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AbstrAct
Current wireless and cellular networks are des-

tined to undergo a significant change in the transition 
to the next generation of network technology. The 
so called wireless powered communication network 
(WPCN) has been recently emerging as a promising 
candidate for achieving the target performance of 
future networks. According to this paradigm, nodes 
in a WPCN can be equipped with hardware capa-
ble of harvesting energy from wireless signals, that is, 
their battery can be ubiquitously replenished without 
physical connections. Recent technological advances 
in the field of wireless power harvesting and trans-
fer are providing strong evidence of the feasibility 
of this vision, especially for low-power devices. The 
future deployment of WPCN is more and more con-
cretely foreseen. The aim of this article is therefore to 
provide a comprehensive review of the basics and 
backgrounds of WPCN, current major developments, 
and open research issues. In particular, we first give 
an overview of WPCN and its structure. We then 
present three major advanced approaches whose 
adoption could increase the performance of future 
WPCN: backscatter communications with energy 
harvesting; duty-cycle based energy management; 
and transceiver design for self-sustainable communi-
cations. We discuss implementation perspectives and 
tools for WPCN. Finally, we outline open research 
problems for WPCN.

IntroductIon
One of the most critical challenges in view of the 
fifth generation (5G) network technology is the 
identification of solutions to increase the energy 
efficiency of wireless communication networks. 
The economic and ecological sustainability of 5G 
networks will strongly depend on this aspect. Sim-
ilar considerations can be made for end users/
devices. In fact, a common belief nowadays is that 
future consumer electronics will have to be able to 
deliver much higher energy efficiency compared 
to their present counterparts. Two very ambitious 
target performances have been set for the next 
generation of cellular networks. First, overall ener-
gy consumption of future 5G network shall not 
exceed 10 percent of the current usage. Second, 
much longer battery life for mobile devices, that 
is, at least three days for a smartphone, and up to 
15 years for a low-cost machine type communi-

cations (MTC) device, is expected [1]. Significant 
technological steps will have to be taken in the 
near future for this goal to become a reality.

Several candidate solutions have been pro-
posed lately to meet the aforementioned goals. 
Technologies based on radio frequency (RF) 
energy harvesting and transfer have recently 
been gaining momentum [2]. By means of these 
approaches, future wireless devices would have 
the capability of harvesting energy from signals 
emitted either by ambient or dedicated sources. 
This makes it possible to envision the deployment 
of wireless powered communication networks 
(WPCN) populated by nodes that can replen-
ish their battery without physical connections or 
operate in a battery-less fashion.

Wireless energy harvesting presents some 
peculiarities compared to other forms of ambi-
ent energy harvesting, e.g., wind, solar, and vibra-
tion. Unlike the latter approaches, the efficiency 
of wireless energy harvesting/transfer depends 
not only on the intermittency and randomness 
of the available energy, but also on the relative 
distances between the sources and the harvest-
ers. The placement and density of power sources 
or the mobility of the harvesting nodes become 
significant architectural issues for such networks. 
Novel visions and research challenges related to 
the design, analysis, and optimization of architec-
tures and protocols arise [3]. Thus, many schemes 
and solutions developed for traditional wireless 
communication networks with or without other 
forms of energy harvesting will have to be revisit-
ed to make them suitable for WPCN.

