number of antennas. normalized error and higher average harvested power.
Different from the above work, the authors b9 exploit ~ The study in P0Q considers the information rate maxi-
collaborative energy beamforming with distributed singlemization problem for an information transmitter that hatge
antenna transmitters. To facilitate the collaborativergyne RF energy from a multi-antenna energy transmitter with beam
beamforming, a novel signal splitting scheme is introducédrming. The authors propose to use quantization codebafoks
at the transmitters. For the case of two transmitter-receiimited size to provide feedback of CSI from the information
pairs, the authors propose a joint energy beamforming desigansmitter to the energy transmitter for adaptive energni-
with signal splitting to optimize the rate-energy tradeofforming. For a given codebook size, the expressions of the
For the case of more than two transmitter-receiver paifigpper bound and the approximate lower bound of the average
two suboptimal schemes of low complexity are devised. Theformation transmission rate are obtained. The exprassio
first scheme divides all the pairs into different groups thagéveals the relationship between the amount of CSI feedback
contain two pairs and then applies the design for two-paecawith transmit power and transfer duration. Then, the awsthor
directly. The other scheme is based onéhngodic interference introduce two schemes to optimize information and energy
alignmenttechnique 196, which requires synchronization for tradeoff for maximizing the upper bound and the approximate
all receivers. The simulation shows that the latter schemgver bound in a multi-antenna system with limited feedback
outperforms the former scheme due to interference-freeeéegThe performance impact of imperfect CSl is investigated, an
of freedom. the corresponding upper bound on the average informatten ra
Table VII shows the summary of the existing energis derived.
beamforming designs. Compared to SWIPT beamforming,In [201], the authors study the optimal design of an
beamforming designs for dedicated energy transfer has betannel-acquisition scheme for a point-to-point MIMO en-
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ergy beamforming system. Based on channel reciprocity, tkeowledge of the channel coefficients and energy statuseof th
energy transmitter estimates the CSI via dedicated reverselay node, the greedy switching policy is shown to reach the
link training from the energy harvester. A tradeoff in energperformance close to that of genie-aided policy in terms of
beamforming system is revealed between training time andtage probability over a wide range of SNR.
energy transmission. In particular, too little trainingud#s in The study in P04 exploits the array configuration at a relay
coarse CSI estimation and thus reduces energy beamformigle in MIMO relay channels. The authors proposed two
gain. By contrast, too much training consumes excessigignamic antenna switching policy which allocates a certain
energy harvested by the energy harvester, and hence redumesber of strongest channels for information decodingfgne
the amount of time for energy transmission. To cope with thervesting and the remaining channels for energy harvest-
tradeoff, the optimal training design is proposed to maxéeni ing/information decoding. The outage probability of thepr
the net energy of the energy harvester, calculated by extgac posed policies is derived in closed-form. The proposeccyoli
energy used for channel training from the total harvestéslalso analyzed in the scenarios with co-channel intemfsge
energy. where the relay node adopts a zero-forcing receiver. The
outage probability in closed-form expressions is derived.
VI. MULTI-HOP RF-EHNSs In [205, two relaying protocols for an RF energy harvesting

In multi-hop relay networks, cooperative relaying '[echr—e'ay node are proposed based on titee-switchingand

nigues can help to overcome fading and attenuation by L;Jégv:c/er-tsghst?ngir;celgertgrcthltectu:jes, é)oth .f(.) f \ﬁ/hliﬂ reqt:;qre
ing intermediate relay nodes, resulting in improved nekwoP € €C at the destination node. Speciiically, the asino

performance in terms of efficiency and reliability. Therefo conside_zr .bOth the non-delay-limited_ and the dglay-limited
it is particularly suitable to be applied in energy consteai transmission, and derive the analytical expressions fer th

networks like RF-EHNs. For cooperative relaying in RF(_argodic capacity and outage probability, respectivelye Th

EHNs, most research efforts attempt to improve performanlg,gtimdal F‘;F _energythar;/esti(rjlgt;ime 1;_or tlhiafmle-swit;:hing
gain on the physical layer and MAC layer (e.g., relay operati ased refaying protocol an € oplimal value of power-

policy and power allocation) as well as network layer (i_ejs’plitting ratio for thepower-splittingbased relaying protocol

relay selection). Other issues such as precoder maximizatf 2" be.ob_talned. The ev.aluatlon resqlts conqludg that the
e-switchingbased relaying protocol is superior in terms

and cooperative scheme are also studied. These desigis isd h h lativelv low SNR and hiah o
in cooperative relaying become more complex for incomple? throughput at refatively low and high transmission

CSI. The information about energy status (e.g., energyveserates‘ However, as the transmit power is variable, it incurs

and potential available RF energy) must also be taken irﬁ@n'f'cam hardware complexity. Consequently, the relagten

account. In the following, we review the related work of nrult n;gy require a large dynamic range of the power amplifier

hop RF-EHNs from different perspectives. [208. . o . .
Based on the time-switching receiver architecture, the au-

