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ABSTRACT

Energy harvesting for wireless communica-
tion networks is a new paradigm that allows ter-
minals to recharge their batteries from external
energy sources in the surrounding environment.
A promising energy harvesting technology is
wireless power transfer where terminals harvest
energy from electromagnetic radiation. Thereby,
the energy may be harvested opportunistically
from ambient electromagnetic sources or from
sources that intentionally transmit electromag-
netic energy for energy harvesting purposes. A
particularly interesting and challenging scenario
arises when sources perform simultaneous wire-
less information and power transfer (SWIPT), as
strong signals not only increase power transfer
but also interference. This article provides an
overview of SWIPT systems with a particular
focus on the hardware realization of rectenna
circuits and practical techniques that achieve
SWIPT in the domains of time, power, antennas,
and space. The article also discusses the benefits
of a potential integration of SWIPT technologies
in modern communication networks in the con-
text of resource allocation and cooperative cog-
nitive radio networks.

INTRODUCTION

Recently, there has been a lot of interest in inte-
grating energy harvesting technologies into com-
munication networks. Several studies have
considered conventional renewable energy
resources, such as solar and wind, and have
investigated optimal resource allocation tech-
niques for different objective functions and
topologies. However, the intermittent and unpre-
dictable nature of these energy sources makes
energy harvesting critical for applications where
quality of service (QoS) is of paramount impor-
tance, and most conventional harvesting tech-
nologies are only applicable in certain
environments. An energy harvesting technology

that overcomes the above limitations is wireless
power transfer (WPT), where the nodes charge
their batteries from electromagnetic radiation.
In WPT, green energy can be harvested from
either ambient signals opportunistically or a ded-
icated source in a fully controlled manner; in the
latter case, green energy transfer can take place
from more powerful nodes (e.g., base stations)
that exploit conventional forms of renewable
energy.

Initial efforts on WPT have focused on long-
distance and high-power applications. However,
both the low efficiency of the transmission pro-
cess and health concerns with such high-power
applications prevented their further develop-
ment. Therefore, most recent WPT research has
focused on near-field energy transmission
through inductive coupling (e.g., used for charg-
ing cell phones, medical implants, and electrical
vehicles). In addition, recent advances in silicon
technology have significantly reduced the energy
demand of simple wireless devices. WPT is an
innovative technology and attracts the interest
from both academia and industry; some com-
mercial WPT products already exist (e.g., [1]),
and several experimental results for different
WPT scenarios are reported in the literature [2].
With sensors and wireless transceivers getting
ever smaller and more energy-efficient, we envi-
sion that radio waves will not only become a
major source of energy for operating these
devices, but their information and energy trans-
mission aspects will also be unified. Simultane-
ous wireless information and power transfer
(SWIPT) can result in significant gains in terms
of spectral efficiency, time delay, energy con-
sumption, and interference management by
superposing information and power transfer. For
example, wireless implants can be charged and
calibrated concurrently with the same signal, and
wireless sensor nodes can be charged with the
control signals they receive from the access
point. In the era of the Internet of Things,
SWIPT technologies can be of fundamental
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importance for energy supply to and information
exchange with numerous ultra-low-power sen-
sors, which support heterogeneous sensing appli-
cations. Also, future cellular systems with small
cells, massive multiple-input multiple-output
(MIMO), and millimeter-wave technologies will
overcome current path loss effects; in this case,
SWIPT could be integrated as an efficient way
to jointly support high throughput and energy
sustainability.

In this article, we give an overview of the
SWIPT technology, and discuss recent advances
and future research challenges. More specifical-
ly, we explain the rectifying antenna (rectenna)
circuit, which converts microwave energy into
direct current (DC) electricity and is an essential
block for the implementation of WPT/SWIPT
technology. Due to practical limitations, SWIPT
requires the splitting of the received signal into
two orthogonal parts. Recent SWIPT techniques
that separate the received signal in the domains
of time, power, antenna, and space are present-
ed. On the other hand, SWIPT entails funda-
mental modifications for the operation of a
communication system, and motivates new appli-
cations and services. From this perspective, we
discuss the impact of SWIPT on the radio
resource allocation problem as well as sophisti-
cated cognitive radio (CR) scenarios that enable
information and energy cooperation between
primary and secondary networks.