The goal of this article is to start from these 
observations and highlight prominent research 
directions for WPCN. We first provide a general 
overview of WPCN by introducing the three main 
types of wireless energy transfer techniques, and 
outlining potential application scenarios, architec-
ture, and standards for WPCN in the next section. 
We then illustrate three advanced approaches 
and discuss general implementation perspec-
tives for validating algorithmic solutions with off-
the-shelf components and designing RF energy 
transfer and harvesting systems. First we consider 
a promising approach for smart energy (re)use 
realizing power-efficient networks populated by 
battery-less devices known as backscatter commu-
nication with energy harvesting. In such WPCN, 
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ACCEPTED FROM OPEN CALL the battery-less nodes would be able to transmit 
data with certain quality of service (QoS) require-
ments, all the while harvesting the necessary ener-
gy from the environment. We assess the merit 
of this approach by discussing the impact of its 
adoption on the operations of a practically rele-
vant use case for future wireless networks, that is, 
wireless body area networks (WBANs). However, 
efficient energy usage is not the only crucial task 
when operating a WPCN. In particular, optimal 
energy management plays a fundamental role 
to guarantee the lifetime of networks populat-
ed by low-power devices, for example, Internet 
of Things (IoT) and sensor networks. In this con-
text, energy management mechanisms for WPCN 
based on duty-cycles are considered among the 
most promising solutions. For this reason, we 
discuss system architecture and implementation 
details of such an approach, when adopted in IoT 
and sensors networks. Subsequently, we switch 
our focus to the impact of an appropriate trans-
ceiver and algorithm design on energy transfer 
efficiency and energy consumption of wireless 
nodes in WPCN. More precisely, we first illustrate 
the concept of self-sustainable communications 
and then discuss how an appropriate transceiver 
could pave the way toward their realization. We 
then give an overview of the solutions currently 
available in the market for an implementation of 
RF energy transfer and harvesting systems. Finally, 
we outline major open research problems and 
directions for future WPCN.

FundAmentAls And ArchItecture oF WIreless 
PoWered communIcAtIon netWorks

The deployment of WPCN can yield advantages 
in many applications and use-cases. The major 
benefits certainly come from the user-friend-
liness that battery charging operations have in 
WPCN, as they can occur without physical cable 
connections. This could significantly simplify the 
charging, servicing and maintenance of many bat-
tery-powered devices deployed in current and 
future networks, especially those that are not eas-
ily accessible without resorting to expensive and 
invasive procedures, for example, body-implanted 
sensors. In this context, battery-less devices could 
be envisioned for future applications such as IoT 
or, more generally, Internet of Everything (IoE). 
On the one hand, this would allow a form factor 
reduction of the end devices. On the other hand, 
it would increase both their durability and reliabili-
ty thanks to their contact-free design.

WIreless energy hArvestIng technologIes
WPCNs enjoy a remarkable level of flexibility in 
terms of energy provisioning approaches. In prac-
tice, the following three major wireless energy har-
vesting and transfer techniques can be adopted to 
supply energy to an end device in WPCN [4].

RF Energy Transfer: This technique is realized 
by means of the radiative propagation of the wave 
in the far-field region. It allows an effective reach 
ranging from several meters to some kilometers. 
As such, it is suitable in the context of WPCN for 
powering low-power devices not located in close 
proximity to the transmitter, for example, wireless 
body and wireless sensor networks. Its efficiency 
ranges from around 0.4 percent to over 70 per-

cent for input power varying between –40 dBm 
and –5 dBm, respectively.

Inductive Coupling: This technique is based 
on magnetic field induction and can be used for 
transferring electrical energy to distances rang-
ing from a few millimeters to a few centimeters. 
The energy transmitter and receiver have their 
own coils. The transmit coil generates a magnetic 
field across the receive coil, thus inducing voltage 
and current at the receiver. The efficiency of this 
near-field energy transfer depends on the wave 
frequency. Quantitatively, it ranges from around 
6 percent to around 90 percent for a frequen-
cies between 10 kHz and 30 MHz. This makes it 
particularly suitable for cell phone charging, con-
tact-less smart cards and passive RFID cards.

Magnetic Resonant Coupling: This technique 
is based on evanescent wave coupling. Herein, 
the near-field energy transfer is performed by 
making two separate coils resonate at the same 
frequency. As a result, the two coils are strongly 
coupled. Magnetic resonant coupling achieves 
transfer efficiency ranging from 30 percent to 
around 90 percent for distances between the 
transmitter and the receiver between 0.75 m and 
2.25 m. This makes it suitable for applications 
such as plug-in hybrid electric vehicles and cell 
phone charging.