] ) thors in 0§ propose adaptive time-switching protocols for

A. Relay Operation Policy RF energy harvesting and information transmission for both

Section V has introduced the operation policies designédr and DF networks. The idea is to adjust the time duration
for receivers to achieve some information and energy trfideof energy harvesting at the relay node based on the avail-
in different systems. For relay nodes with RF energy haable harvested energy and the source-to-relay channetyqual
vesting capability in multi-hop networks, such operatien iConsidering theharvest-store-usscheme at the relay node,
also required with additional consideration to the trarssioin  the authors propose continuous and discrete time-swijchin
requirement. The research works on the relay operatioypolprotocols. The authors obtain analytical expressions ef th
for relay nodes mainly consider a simple three-node coepeeahievable throughput for both the continuous and the efiscr
tive relaying network composed of a source node, a relay naiitee-switching protocols. An interesting finding is thateth
and a destination node. One or more of the nodes have the d$crete adaptive time-switching protocols, which is easi
energy harvesting capability. All the communication t@ffe- to implement, outperforms the continuous counterparts at
tween source and destination node is assumed to be forwardgdtively high SNR or when the SNR detection threshold
through the relay node. These schemes are studied basedsorelatively low. However, the protocol only allows fixed
common cooperative strategies, i.e., amplify-and-fod§&F) transmit power at relay node, which may not be optimal from
and decode-and-forward (DF). It is claimed @0} that AF energy efficiency perspective.
may impose high peak power levels which makes DF schemeApart from the abovementioned worR(3, [205, [20§
more practical, especially for energy constrained devices which study the one-way relay network model (i.e., trans-

The authors in 203 examine a simple greedy switchingmission happens in one direction?([/] considers a two-way
policy based on the time-switching receiver architectlilee relay network (i.e., transmission happens in both dires)o
idea of the policy is to let the relay node transmit whewith quasi-static Rayleigh fading channels, where two seur
its remaining energy can support information transmissionodes exchange information through an AF-based RF-powered
Based on the Markov chain model of the policy, the authorslay. The authors propose a power-splitting based reayin
derive the closed-form expression of the outage probgbiliprotocol and derive the exact expressions of the protonol, i
for the relay node with a discrete-level battery. Comparédrms of outage probability, ergodic capacity and finiteRSN
with an optimal genie-aided policy that incorporates a qpriodiversity-multiplexing tradeoff. The tight closed-fornower
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and upper bounds of the outage probability and the ergodiser pairs for transmissions. It is found that max-min dote
capacity of the network are also obtained. will lead to the loss of diversity gains in the considered
Table VIII compares the reviewed relay operation policiesietwork compared to conventional network. This is because
We observe that almost all the relay operation policies atfee source-relay channels and the relay-destination @t&nn
developed for two-hop relay networks. It is also important tare deemed as equally in max-min criterion. However, the
devise and examine operation policies for the networks wigtource-relay channels are more important than the relay-
more than two hops. Moreover, the strategies to deal with adestination channels in RF-EHNs, as the former decides both
channel interference also need to be considered in therdedige reception reliability and the harvested power at thayrel
of the relay operation policy. Motivated by these observations, the authors introduce a
greedy scheduling algorithm which first schedules the smurc
with the best source-relay channel conditions, then fodwar
to the destinations with the best relay-destination chinne
From the network-level perspective, SWIPT gives rise teonditions. It is shown that the greedy scheduling algorith
new challenges in designing the relay selection schemes ¢an achieve full diversity gain. However, it only works for
RF-EHNs. The main problem lies in that the preferable relajelay tolerant networks.
for information transmission does not necessarily coi@cid The authors in J11] devise a harvest-then-cooperate pro-
with the relay with the strongest channel for energy haingst tocol, which schedules the source and relay to harvest en-
Thus, as a tradeoff, relay selection has to leverage betweggy first and then cooperatively performs uplink inforroati
the efficiency of information and energy transfer. The atghotransmission. For a single-relay scenario with delay+kahi
in [20g investigate selection between two available relaygansmission, the authors derive the approximate closgd-f
in a Rayleigh fading network with a separated informatiosxpression for the average throughput of the proposed @bto
receiver and energy harvester. The aim is to conduct a copver Rayleigh fading channels. For a multi-relay scenahie,
parative study of three relay selection schemes, namalg-ti approximate throughput functions of the proposed protocol
sharing selection, threshold-checking selection and ety with two relay selection schemes are derived. The simuiatio
difference selection scheme. In the time-sharing selectishow that the proposed protocol is superior to the harvest-
the source node switches among the relays with the highgisén-transmit protocoll44 reviewed above in all considered
SNR at different time. In the threshold-checking selectibe cases.
source node chooses the relay with the highest RF energy
harvesting rate. The weighted difference selection scheme .
selects relay based on the priority of information transiis C- Power Allocation
and energy transfer. It is demonstrated that the threshold+urthermore, research efforts attempt to address the power
checking selection has better performance in terms of eetlie allocation problem in cooperative relay networks. BiLf,
capacity for a given RF energy harvesting requirement. Blie authors investigate the power allocation problem in a DF
contrast, the time-sharing selection has better perfoce&m cooperative network with multiple source-destinatiorrpand
terms of outage probability when the normalized average SNiRe RF energy harvesting relay. The focus is on the strate-
per link is larger than 5 dB. Nevertheless, both the selactigies to distribute the harvested RF energy among the relay
methods require global CSI knowledge in each transmissitransmission for different source-destination pairs. @b#hors
session. propose a distributed auction-based power allocationrsehe
The focus of P09 is to study the impact of cooperativebased on the concept of a Nash equilibrium. Moreover, two
density and relay selection in a large-scale network wittentralized allocation schemes based on the equabilibcipri
SWIPT. Specifically, the authors consider the network withle and sequential water filling principle are also studiEue
a large number of randomly located transmitter-receivénspatheoretical analysis shows that the water-filling baseeseh
and potential DF relays. Both the transmitters and relaye has optimal in terms of the outage probability for the source-
stable power provision through wired connections, and tliestination pairs with the worst channel conditions, while
receivers adopt the power-splitting architecture and ot the auction-based scheme can reach the performance close
QoS and RF energy harvesting requirements. A random relayoptimal. The simulation results reveal that the proposed
selection policy based on a sectorized area with centrdeanguction-based scheme achieves good tradeoff between the
at the direction of each receiver is studied. By using theystem performance and complexity. However, the proposed
stochastic geometry model, the authors derive the closed-f scheme requires CSI at the transmitter, which adds signffica
function of the outage probability of the system and averaggstem overhead as the number of users increases.
harvested energy at each receiver to characterize the impacrhe authors in 713 consider a two-hop relay network
of cooperative density and relay selection area. where multiple source nodes transmit to a common destimatio
The authors in§1Q tackle the problem whether the max-through a relay. Both the source nodes and the relay node are
min relay selection criterion, which is the diversity-optél equipped with RF harvesting capacity, and can opt to transfe
strategy in conventional relay network, is still diverstptimal its energy to others for improving overall sum-rate. The
for relay network with RF energy harvesting. The authomuthors formulate a joint transmit power allocation andrgye
consider a network with multiple source-destination paind cooperation problem to maximize the network sum-rate. It is
one RF energy harvesting relay, where the relay schedutes shown that this maximization problem can be decomposed into