WPT MoDULE COMPONENTS

Exchanging electromagnetic power wirelessly can

be classified into three distinct cases:

e Near field power transfer employing induc-
tive, capacitive, or resonant coupling that
can transfer power in the range of tenths of
Watts, over short distances of up to one
meter (sub-wavelength)

e Far field directive power beaming, requiring
directive antennas, that can transfer power
in the range of several milliWatts at dis-
tances of up to several meters in indoor
and outdoor environments

e Far field, low-power, ambient RF power
scavenging involving receivers that oppor-
tunistically scavenge the power transmitted
from public random transmitters (cell
phone base stations, TV broadcasting sta-
tions) for communication with their peer
nodes

For this last case the collected power is in the
range of several microWatts, and the communi-
cation range can be up to several kilometers
assuming there is adequate power density. While
there are several applications related to near
field wireless charging, such as wireless charging
of electric cars, cell phones, or other handheld
devices, the main focus of this article is on far
field WPT, which involves the use of antennas
communicating in the far field.

WIRELESS POWER RECEIVER MODULE

A wireless power scavenger or receiver consists
of the following components: a receiver antenna
or antenna array, a matching network, a radio
frequency to direct current (RF-DC) converter
or rectifier, a power management unit (PMU),
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Figure 1. Block diagram of a typical power scavenging module powering a

communication transceiver.

and the energy storage unit [3]. Upon the suc-
cessful charging of the energy storage unit, the
storage unit, usually a rechargeable battery or a
super capacitor, will provide power to the cen-
tral processing unit (CPU), the sensors, and the
low duty cycle communication transceiver. The
schematic of this module is presented in Fig. 1,
and a successful implementation of a WPT sys-
tem that scavenges ambient power 6.3 km away
from a Tokyo TV tower is shown in Fig. 2.

CONDITIONS FOR EFFICIENT WPT

Based on the Friis free space equation, the
received RF power at the terminals of the anten-
na depends on the available power density and
the antennas’ effective area A, = (A2GR)/(4n)
and is given by

PrGr

2
Pgr=cos” ¢ ,
4nR* ¢

M

where Py and Pgi are the transmitted and
received power, respectively, Gy and G are the
transmitter and receiver gains (functions of the
spatial variables), respectively, A denotes the
wavelength, and cos ¢ is the polarization loss
factor, which accounts for the misalignment
(angle ¢) of the received electric intensity vector
E and the receiver antenna linear polarization
vector. From Eq. 1 we can deduce that in order
to ensure maximum received power, the receiver
antenna needs to have high gain, has to be
directed toward the transmitter (maximum direc-
tivity direction), and must be aligned with the
received E-field (¢ = 0). However, these condi-
tions cannot be ensured in practice. For exam-
ple, in a Rayleigh multipath propagation
environment the received signal has random
polarization. Consequently, the optimum polar-
ization for a receiver antenna is dual, linear,
orthogonal polarization because it ensures the
reception of the maximum average power
regardless of the received signal’s polarization. If
the maximum gain direction cannot be guaran-
teed, omnidirectional antennas are preferred
instead. The Friis equation is frequency-depen-
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Figure 2. Field measurement in downtown Tokyo, Japan, with prototype
device [4] harvesting wireless energy from multicarrier wireless digital TV
signals broadcasted from atop the Tokyo TV tower 6:3 km away.