This results in the two main types of wireless 
charging realizable by means of the aforemen-
tioned techniques: radiative (or RF based) and 
non-radiative (or coupling based) [5]. Non-radia-
tive wireless charging, that is, inductive and mag-
netic resonance coupling, which is near-field, is 
the most suitable solution for performing an ener-
gy transfer over short distances capable of deliv-
ering high power and larger energy conversion 
efficiency. In contrast, radiative wireless charging 
adopts electromagnetic waves from 3 KHz to 300 
GHz as a medium to deliver power and is thus 
suitable for long-distance transfers. It is divided 
into directive RF energy spatial multiplexing and 
non-directive RF power transfer. Due to the safety 
concerns posed by RF exposure, radiative wireless 
charging usually operates in a low power region. 
In this context, recent experiments highlighted 
the significant benefits brought by the presence 
of multiple antennas at the nodes populating a 
WPCN for increasing the performance of direc-
tive RF energy spatial multiplexing, similarly to 
what is observed for data transfer applications. 
Hence, this approach could be envisioned as a 
convenient solution for powering a large num-
ber of devices with low energy consumption, dis-
persed in a relatively wide area [4].

dIrectIons For netWork ArchItecture And stAndArd 
develoPment

The potential application scenarios and infrastruc-
tural implementations of WPCN are varied, as 
shown in Fig. 1. For example, the overall network 
can be infrastructure-based with base stations or 
access points providing connections to the nodes 
powered by wireless dedicated energy sources. 
Alternatively, the network can be infrastructure-less 
and populated by nodes that communicate with 
each other and receive energy without relying on 
an existing infrastructure, e.g., by means of device-
to-device (D2D) communications.

Recent efforts in the direction of standard-
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ization of interfaces and protocols for wireless 
energy transfer have led to the definition of stan-
dards and specifications of potential core tech-
nologies for future WPCN. Three main standards 
have been defined to date: Qi, the Power Mat-
ters Alliance (PMA), and the Alliance for Wireless 
Power (A4WP) [2]. Nevertheless, a major merger 
between PMA and A4WP occurred in 2015, and 
thus the difference between these two approach-
es will henceforth be only technological. Current 
standardization activities are focusing exclusively 
on the technologies that make it possible to real-
ize non-radiative transfers. This can be explained 
in two ways. First, wireless energy transfer solu-
tions for near-field applications will soon be tech-
nologically mature. Second, RF-based far-field 
transfer will not necessarily require a redefinition 
of communication standards and interfaces, but 
will likely reuse pre-existing data transfer oriented 
solutions. Therefore, standardization efforts in this 
direction may not be necessary at this stage. 

Switching our focus to the technical content of 
the proposed standards, Qi is based on inductive 
coupling and was first proposed by the Wireless 
Power Consortium (WPC), an open-membership 
cooperation of Asian, European, and American 
manufacturers aiming at creating a global standard 
for inductive charging technology. It operates at 
the frequencies of 110–205 kHz and 80–300 kHz 
and defines specifications for interoperable wire-
less power transfer and in-band data communica-
tion between a wireless charger and a chargeable 
device within the range of 4 cm. The adopted pro-
tocol enables a charger to adjust its power out-
put to meet the energy demand of a chargeable 
device and to interrupt the power transfer when 
the charging is done. Along similar lines, PMA is 
also based on inductive coupling and thus shares 
the same core technology as Qi. However, it 
operates at the frequencies of 277–357 kHz and 
further differs from Qi in terms of control power 

management and communication protocols, the 
latter aiming at implicitly creating a mesh of wire-
less charging points. Conversely, A4WP is based 
on magnetic resonant coupling and has been 
designed to be more flexible than its counterparts 
based on inductive coupling. More specifically, it 
neither needs precise alignment nor free-of-obsta-
cles line of sight links between transmit and receive 
coils. Technically, A4WP operates at the frequency 
of 6.78 MHz, whereas charging control operations 
are performed out-of-band on the 2.4 GHz Indus-
trial Scientific Medical (ISM) band. In general, it 
can support a degree of coil separation up to a 
few meters, enabling multiple-device charging and 
better transfer range through layers, e.g., materials 
such as books and clothes, and operate in the pres-
ence of other metallic objects.