B. Relay Selection
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TABLE VIl
COMPARISON OFRELAY OPERATIONPOLICIES FORRFEHNS.
| Literature | Receiver architecture | System model [ Channel model [ Design objective | CSlI requirement |
Z. Chenet al | Power-splitting Two-Way AF | Quasi-static Information and energy tradeoff, None
[207] SISO relay | Rayleigh fading| finite-SNR diversity-multiplexing
system channel tradeoff
I. Krikidis et | Time-switching Three-node AF| Error-free chan-| Minimization of outage probability| None
al [203 SISO relay | nel
system
A. A. Nasir | Time-switching, power-| Three-node AF| Quasi-static Outage probability and energy CSI at destination
et al [205 splitting SISO relay | block-fading tradeoff for delay-limited transmist node
system channel sion, information and energy trade-
off for delay-tolerant transmission
A. A. Nasir | Time-switching Three-node Quasi-static fad-| Maximization of throughput CSI at the receiver
et al [206] AF/DF SISO | ing channels
relay system
I. Krikidis et | Separated receiver arch|- Three-node Rayleigh fading| Low complexity None
al [204] tecture (antenna switcht MIMO relay | channel
ing) system
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D. Other issues -

The precoder maximization problen215 and coopera-
tive schemesZ1q are also studied for the relay networkrig. 8. A General Network architecture of RF-powered cdgaitradio
with RF energy harvesting. In2l5, the authors examine networks.
a two-hop MIMO relay system with two destination nodes,
i.e., an energy harvester and an information receiver. The

. : . . . energy harvesting sources can work as relays for each other
authors investigate two scenarios. The first scenario assumi 9y 9 y

perfect CSI at receivers. The second scenario assumes dH%Uphnk transm|55|on. The author_s_ obtain a closed-fo_rm
the second-order statistics of CSI at the transmitter. &hes roximation of the outage probability for each coopeeat
s cheme. Assuming perfect CSI at receivers, the appro>amati

statistics could be, for example, covariance matrices ef tor the ontimal enerav transfer period that minimizes the
channels. The tradeoff between information rate and ener@\}( P 9y P

for the perfect CSl scenario is analyzed by the boundaryef t tage probability is also derived. The simulation re

: at the cooperative schemes with RF energy transfer not
rate-energy region. Then, the source and relay precodats tonI resent lower outage probability, but also achievééi
maximize the information transmission rate while keepimg t y P gep Y, 9

energy transfer above a certain predefined value are debigr%ansmlssmn rate for a large SNR range.