dent and applicable to narrowband signals. The
total received power is calculated by integrating
the received power Py over frequency; therefore,
a broadband antenna will receive more power
than a narrowband one. As a result, wideband
antennas or multi-band antennas are preferred.
The RF-to-DC converter or rectifier is proba-
bly the most critical component of a WPT mod-
ule, and its design is the most challenging task
[5]. A rectifier consists of at least one nonlinear
device. Most rectennas (antenna and rectifier co-
design) reported in the literature consist of only
one diode. Ideally, the conversion efficiency of a
rectifying circuit with a single nonlinear device
can reach up to 100 percent. Unfortunately, this
can only happen for specific values of Pgr and
Rpc, where Prp denotes the level of the RF
power input at the rectifier, and Rp¢ is the deliv-
ered load. In more detail, the rectenna structure
consists of a single shunt full-wave rectifying cir-
cuit with one diode, a A/4 distributed line, and a
capacitor to reduce the loss in the diode.
Depending on the requirements, more compli-
cated and sophisticated rectifier topologies can
be used which are based on the well-known
Dickson charge pump that can provide both rec-
tification and impedance transformation. Typi-
cally, Schottky diodes are used as the nonlinear
devices because they have low forward voltage
drop and allow very fast switching action, fea-
tures useful for rectifiers. Low forward voltage
drop is needed because the received power is
rather small, and fast switching action is needed
to follow the relatively high RF frequency of the
received signal. Alternatively, it is possible to use
complementary metal oxide semiconductor
(CMOS) transistors or other transistors as the
nonlinear rectifying elements, especially when
integrated solutions are preferred. The major
problem with RF-to-DC converters is that their
efficiency, defined as ng = Prp/(Vpc?*/Rpc),
depends on Pgp, Rpc, and the DC voltage, Vi,
across the load. Generally, the higher the inci-
dent RF power, the higher the efficiency. For
low power levels, efficiency can even drop to
zero because the diodes’ forward voltage drop is
too high. This is why the reported high efficien-

cies cannot be seen in actual RF scavenging sce-
narios. As an example, the ambient power densi-
ty measured 6.5 km away from the Tokyo TV
tower was approximately 1 wWW/cm? and the
received power was about 50 uW, whereas high
efficiency rectifiers require input powers between
0.5-5 mW, 10 to 100 times higher. As a result,
the measured efficiency was rather small.

The final stage of the WPT module is the
power management unit (PMU), which is
responsible for maintaining the optimum load at
the terminals of the rectifier despite the chang-
ing received RF power levels, and at the same
time ensures the charging of the energy storage
unit without additional loss.

TECHNIQUES FOR SWIPT

Early information theoretical studies on SWIPT
have assumed that the same signal can convey
both energy and information without losses,
revealing a fundamental trade-off between infor-
mation and power transfer [10]. However, this
simultaneous transfer is not possible in practice,
as the energy harvesting operation performed in
the RF domain destroys the information con-
tent. To practically achieve SWIPT, the received
signal has to be split in two distinct parts, one
for energy harvesting and one for information
decoding. In the following, the techniques that
have been proposed to achieve this signal split-
ting in different domains (time, power, antenna,
space) are discussed.

TIME SWITCHING

If time switching (TS) is employed, the receiver
switches in time between information decoding
and energy harvesting [6]. In this case, signal
splitting is performed in the time domain, and
thus the entire signal received in one time slot is
used either for information decoding or power
transfer (Fig. 3a). The TS technique allows for a
simple hardware implementation at the receiver
but requires accurate time synchronization and
information/energy scheduling.

POWER SPLITTING

The power splitting (PS) technique achieves
SWIPT by splitting the received signal into two
streams of different power levels using a PS com-
ponent; one signal stream is sent to the rectenna
circuit for energy harvesting, and the other is
converted to baseband for information decoding
(Fig. 3b) [6]. The PS technique entails higher
receiver complexity compared to TS and requires
the optimization of the PS factor o; however, it
achieves instantaneous SWIPT, as the signal
received in one time slot is used for both infor-
mation decoding and power transfer. Therefore,
it is more suitable for applications with critical
information/energy or delay constraints and clos-
er to the information theoretical optimum.

ANTENNA SWITCHING

Typically, antenna arrays are used to generate
DC power for reliable device operation. Inspired
by this approach, the antenna switching (AS)
technique dynamically switches each antenna
element between decoding/rectifying to achieve
SWIPT in the antenna domain (Fig. 3c). In the
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AS scheme, the receiving antennas are divided
into two groups where one group is used for
information decoding and the other group for
energy harvesting [6]. The AS technique requires
the solution of an optimization problem in each
communication frame in order to decide the
optimal assignment of the antenna elements for
information decoding and energy harvesting. For
a MIMO decode-and-forward (DF) relay chan-
nel, where the relay node uses the harvested
energy in order to retransmit the received signal,
the optimization problem was formulated as a
knapsack problem and solved using dynamic
programming in [7].