AdvAnced APProAches And ImPlementAtIon 
PersPectIves For WIreless PoWered 

communIcAtIons netWorks
Architectural and standardization related aspects 
are certainly fundamental for the future develop-
ment and deployment of WPCN. Nevertheless, their 
importance is arguably overshadowed by the tech-
nological challenges that characterize transceiver 
operations and design in these scenarios. In fact, 
from a practical point of view, the effectiveness and 
feasibility of WPCN operations can be guaranteed 
only if a close-to-optimal interplay between energy 
supply and management is achieved. Ideally, such 
interplay should   be optimized at both the algorith-
mic and hardware levels. Research in this direction 
is still at a rather early stage, although several prom-
ising solutions have already been proposed. In the 
remainder of the section we will specifically focus 
on three approaches and discuss their potential to 
further push the state of the art of WPCN. The sec-
tion will be then concluded by a presentation of 

FIGURE 1. Examples of different WPCN implementations (infrastructure-based and infrastructure-less).

Infrastructure-based

Infrastructure-less

Dedicated energy
source

Dedicated energy
source

Information/energy
transmitter (IET)

Fixed/mobile
ambient

transceiver

Multi-antenna
relay (MAR)

IET information
transfer zone

MAR energy
transfer zone

IET energy
transfer zone

Architectural and 
standardization related 
aspects are certainly 
fundamental for the 
future development 
and deployment of 
WPCN. Nevertheless, 
their importance is 
arguably overshad-
owed by the techno-
logical challenges that 
characterize transceiver 
operations and design 
in these scenarios.

Authorized licensed use limited to: Sungkyunkwan University. Downloaded on March 08,2023 at 11:30:32 UTC from IEEE Xplore.  Restrictions apply. 



IEEE Wireless Communications • December 2017 91

general implementation perspectives for testing and 
developing solutions and algorithms for deploying 
5G-ready WPCN.

bAttery-less oPerAtIons In WPcn: 
bAckscAtter communIcAtIon WIth energy hArvestIng

Wireless communications for battery-less devic-
es becomes a crucial requirement for certain 
applications, especially in sensor networks. The 
device may not be equipped with a battery due 
to various reasons, e.g., size and operation envi-
ronment constraints of micro-sensors. Backscatter 
communication, which can be integrated with 
wireless energy harvesting, has been employed 
for battery-less operations of WPCNs. Backscatter 
communication is a technique that allows wire-
less nodes to communicate without requiring any 
active RF device [6]. In backscatter communica-
tions, there are two major components, i.e., reader 
and tag devices. The reader releases signals to the 
tag device and receives a backscattered signal. The 
tag device is able to use the signal from the read-
er to modulate data and reflect the signals back 
to the reader. The signal reflection is done by the 
intentional mismatch between the antenna and the 
load impedance at the tag device. In particular, the 
tag device employs a switch that varies the imped-
ance of the antenna. Data is modulated into the 
impedance variation, which causes a change in the 
amount of energy reflected by the antenna. The 
reader is able to detect this change and decode 
the data. Backscatter communication can be based 
on magnetic resonant coupling and electromagnet-
ic backscatter coupling techniques such as those 
used in radio-frequency identification (RFID).

Backscatter communication systems can be 
semi-passive or passive. In the semi-passive system, 
the tag device is equipped with an internal power 
source, e.g., a battery. With this energy supply, the 
tag device is more powerful and more reliable in 
data collection, processing, and transmission. Fur-
thermore, the response time is relatively short. In the 
passive system, the tag device relies on an external 
energy source, e.g., from a reader, to harvest energy 
for operations and data transmission. However, due 
to the energy harvesting process, the response time 
of the passive system is typically longer than that 
of the semi-passive system. The passive backscatter 
communication system is adopted in the batter-less 
WPCN. The system can use energy from a dedi-
cated and ambient source. For example, the exper-
iment in [7] shows that using signal from a WiFi 
access point, the tag device can transmit data at the 
rate of 20 kb/s with the distance between the tag 
and reader of 2.2 meters.