Likewise, the tradeoff between outage probability and gyer
for the second scenario is characterized by the boundary of V!l. RF-POWEREDCOGNITIVE RADIO NETWORKS
the outage-energy region. The precoder optimization prabl  Powering a cognitive radio network (CRN) with RF energy
is formulated based on the upper bound approximation of tban provide a spectrum- and energy-efficient solution for
outage probability. The simulation results reveal thattigha wireless networking418. The idea of utilizing RF signals
correlation accounts for increased energy transfer foh bdtom primary transmitters to power secondary devices has
scenarios. However, it also leads to the increase in outageen first proposed in3Ql. In an RF-powered CRN, the RF
probability, thus reducing information transmission rate energy harvesting capability allows secondary users teelsar
The objective of 21§ is to study the effect of cooper- and store energy from nearby transmissions of primary users
ation schemes on energy harvesting cooperative networkben, the secondary users can transmit data when they are
Specifically, three different cooperative schemes, narbély sufficiently far away from primary users or when the nearby
nonbinary network-coding2[L7 and generalized nonbinaryprimary users are idle. Therefore, the secondary user noist n
network-coding 217, are evaluated in the system. Multipleonly identify spectrum holes for opportunistic data trarssm
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sion, but also search for occupied spectrum band/channeb&tween opportunistic spectrum access and RF energy Ivarves
harvest RF energy. ing. With the goal to maximize the expected total throughput
Figure 8 shows a general network architecture for RFan optimal mode selection policy, balancing between the
powered CRNs. A secondary user can receive RF energy fratmmediate throughput and harvested RF energy, is developed
a primary user on transmission. Figuealso shows three based on a partially observable Markov decision process.
zones associated with the primary user. The “transmissiblowever, in R19, only a single channel in the primary
zone” is the communication coverage of the primary usetetwork is considered.
Inside the “transmission zone”, if the secondary user is in The authors inZ1§ consider a channel selection policy in
the “RF harvesting zone”, the secondary user can harvest &Fnultiple-channel CRN, in which the secondary user select
energy from the primary user. If the primary users occupyr theehannels not only for information transmission but also for
channels, then the secondary user cannot transmit datésif ienergy harvesting. In the context of complete CSI at the
in the “interference zone” (i.e., interference is createdhte secondary user, an optimal channel selection policy for the

communication of the primary users). secondary user to maximize throughput is determined, based
. _ on the remaining energy level and the number of waiting
A. Dynamic Spectrum Access in RF-powered CRN packets in data queue, by applying a Markov decision process

Cognitive radio consists of four main functions, namely;jowever, the proposed policy may impose high computation
spectrum sensing, spectrum access, spectrum managerdentamplexity on the secondary user when the state space, which
spectrum handoff, to support intelligent and efficient dyia is related to data queue and energy queue size, is large.
spectrum access. This subsection discusses about reseafghstudy in P2( extends P1§ by studying the case with
issues in the RF-powered CRN related to these functions. incomplete CSI at the secondary user. Furthermore, th@gith

1) Spectrum Sensingthe main function of spectrum senspropose an online learning algorithm for the secondary. user
ing in RF-powered CRNs is to detect the activities of priwith the algorithm, the secondary user can use observations
mary users accurately. The purpose is threefold: findingt@ adjust the channel selection strategy based on a Markov
spectrum opportunity to access for information transroissi decision process to maximize throughput. Compared with the
or RF energy harvesting, obtaining statistical informatan case assuming perfect CSI where throughput is optimized,
spectrum usage for future reference, and predicting a patenthe learning algorithm is shown to reach a close-to-optimal
energy level (e.g., using cyclostationary feature detegtihat performance.
secondary users can harvest on a spectrum band. The authors in 33] and [221] analyze RF-powered CRNs

2) Spectrum Accessthe key issue of spectrum access is twith stochastic geometric approaches. The study3i) ¢on-
access spectrum while protecting primary user from colfisi siders a network model where both RF-powered secondary
and to provide fair and efficient sharing of available speotr users and primary users are assumed to follow independent
There are two major types of spectrum access, i.e., fixadmogeneous Poisson point processes and communicate with
and random spectrum access. For the fixed spectrum accéssiy intended receivers at fixed distances. The authors cha
radio resources are statically allocated to users. Theorandacterize the transmission probability of secondary usetke
spectrum access allows users to contend for radio resour@ases that secondary users can be fully charged within one
These spectrum accesses are based on individual remairingnultiple time slots. The outage probabilities of coerigt
energy level and available energy harvesting rats primary and secondary networks are also derived subject to

3) Spectrum Managementhe objective of spectrum man-their mutual interferences. Moreover, to maximize the sec-
agement in RF-powered CRNs is to achieve high spectruwndary network capacity subject to outage constraints tf bo
utilization for both communication and RF energy harvegtinprimary and secondary networks, the optimal transmit power
by performing channel selection. In particular, for RF gyer and density of secondary users are derived in closed-form.
harvesting, achievable energy harvesting rate and chamael Moreover, the authors generalize the analytical results to
cupancy probability are the most concerned metrics in chlangireless sensor network powered by distributed wirelessapo
selection. chargers.