Because optimal AS suffers from high com-
plexity, low-complexity AS mechanisms have
been devised that use the principles of general-
ized selection combining (GSC) [7]. The key
idea of GSC-AS is to use L out of Ny antennas
with the strongest channel paths for either ener-
gy (GSCE technique) or information (GSCI
technique) and the rest for the other operation.

SPATIAL SWITCHING

The spatial switching (SS) technique can be
applied in MIMO configurations and achieves
SWIPT in the spatial domain by exploiting the
multiple degrees of freedom (DoFs) of the inter-
ference channel [8]. Based on the singular value
decomposition (SVD) of the MIMO channel,
the communication link is transformed into par-
allel eigenchannels that can convey either infor-
mation or energy (Fig. 3d). At the output of
each eigenchannel there is a switch that drives
the channel output to either the conventional
decoding circuit or the rectification circuit.
Eigenchannel assignment and power allocation
in different eigenchannels is a difficult nonlinear
combinatorial optimization problem; in [8] an
optimal polynomial complexity algorithm has
been proposed for the special case of unlimited
maximum power per eigenchannel.

Numerical Example — The performance of the
discussed SWIPT techniques is illustrated in Fig.
4 for the MIMO relay channel introduced earli-
er, assuming a normalized block fading Rayleigh.
In the considered setup, a single-antenna source
communicates with a single-antenna destination
through a battery-free MIMO relay node, which
uses harvested energy in order to power the
relaying transmission. We assume that the source
transmits with power P and spectral efficiency r
= 2 b/channel use (BPCU); the relay node has
global channel knowledge, which enables beam-
forming for the relaying link. An outage event
occurs when the destination is not able to decode
the transmitted signal, and the performance met-
ric is the outage probability. The first observa-
tion is that GSCI outperforms GSCE scheme for
L = 1and L = 2, respectively. This result shows
that diversity gain becomes more important than
energy harvesting due to the high RF-to-DC
efficiency 1. In addition, the GSCI scheme with
L =1 is the optimal GSC-based strategy and
achieves a diversity gain equal to two. It can also
be seen that the PS scheme outperforms the AS
scheme with a gain of 2.5 dB for high P, while
the TS scheme provides poor performance due
to the required time division.
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Figure 3. SWIPT transmission techniques in different domains: a) time;

b) power; c) antenna; d) space.

RESOURCE ALLOCATION FOR
SYSTEMS WITH SWIPT

This section discusses the benefits of employing
SWIPT on resource allocation applications. Util-
ity-based resource allocation algorithm design
has been heavily studied in the literature [9] for
optimizing the utilization of limited resources in
the physical layer such as energy, bandwidth,
time, and space in multiuser systems. In addition
to the conventional QoS requirements such as
throughput, reliability, energy efficiency, fair-
ness, and delay, the efficient transfer of energy
plays an important role as a new QoS require-
ment for SWIPT [10, 11]. Resource allocation
algorithm design for SWIPT systems includes
the following aspects:

Joint power control and user scheduling: The
RF signal acts as a dual-purpose carrier for con-
veying information and energy to the receivers
simultaneously. However, the wide dynamic
range of the power sensitivity for energy harvest-
ing (-10 dBm) and information decoding (-60
dBm) is an obstacle to realizing SWIPT. As a
result, joint power control and user scheduling is
a key aspect for facilitating SWIPT in practice.
For instance, idle users experiencing high chan-
nel gains can be scheduled for power transfer to
extend the lifetime of the communication net-
work. Besides, opportunistic power control can
be used to exploit the channel fading for
improved energy and information transfer effi-
ciency [10-12]. Figure 5 depicts an example of
power control in SWIPT systems. We show the
average system capacity vs. the average total har-
vested energy in a downlink system. In particu-
lar, a transmitter equipped with Ny antennas is
serving one single-antenna information receiver
and K single-antenna energy harvesting receivers.
As can be observed, with optimal power control,
the trade-off region of the system capacity and
the harvested energy increases significantly with
Nrt. Besides, the average harvested energy
improves with the number of energy harvesting
receivers.