The major advantage of backscatter communi-
cation over traditional wireless energy harvesting 
is that the tag device requires much less energy 
to operate. Therefore, it is suitable for low-power 
and/or battery-less communication systems, one 
of which is a wireless body area network (WBAN) 
composed of small and micro bio sensors, e.g., 
a smart bandage. Figure 2 shows a backscat-
ter-based WBAN, composed of sensors, gateway, 
and charger. At the sensors, sensing devices gen-
erate data. The data is then packetized and clas-
sified as normal or important. For example, for 
the smart bandage application, the skin tempera-
ture measurement is normal data while the tissue 
damage detection is important data. The packet is 

stored in the data queue waiting for transmission 
through the resonant circuit to the gateway. The 
gateway or reader employs dedicated backscat-
ter communication by releasing the signal to the 
sensor, and the sensor modulates the data packet 
and reflects the signal back to the gateway.

Similar to other wireless energy harvesting set-
tings, both the energy and data transfer in a back-
scatter-based WBAN can be optimized. Various 
techniques, e.g., a Markov decision process, can 
be applied to find an optimal energy transfer and 
data transmission policy of the gateway that min-
imizes the cost defined in terms of the average 
packet delay. The optimization considers multi-
ple sensors with different types of data packets, 
depending on the applications. However, some 
parameters are unknown, and learning algorithms 
are needed to obtain the optimal policy.

oPtImAl energy mAnAgement: the role oF duty-cycles
It is anticipated that energy harvesting wireless 
communications will have the potential to find sev-
eral applications for IoT [4]. Their sporadic opera-
tions could be supported by the harvested energy 
as long as an appropriate energy management pro-
cedure can be provisioned. In fact, the amount of 
energy harvested at a sensor node tends to be ran-
dom, and hence it needs to be stored in a buffer to 
provide the required energy for the sporadic oper-
ation of the sensor, when necessary. Consequently, 
the randomness of RF energy supply can be over-
come. For example, appropriately stored energy 
can be used to support operations, such as active, 
receive, and transmit modes at the sensor node 
in a duty-cycle manner, while the sensor node is 
put into sleep mode when the stored energy goes 
below a threshold.

In reality, it is rather challenging to predict 
a temporal evolution of the stored energy over 
time, especially when wireless power transfer is 
performed in a duty-cycle manner to prevent the 
stored energy in a sensor node from being deplet-
ed (i.e., underflow). Toward this, a temporal evo-
lution model of the stored energy that governs 
the evolution of the stored energy over time is 
discussed in this section.

Consider an energy harvesting wireless com-
munications system, as shown in Fig. 3 [8]. The 
overall system configuration is composed of three 
separate circuit blocks and two evaluation mod-
ules, and can be used as a general reference 
structure to develop and optimize both hardware 

FIGURE 2. Backscatter-based wireless body area network.
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and software in real wireless communication envi-
ronments. The three circuit blocks are:
• A 2.4 GHz wireless power transmitter for long-

range/high-power RF energy harvesting.
• A long-range RF energy harvesting circuit and a 

signal source for short-range energy harvesting.
• A bio sensor, including a short-range RF energy 

harvesting circuit. 
The long-range/high-power testbed module oper-
ates in the 2.4 GHz ISM band for both energy 
harvesting and data communication, while the 
short-range/low-power testbed module operates 
at 915 MHz for energy harvesting and a 2.4 GHz 
for data communication.