4) Spectrum HandoffSpectrum handoff is responsible for |n [221], the authors investigate cognitive and energy
moving a secondary user from accessing one channelHgrvesting-based device-to-device (D2D) communication u
another channel. In the RF-powered CRN, when a primaggrlying cellular networks. Specifically, two spectrum ess
user re-occupies/releases its channel, a secondary usergwicies designed for cellular base stations, namely, sand
to decide whether switching to another channel (if avaéiablspectrum access and prioritized spectrum access, aredtudi
for information transmission/energy harvesting, or perfimg  The former allows a base station to access any of the availabl
RF energy harvesting/information transmission on the rehannels randomly, while the latter let the base statioessc
occupied/released channel. The decision making should the D2D channel only when all of the other channels are
made when the best time for spectrum handoff is so that tbccupied_ Using the stochastic geometry approach, the per-

performance can be maximized. formance of the considered system are characterized irsterm
) of transmission probability and SINR outage probabilities
B. Review of Related Work for both D2D transmitters and cellular users. The simutatio

In [219, the authors investigate a mode selection policshows that the prioritized spectrum access method outpesfo
for a secondary user, which casts a decision making probléime random spectrum access method for all considered perfor
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mance metrics of the D2D transmitters. Moreover, the effect Energy flows )
of the prioritized spectrum access for the cellular users is ( >) émrce
observed to be negligible compared to the random spectrum \ - > - =

: P
policy. . . . /- @ |

The authors in 227 propose a novel paradigm in RF- (< ). retaya (P \
powered CRNSs, called energy and information cooperation. é}/RelayS |
The idea is that a primary network can provide both spectrum ReIayZ ,
and energy to a secondary network with energy harvesting Charger (( hy « >>
capability, so that the secondary system can assist theaprim Re,aye Relay 3 é
transmission in return. In this context, the authors study
an ideal cooperation scheme assuming non-causal primary / Relay1
information available at secondary transmitters. The @uth \, (< » _ 4
then propose two schemes based on power-splitting and time- 64 -
switching for SWIPT. For each scheme, both the optimal
and a low-complexity solution are derived. The simulation
shows that the proposed energy and information cooperatiag 9. An example of routing in RFCRN
can achieve substantial performance gain compared to the
conventional information cooperation only. It is also fdun
that the power-splitting scheme can support a larger rgieme adopted to manage the slave node’s duty cycle based on the
than that of the time-switching scheme. node remaining energy level. Furthermore, an energy adapti

In [223, the authors consider a cognitive wireless body areantention algorithm is employed to use individual RF egerg
network with RF energy harvesting capability. The authofsarvesting rate to control the corresponding backoff tiine.
discuss the challenges in the physical, MAC, and netwoparticular, the contention algorithm compensates theiungsas
layers and some potential solutions. Furthermore, practicaused by significant different energy harvesting ratesef t
architectures are proposed for cognitive radio-enabled RRve nodes due to locations. The authors also present an
energy harvesting devices for joint information receptiod analytical model to evaluate the performance of the energy

Destination

RF energy harvesting. adaptive MAC protocols inZ25.
Nevertheless, the energy adaptive MAC protocol requires
VIIl. COMMUNICATION PROTOCOLS centralized control as well as out-of-band RF energy supply

In this section, we highlight the metrics in designing ragti It is applicable to the system with only one RF energy
and MAC protocols for RF-EHNs. Additionally, the eXIS,[mgsource By contrast, the authors 022f consider distributed

protocols are reviewed and compared. control, in-band RF energy supply and multiple RF energy
sources. The CSMA/CA-based MAC protocol called RF-MAC

is designed to optimize RF energy delivery rate. The goal
A. MAC Protocol is to meet the energy requirement of sensor nodes while

To achieve QoS support and fairness for information transtinimizing disruption to data communication. The RF-MAC
missions, MAC protocols designed specially for RF-EHNs aircorporates a method to select RF energy sources to mi@imiz
needed to coordinate the nodes’ transmissions. In additionthe impact of interference as well as maximize energy teansf
the channel access for information transmission, the nodasrthermore, the information and rate tradeoff is analyzed
also need to spend some time for RF energy harvesting. Thienulation results demonstrate that, compared with the-mod
challenge is that the time taken to harvest enough energyifisd CSMA RF-MAC, the RF-MAC is superior in terms of
different for different nodes due to various factors such awerage harvested energy and average network throughput.
types of the available RF energy sources and distance. The
MAC protocols can coordinate network nodes in a contention-
free approach (e.g., polling) or a contention-based ambroeP Routing Protocol
(e.g., CSMA/CA). The contention-free MAC protocol needs For multi-hop transmission in RF-EHNSs, a routing protocol
to take the node-specific RF energy harvesting process itit@t incorporates wireless charging is required to maintai
account to achieve high throughput and fairness. With tlemd-to-end communication. In multi-hop RF-EHNs such as
contention-based MAC protocol, each node contends fopradvireless sensor or mesh networks, as the nodes have limited
resources for information transmission. If the RF energgternal energy reserves, they need to intelligently hstraed
harvesting duration is not optimally decided, an extendddyd utilize external RF power to remain active. Therefore, gein
of the resource contention due to communication outage magernal and external energy-aware is particularly imgoatin
incur. the design of routing.