Energy and information scheduling: For pas-
sive receivers such as small sensor nodes, uplink
data transmission is only possible after the
receivers have harvested a sufficient amount of
energy from the RF in the downlink. The physi-
cal constraint on the energy usage motivates a
“harvest-then-transmit” design. Allocating more

IEEE Communications Magazine * November 2014

107




100

101

Outage probability
T T TTTTTIT

1073

—#-GSCI L
——GSCE L
——GSCI L
~¥-GSCE L
—>—PS
—+—AS

TS

1l 1]
[T

1
-
T TTTT

Il
N

o
wv
=
o

1
15 20 25 30 85 40 45 50
P [dB]

Figure 4. Outage probability versus P for GSCI, GSCE, PS, AS and TS; the
simulation setup is 7y = 2 BPCU, N7 = 3 antennas, L = {1, 2} and RF-to-
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time for energy harvesting in the downlink leads
to a higher amount of harvested energy, which
can then be used in the uplink. However, this
also implies that there is less time for uplink
transmission which may result in a lower trans-
mission data rate. Thus, by varying the amounts
of time allocated for energy harvesting and
information transmission, the system throughput
can be optimized.

Interference management: In traditional com-
munication networks, co-channel interference is
recognized as one of the major factors that limits
the system performance and is suppressed or
avoided via resource allocation. However, in
SWIPT systems, the receivers may embrace
strong interference since it can act as a vital
source of energy. In fact, injecting artificial inter-
ference into the communication network may be
beneficial for the overall system performance,
especially when the receivers do not have enough
energy for supporting their normal operations,
since in this case, information decoding becomes
less important compared to energy harvesting.
Besides, by exploiting interference alignment
and/or interference coordination, a “wireless
charging zone” can be created by concentrating
and gathering multicell interference in certain
locations.

JOINT INFORMATION AND ENERGY
COOPERATION IN CR NETWORKS

SWIPT also opens up new opportunities for
cooperative communications. We present one
example where SWIPT improves the traditional
system design of cooperative CR networks
(CCRNs). CCRNs are a new paradigm for
improving spectrum sharing by having the prima-
ry and secondary systems actively seek opportu-
nities to cooperate with each other [13, 14]. The

secondary transmitter (ST) helps relay the traffic
of the primary transmitter (PT) to the primary
user (PU), and in return can utilize the primary
spectrum to serve its own secondary user (SU).
However, to enable this cooperation, the ST
should both possess a good channel link to the
primary system and have sufficient transmit
power. While the former can be achieved by
proper placement, the latter requirement cannot
be easily met especially when the ST is a low-
power relay node rather than a powerful base
station (BS), which renders this cooperation
unmeaningful.

SWIPT may provide a promising solution to
address this challenge by encouraging the coop-
eration between the primary and secondary sys-
tems at both the information and energy levels
[15]. That is, the PT will transmit both informa-
tion and energy to the ST; in exchange, the low-
power ST relays the primary information.
Compared to the traditional CCRN, this
approach creates more incentives for both sys-
tems to cooperate and therefore improves the
system overall spectrum efficiency without rely-
ing on external energy sources.

We illustrate the performance gain by study-
ing a joint information and energy cooperation
scheme using the amplify-and-forward protocol
and the power splitting technique. Two channel
phases are required to complete the communica-
tion. In phase I, the PT broadcasts its data and
both the ST and the PU listen. The ST then
splits the received RF signal into two parts: one
for information processing then forwarding to
the PU, and the other for harvesting energy,
with relative power ratio of o and 1 — o, respec-
tively. In phase II, the ST superimposes the pro-
cessed primary data with its own precoded data,
then transmits it to both the PU and the SU.
The ST jointly optimizes power allocation factor
o and the precoding vectors to the PU and SU
to achieve the maximum rates.