Figure 4 shows a model for the IoT sensor 
node, which allows for a detailed circuit level 
characterization. In particular, the model aims 
at emulating the real implementation of an IoT 
sensor node equipped with three main hardware 
components, i.e., a wireless energy harvesting 
module, an energy storage module (e.g., superca-
pacitor), and a sensor module. First, the RF signal 
arrives at the wireless energy harvester. Second, 
its RF power is converted to direct current (DC) 
power through a rectifier, which is finally stored 
in the energy storage device. To characterize the 
temporal evolution of the stored energy, the non-
linear RF-to-DC conversion efficiency of the har-
vester and the leakage occurring at the energy 
storage device should be analyzed at the circuit 
level so as to capture the possible interactions 
among circuit parameters. After these steps, the 
load type resulting from different operating modes 
of the sensor module needs to be modeled to 
evaluate the power consumption of the load, for 
example, as a constant resistance load when the 
current increases linearly proportional to the volt-
age across the load or a constant current load 
irrespective of the voltage, if the node is in either 
idle or active, receive, and transmit modes [8].

Following the model in Fig. 4, the short-range/
low-power module in Fig. 3 can be set up in a test-
bed and all relevant parameters can be measured 
[8]. This can lead to a continuous-time stored energy 
evolution model that incorporates a sophisticated 
RF energy harvesting model with nonlinear ener-

gy harvesting efficiency and a sensor node power 
consumption model in different operating modes of 
the sensor node. The necessity of correctly model-
ing and characterizing the energy storage device is 
evident, especially when the wireless power transfer 
is performed by the source in a duty-cycle manner. 
The energy management procedure outlined in this 
section could prove very useful to achieve this goal, 
namely energy neutral operation, to prevent the 
stored energy in a sensor node from being deplet-
ed. In particular, it could serve as a reference tool 
for the performance analysis of energy-efficient and 
green IoT sensors, in turn facilitating their practical 
and theoretical modeling.

energy-hArvestIng AWAre trAnsceIver And AlgorIthm 
desIgn For selF-sustAInAble communIcAtIons

The large amount of wireless communication data 
occurring nowadays heavily affects the battery life-
time of devices. The adoption of harvesting technol-
ogies that can harness energy from different sources 
represents a promising method to address this issue. 
One of the major goals is to reduce the probabil-
ity of out-of-service events at the mobile device 
due to battery depletion. Many research efforts in 
this direction have been made in the last decade. 
Among the variety of proposed solutions, a notable 
set of approaches, that aims at realizing self-sustain-
able communications (sometimes also referred to 
as self-sustaining), has recently attracted significant 
attention. According to this approach, a system is 
labeled as self-sustainable if it can inherently harvest 
energy either from its operations or from the envi-
ronment to operate with no (or little) external power 
supply, for example, via batteries or wires. This is 
particularly desirable whenever an external power 
supply is not feasible and the use of batteries is not 
desired, due to the maintenance constraint typical-
ly associated to the latter. In general, the self-sus-
tainability of a system can be either full or partial, 
depending on the ratio of harnessed to consumed 
energy by the system itself. A well known example 
of partial/full self-sustainability is given by devices 
equipped with piezo elements that convert the 
kinetic energy from vibrations or shocks into elec-
trical energy, by means of the so-called piezoeletric 

FIGURE 3. Overall system configuration of energy harvesting wireless communications.
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effect. Using suitable electronics, this effect can be 
used for creating a self-sufficient energy supply sys-
tem. The attractiveness of self-sustainable systems 
is dual, regardless of their attained level of self-sus-
tainability. On the one hand, they yield a potential 
ecological benefit by allowing for a reduction of 
both the carbon footprint and the potential hazard-
ous waste that depleted batteries can cause. On the 
other hand, they may induce cuts in the operating 
expenditure of future networks.

Self-sustainable systems can harvest RF ener-
gy provided by a variety of different sources, as 
illustrated in Fig. 5. For the sake of convenience, 
these sources can be divided in two main catego-
ries, i.e., nonoptimizable and optimizable, based 
on their ability to respond to an external request.

Ambient sources either unintentional or inten-
tional are generally nonoptimizable. The main 
difference between these two types of ambient 
sources is given by the amount of energy they 
can deliver to the harvesting device, as shown in 
Fig. 5. Optimizable sources can generally trans-
fer a larger amount of energy than their non-
optimizable counterparts, thanks to the higher 
customizability of their physical and link layers. 
All anticipated energy sources belong to this cat-
egory, which clearly offers the largest degree of 
flexibility in terms of algorithm design for wireless 
communications researchers.