In [224)], the authors present a CSMA/CA-based energy Unlike the energy-aware routing developed in conventional
adaptive MAC protocol for a star-topology sensor networkvireless networks, the routing protocols in RF-EHNs must
In the network, a single master node gathers data from atatte the RF energy propagation and the circuit design of
emits RF energy to a group of slave nodes. In the proposeetwork nodes (e.g., RF energy harvester sensitivity) into
MAC protocol, an energy adaptive duty cycle algorithm iaccount. This is due to the fact that the amount of harvested
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RF energy available at each node can be different. Moreoverting and energy-balanced routing to utilize their ggtaras

the routing metric may need to be jointly defined based awell as mitigate the shortcoming of each other. Furthermbre
energy harvesting parameters (e.g., harvester sensitivil RoC requires periodic information exchange between sensor
conversion rate, distance from RF sources, etc), spectramd the mobile charger. Being aware of the global energy
management parameters (e.g., number of available channstatus of the network, the mobile charger is able to schedule
as well as network parameters (e.g., link quality and nuroberits charging activities. While being aware of the charging
hops). Figure& shows an example of the RF-EHN with an RFschedule, the sensors can make routing decisions based on a
charger. There exist three different available routes betw charging-aware routing metric. The routing metric takes in
the source and destination represented by the dashed arameount the effects of charging activities to be executetl an
lines. If the route with relayl is selected, the delay will be the real-time link quality in order to transfer the RF energy
smaller than that of other routes since this is the shorteger to the most demanding sensors. The simulation results show
(i.e., only two hops). However, as this route is far away frotthat J-RoC can approach the upper bound of network lifetime
the charger, the charger has to apply high power for RF enengyder various system configurations. However, the scilabil

to provide the relayl with sufficient energy. By contrast, if of J-RoC is limited as it is designed for a sensor network with
the route with relay, relay 5 and relay6 is selected, these a single charger.

nodes near to the RF source can obtain more RF energy, anénother work R3( focuses on the design of joint network
the charger does not need to use high power. However, thisployment and routing strategy. The objective is to minéni
route may incur large delay as it is the longest route (iaur f the total recharging cost to enable an infinite lifetime af th
hops). As a tradeoff, the source may finally decide to adopé&twork with multiple static chargers. Based on the assiampt
relay2 and relay3 as the intermediate nodes to leverage energlyat the sensors can always be recharged in time before their
efficiency, end-to-end delay and throughput. power is depleted and have perfect knowledge of CSI, an

1) Review of related workstn [227], the authors consider optimization problem of joint network deployment and rogti
the routing problem in a wireless sensor network where tligeformulated and proved to be NP-complete. To address this
sensor nodes are charged wirelessly over the same frequgmoblem, the authors propose two centralized and heuristic
for communication. It is shown by experiments that simplalgorithms. However, the solutions might not be practica¢w
metrics such as hop count may not be suitable for routiige link quality is imperfect or the charging capability is
in such networks. Therefore, a new routing metric based @onstrained.
the charging time of the sensor nodes is introduced. Then2) Comparison and discussiortable IX shows the com-
the modified Ad hoc On-Demand Distance Vector (AODVparison of the existing routing protocols for RF-EHNSs. It
routing protocol considering the new routing metric is procan be observed that all the protocols work in the systems
posed. In this protocol, the sensors choose the route with thith a dedicated RF charger, because of which the majority
lowest value of maximum charging time. Furthermore, thef them consider out-of-band charging to avoid interfeeenc
link layer optimization framework is also proposed to addre Though in P27, the authors perform an experiment of the
the tradeoff between RF energy harvesting and informatiggstem where a sensor node and RF charger work on the
transmission duration. However, this work does not addressme frequency, no interference management scheme is taken
the interference problem caused to the communication by Rffo account. Therefore, this is a room for the investigat®
charging on the same frequency. routing protocols in the system adopting SWIPT.

The main concern of 2§ and [229 is to investigate  Furthermore, given the routing metric, information ex-
how RF energy charging affects sensor network routing. Teange among the network devices through broadcasting is
authors in P29 first conduct experiments to study the practirequired during route selection. Due to hardware limitatio
cability of adopting the RF charging technology to prolohg t as aforementioned, network devices cannot harvest RF gnerg
lifetime of a prototype sensor network. The consideredesyst from the same carrier for information decoding. As a reshé,
consists of a mobile charger with RF energy transfer cajpbilnetwork devices working in RF harvesting mode may miss the
to replenish the battery of sensors. The charger employsh@adcast information. Thus, an efficient message brotidgas
simple charging strategy to replenish the sensors’ battefiechanism for the time-switching based receiver architect
with the lowest residual lifetime (i.e., bottleneck sersgoin s also required for routing protocols.
this context, two well known routing protocols, i.e., energ  Besides, an RF-EHN operates on ISM band (e.g., WiFi,
minimum routing and energy-balanced routing, are examin&ighee and Bluetooth) may overlap with the frequency band
The simulation results in a large-scale network show that thor wireless charging (e.g., the system i82[]). In this
energy-balance routing achieves longer network lifetinfmemw context, an RF charger, if not well controlled, can causesev
the charging efficiency is low or the amount of energy carriggiterference to the network communication, as its power is
by the mobile charger is small. By contrast, when both thgually much higher than that of network devices. Thus gher
charging efficiency is high and the amount of energy carriggl a need for efficient spectrum allocation mechanisms to