In Fig. 6, we show the achievable rate region
of the proposed information and energy cooper-
ation schemes, and compare it with the conven-
tional information cooperation only scheme [14].
We consider a scenario where the distances from
the ST to all the other terminals are 1 m, while
the distance from the PT to the PU is 2 m, and
thus assistance from the ST is usually preferred
by the PT. We assume that the ST has four trans-
mit antennas and all other terminals have a sin-
gle antenna. The primary energy is set to 20 dB,
while the available secondary energy is 10 dB.
The path loss exponent is 3.5, and the K factor
for the Rician channel model is set to 5 dB. The
RF-to-DC efficiency is equal ton = 0.1, 0.5, and
1. It is seen that the achievable rate regions are
greatly enlarged thanks to the extra energy coop-
eration even with RF-to-DC efficiencies as low
asmn = 0.1. When the required PU rate is 2
b/s/Hz, the SU can double or triple its rate com-
pared to the case without energy cooperation as
1 varies from 0.1 to 1. When the SU rate is 1.5
b/s/Hz, the PU enjoys a 75 percent higher data
rate when n = 1. The proposed additional ener-
gy cooperation clearly introduces a substantial
performance gain over the existing information
cooperation only CR scheme, and could be a
promising solution for future CCRNs.
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CONCLUSION AND FUTURE WORK

This survey provides an overview of SWIPT
technology. Different SWIPT techniques that
split the received signal in orthogonal compo-
nents have been discussed. We have shown that
SWIPT introduces fundamental changes in the
resource allocation problem and influences basic
operations such as scheduling, power control,
and interference management. Finally, a sophis-
ticated CR network that enables information/
energy cooperation between primary and sec-
ondary systems has been discussed as an exam-
ple of new SWIPT applications. SWIPT imposes
many interesting and challenging new research
problems and will be a key technology for the
next-generation communication systems. In the
following, we discuss some of the research chal-
lenges and potential solutions.

Path loss: The efficiency of SWIPT is expect-
ed to be unsatisfactory for long-distance trans-
mission unless advanced resource allocation and
antenna technology can be combined. Two possi-
ble approaches to overcome this problem include
the use of massive MIMO and coordinated mul-
tipoint systems. The former increase the DoF
offered to harvest energy and create highly
directive energy/information beams steered
toward the receivers. The latter provides spatial
diversity for combating path loss by reducing the
distance between transmitters and receivers.
Besides, the distributed transmitters may be
equipped with traditional energy harvesters (e.g.,
solar panels) and exchange their harvested ener-
gy over a power grid to overcome potential ener-
gy harvesting imbalances in the network.

Communication and energy security: Trans-
mitters can increase the energy of the informa-
tion carrying signal to facilitate energy harvesting
at the receivers. However, this may also increase
their susceptibility to eavesdropping due to the
broadcast nature of wireless channels. On the
other hand, receivers requiring power transfer
may take advantage of the transmitter by falsify-
ing their reported channel state information.
Therefore, new QoS concerns regarding commu-
nication and energy security naturally arise in
SWIPT systems.

Hardware development: Despite the wealth
of theoretical techniques for SWIPT, so far,
hardware implementations have mostly been
limited to WPT systems that opportunistically
harvest ambient energy. Thus, the development
of SWIPT circuits is fundamental to investigate
the trade-off between SWIPT techniques occur-
ring due to inefficiencies of different circuit
modules. For example, the TS technique is theo-
retically less efficient than PS, but the latter suf-
fers from power splitting losses that are not
accounted for in theoretical studies.

Applications: SWIPT technology has promis-
ing applications in several areas that can benefit
from ultra-low-power sensing devices. Potential
applications include structure monitoring by
embedding sensors in buildings, bridges, roads,
and so on; healthcare monitoring using
implantable bio-medical sensors; and building
automation through smart sensors that monitor
and control different building processes. Howev-
er, for successful realization of such SWIPT
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applications, several challenges must be over-
come at various layers from hardware implemen-
tation over protocol development to architectural
design.
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