As a matter of fact, the notion of self-sus-
tainability has been linked to wireless commu-
nication systems only very recently, and mostly 
applied to wireless sensor network settings [9]. 
In this context, novel energy-harvesting systems, 
devices, topologies, and circuitries for designing 
zero-power self-sustainable stand-alone electron-
ics have been proposed by researchers from the 
communications, electronics and microwaves 
communities. However, wireless sensor networks 
are not the only suitable scenario for designing 
self-sustainable systems. The rapid technological 

advancements in terms of transceiver and algo-
rithm design for 5G networks may pave the way 
for the notion of self-sustainability to encompass 
a wider set of wireless communication networks, 
e.g., cellular, WiFi and ad hoc, just to name a few.

Several state-of-the-art solutions already propose 
algorithms and strategies to achieve partially or fully 
self-sustainable communications in such settings. 
Noteworthy examples are the transceiver designs 
and algorithms for realizing self-sustainable orthogo-
nal frequency division multiplexing (OFDM), full-du-
plex (FD) and opportunistic transmissions designed, 
as analyzed in [10–12]. Access points operating in 
the resulting WPCN would perform an energy trans-
fer in-band with respect to the legacy data transfer, 
de facto realizing what is commonly referred to as 

FIGURE 4. IoT sensor node model with wireless energy harvesting capability.
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simultaneous wireless information and power trans-
fer (SWIPT). According to this increasingly popu-
lar paradigm, future mobile devices are envisioned 
to be able to simultaneously decode information 
and harvest energy from the received RF signals, 
depending both on their quality of service require-
ments and energy demand. In this regard, it is worth 
noting that current implementations of SWIPT allow 
either decoding information or harvesting energy in 
an exclusive manner. In other words, the two opera-
tions cannot be performed at the same time on the 
same signal [4]. This problem can only be circum-
vented by state-of-the-art SWIPT receivers by adopt-
ing joint hardware and software solutions, such as 
the so-called power and time splitting paradigms 
[13]. Accordingly, the role of energy-aware energy 
harvesting transceiver and algorithm design will be 
pivotal to guarantee the effectiveness of the SWIPT, 
and novel solutions in this direction will have to be 
devised. As a result, future transceivers are expected 
to be characterized by rather heterogeneous circuit-
ries, comprising both passive and active elements, 
meant to harvest energy, according to the adopted 
splitting paradigm and energy-harvesting aware algo-
rithm, and decode the information carried by RF 
signals, respectively.

WIreless PoWered communIcAtIon netWork 
ImPlementAtIon PersPectIves And tools

As a matter of fact, most of the latest research 
efforts for developing solutions for WPCN have 
been performed at the academic level and devot-
ed to algorithmic aspects. However, restricting 
the focus only to the results of these efforts would 
outline a fairly incomplete scenario and certainly 
lead to wrong conclusions. In fact, research activ-
ities at the industrial level around RF energy trans-
fer and harvesting have been providing several 
interesting outputs as well in the last decade. In 
this context, a number of RF-based energy har-
vesting hardware solutions to perform and exploit 
radiative wireless charging have been developed. 
Interestingly, some of these solutions are already 
available in the market and can be used to deploy 
fully controllable WPCN testbeds. Thus, for the 
sake of completeness, this section will be con-
cluded by an exhaustive overview of WPCN 
implementation perspectives and tools, with spe-
cific focus on the major features of the aforemen-
tioned already available hardware solutions.

Powercast RF Energy Harvesting Hardware: 
One of the first and possibly most popular set 
of solutions proposed to commercialize wireless 
power based on RF energy has been designed 
by Powercast Corporation. Since 2003, this com-
pany has been developing ad-hoc products able 
to bring remote, wireless power capabilities to 
micro-power devices such as active RFID and real-
time locating system (RTLS) tags, wireless sensors, 
data loggers, and more. In practice, the compa-
ny’s RF energy harvesting technology enables 
remote wireless power transfer by increasing the 
efficiency of RF energy (radio wave) conversion 
into DC power and enabling that efficiency over 
a wide operating range. This RF-based technology 
for wireless transfer power applications address-
es existing and future markets by offering a full 
suite of leading-edge, Federal Communications 
Commission (FCC) approved products. With Pow-
ercast’s embedded wireless power technology, 

battery replacement can be reduced or eliminat-
ed by trickle charging rechargeable batteries or 
using super-capacitors and thin-film energy cells.