by the mobile charger is large, the energy-minimum routingbordinate communication and charging.
is superior in prolonging the network lifetime. Inspired e

observations in42§, the authors in 229 design a practical
joint routing and charging (J-RoC) scheme for the same syste
model. The key idea of J-RoC is to balance energy-minimumin this section, we discuss about open research issues.

IX. FUTURE DIRECTIONS AND PRACTICAL CHALLENGES
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TABLE IX
COMPARISON OFROUTING PROTOCOLS FORRFEHNS.

Routing protocol Charging frequency | Charger | Route metric Channel Routing decision | Mobility
state
information
R. Doostet al [227] In-band Mobile Charging time High Distributed Limited
Routing-first Heuristic Al-| Out-of-band Static Minimum recharging cost High Centralized Low
gorithm 230
Incremental Deployment{ Out-of-band Static Minimum recharging cost High Centralized Low
based Heuristic|
Algorithm [230
J-RoC p29 Out-of-Band Mobile Charging-aware routing cost Medium Distributed Limited
[229, factoring the estimated
energy minimum routing cos
and the real-time link quality

A. Distributed Energy Beamforming D. Effect of Mobility

Distributed energy beamforming enables a cluster of dis-Network nodes, RF sources, and information gateway can
tributed energy sources to cooperatively emulate an aatert¢ Mobile. Therefore, mobility becomes an important factor
array by transmitting RF energy simultaneously in the sanf@ .RF. energy harvesting and information transmlssmp. The
direction to an intended energy harvester for better digersmajor issue is due to the fact that the energy harvesting and
gains. The potential energy gains at the receiver from dfg§formation transmission performances become time-varyi
tributed energy beamforming are expected to be the same2R§ resource allocation has to be dynamic and adaptive.
that from the well-known information beamforming. However A recent work P31] investigates the impact of mobile RF
challenges arise in the implementation, e.g., time synuhas Source under two different mobility models, namedgnter-to-
tion among energy sources and coordination of distributé§nter mobility (CM) mode&nd around edges moving (EM)

carriers in phase and frequency so that RF signals can 'Bedelwith the focus on the energy gain at receivers. The
combined constructively at the receiver. tradeoff between transmit power and distance is explored,

taking the energy loss during movement into account. It is
found that CM yields better network performance in small
networks with high node density. By contrast, EM yields &ett
performance in large networks with low node density.
Existing interference management techniques, e.g.,-inter
ference alignment and interference cancellation, attemptE Network Codin
avoid or mitigate interference through spectrum schedulin™ 9
However, with RF energy harvesting, harmful interferenae ¢~ Network coding P37 is well-known to be energy efficient
be turned into useful energy through a scheduling policy. iR information transmission. With network coding, sendanes
this context, how to mitigate interference as well as fatiti allowed to transmit information simultaneously. This peay,
energy transfer, which may be conflicting, is the problespecially in large-scale network, increases the amouRfFof
to be addressed. Furthermore, the scheduling policy can &ergy that can be harvested. During the time slots whepsela

combined with power management schemes for further irar senders are not transmitting, they can harvest ambient RF
provement in energy efficiency. signals. A pioneer study ir?B3 analyzes the network lifetime

gain for a two-way relay network with network coding. It is

found that the lifetime of the network can be increased up to
C. Energy Trading 70% by enabling RF energy harvesting. From the perspective

of network lifetime, more diverse network models and networ

In RF-EHNSs, RF energy becomes a valuable resource. T¢¥ing schemes, such as physical-layer network coding and

RF energy market can be established to economically managilogy network coding, are worth to be explored. Addition-
this energy resource jointly with radio resource. For ex@mp ally, the energy gain of network coding has been proved to
wireless charging service providers may act as RF enemg¥ upper bounded bg in the literature. Intuitively, taking
suppliers to meet the energy demand from network nodes. Tq/antage of the broadcast nature of RF signals to reuse some
wireless energy service providers can decide on pricing apflthe dissipated energy can lead to energy saving. However,
guarantee the quality of charging service. One of the efficietheoretically, whether RF energy harvesting will incretse

approaches in this dynamic market is to develop demand sigigper bound of energy gain or not and how much exactly the
management, which allows the service providers and netwq§und will increase still require further investigation.

nodes to interact like in smart grid, to guarantee energy-

efficiency and reliability. However, the issues related he t

amount of RF energy and price at which they are willing t5 'MPact on Health

trade while optimizing the tradeoff between the revenue andlt has long been recognized that intense RF exposure can
cost must be investigated. cause heating of materials with finite conductivity, inchgl

B. Interference Management
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biological tissuesZ37. The studies in 238-[247 focus on o Without line-of-sight for RF waves from an RF source
the effects of electromagnetic waves particularly from iteob to an energy harvester, the considerable energy transfer
phones and cellular networks. Most of the measurements loss is expected. Therefore, the RF energy source must
conclude that RF exposure from radio communication is safe. be optimally placed to support multiple receivers to be
However, investigations in2j1] and [249 show that some charged. Moreover, in a mobile environment, the mobility
effects to genes are noticed when the RF power reaches the of receivers and energy sources can affect the RF energy
upper bound of international security levels. Althoughréhe transfer significantly.

are many existing studies on the health risks of mobile phone « The sensitivity of an information receiver is typically
little effort has been made for investigation on health tffe much higher than that of an RF energy harvester. Conse-
caused by a dedicated RF charger, which can release much quently, a receiver located at a distance away from an RF
higher power. Thus, there is a need to address the safety transmitter may be able only to decode information and
concerns on deploying RF chargers. fail to extract energy from the RF signals. In this case,

) any SWIPT scheme cannot be used efficiently. Therefore,
G. Practical Challenges

o Due to the inverse-square law that the power density
of RF waves decreases proportionally to the inversee.
of the square of the propagation distance, practical RF
energy transfer and harvesting that complies to FCC
regulations is limited to a local area. For example, the
FCC allows operation up to 4W equivalent isotropically
radiated power. However, as shown i&4], to realize
5.5uW energy transfer rate with a 4W power source, only
the distance of 15 meters is possible.

Other than transfer distance, RF energy harvesting rate
is also largely affected by the direction and gain of »
the receive antenna(s). Therefore, to improve the energy
harvesting efficiency, devising a high gain antenna (e.g.,
based on materials and geometry) for a wide range of
frequency is an important research issue.

Impedance mismatching occurs when the input resistance
and reactance of the rectifier do not equal to that of the
antenna. In this context, the antenna is not able to deliver
all the harvested power to the rectifier. Thus, impedance
variations (e.g., introduced by on-body antennas) can
severely degrade the energy conversion efficiency. There

improving the sensitivity of RF energy harvesting circuit
is crucial.

For RF-powered devices, as the transmit power is typical
low, multiple antennas can be adopted to improve the
transmission efficiency. However, larger power consump-
tion comes along when the number of antennas increases.
Thus, there exists a tradeoff between the transmission ef-
ficiency and power consumption. The scheme to optimize
this tradeoff needs to be developed. This issue becomes
more complicated in a dynamic environment, e.g., with
varying energy harvesting rate.

As RF-powered devices typically have a strict operation
power constraint, it is not practical to support high
computation algorithms. Any schemes, such as modula-
tion and coding, receiver operation policy and routing
protocol, to be adopted need to be energy-efficient and
low-power. Hence, power consumption is always a seri-
ous concern in RF-powered devices, which may require
the re-design of existing schemes and algorithms for
conventional networks.

X. CONCLUSION

is a need to develop circuit design techniques that au-we have presented a comprehensive survey on RF energy
tomatically tune the parameters to minimize impedan¢girvesting networks (RF-EHNS). Firstly, we have providad a

mismatch.

overview of RF-EHNSs with the focus on architecture, enaplin

The RF-to-DC conversion efficiency depends on thechniques and existing applications. Then, we have redew
density of harvested RF power. Improving the RF-tathe background in circuit design and state-of-the-artuiirg
DC conversion efficiency at low harvested power inpuimplementations. Afterwards, we have surveyed variouigdes

is important. Moreover, realizing a high-efficient lowissues related to resource allocation in RF-EHNs, and the up
power DC-to-DC converter, which converts a source @b-date solutions. Finally, we have discussed on the future
DC from a voltage level to another, would be anothefirections and practical challenges in RF energy harvgstin
effort to achieve highly efficient RF energy harvesting. techniques.

« RF energy harvesting components need to be small
enough to be embedded in low-power devices. For exam-
ple, the size of an RF-powered sensor should be smallﬁr]
than or comparable to that of a battery-power sensor. As
introduced above, an RF energy harvesting component
may rqu_'re an 'ndEpendem. antenna, mat(?hmg netwom] ambient RF energy harvesting wireless sensor network&taceedings
and rectifier. The antenna size has a crucial impact on of IEEE SensogsKona, HI, November 2010.
an energy harvesting rate. Additionally, high voltage at3l X. Zhang, H. Jiang, L. Zhang, C. Zhang, Z. Wang, and X. CH#m
h tout of a rectifier requires verv high impedance energy-efficient ASIC for wireless body sensor networks indioal
the outpu ) ) a - y hig P applications,”IEEE Transactions on Biomedical Circuits and Systems
loads (e.g., 5M), which is a function of the length vol. 4, no. 1, pp. 11-18, Feb. 2010.
of the impedance. Thus, it is challenging to reduce thé&! http://iwww.wirelesspowerconsortium.com/

. . . . LS . Liu, “Maximizing efficiency of
size of embedded devices while maintaining high energ

harvesting efficiency.
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