Powercasts’ products can generally be divided 
in two categories.

Powerharvesters Receivers: Chips that har-
vest directed or ambient RF energy and convert 
it to DC power for remotely recharging batteries 
or battery-free devices. For example, the P1110 
Powerharvester Receiver (short range, higher 
power), the P2110B Powerharvester Receiver 
(long range), PCC110 or PCC210 chipsets (for 
OEM volume applications).

Powercaster Transmitters: Devices that pro-
vide a reliable source of wireless energy to power 
over distance devices equipped with Powerhar-
vester receivers. For example, the two variants of 
the TX91501 transmitter, both equipped with an 
8 dBi internal antenna, can transmit a modulated 
signal at center frequency of 915 MHz, that is, 
compatible with popular IoT protocols such as 
LoRa®, with transmit power up to 1–3 W EIRP.

In addition, the company provides development 
kits and evaluation boards, as shown in Fig. 6, to 
enable simple and fast testing and prototyping 
with RF-based wireless power technology.

P2110-EVAL-01: Lifetime Power Energy Har-
vesting Development Kit for Wireless Sensors, 
jointly developed by Powercast and Microchip. It 
contains the TX91501 transmitter, the P2110-EVB, 
two antennas, an access point, and a wireless sen-
sor board to measure temperature, humidity and 
light. The communication frequency from the sen-
sor board to the access point is 2.4 GHz on the 
MiWi protocol. The kit is designed and configured 
for low-power operation; its firmware is pre-in-
stalled for out-of-the-box operation.

P1110-EVB and P2110-EVB: P1110 (and 
P21110) Powerharvester Evaluation Board.

P21XXCSR-EVB: P21XX Chipset Reference 
Design Evaluation Board.

P2110CSR-EVB: P2110 Chipset Reference 
Design Evaluation Board.

In general, all the listed tools and devices are 
conceived to be versatile and flexibly configured. 
As a consequence, they can be adopted for many 
WPCN applications and setups in both academic 
and industrial contexts. As a matter of fact, they 
can be rightfully considered the most popular and 
widely used solution for developing and testing 
RF-based energy harvesting and transfer schemes 
and algorithms.

Other Energy Harvesting Platforms and Tools: 
Other solutions available in the market specifically 
focus on short range and near-field applications. 
In this sense they can be considered complemen-
tary tools with respect to their radiative far-field 
counterparts presented before. Two noteworthy 
examples of tools that belong to this category are 
the so called Magneto and the RF430FRL 15XH, 
that is, a small embeddable battery-free RFID tag 
and a family of sensor transducers, produced 
by Farsens S.L. (San Sebastian, Spain) and Texas 
Instruments, respectively.

Magneto: Features both a LIS3MDL magne-
tometer from ST Microelectronics and a tag that 
comes in a variety of antenna designs and sizes 
to adapt the performance to the required appli-
cation in the 860-960 MHz band. Magneto can 
be wirelessly queried for an instant magnetic field 
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measurement, and is capable of transmitting a 
unique identifier and its associated magnetic field 
measurement data to a commercial EPC C1G2 
reader without the need of a battery on the sen-
sor tag. Its reading distance is around 1.5 meters 
(5 feet), and it can be embedded in a wide variety 
of materials such as plastics or concrete. Evalua-
tion kits are also available.

RF430FRL 15XH: A new family of MSP430-
based SoCs sensor transducers introduced in 
December 2014. These first of their kind units 
are designed to operate over the traditional 
13.56 MHz band. More precisely, these trans-
ducers combine an interface with a programma-
ble microcontroller (MCU), non-volatile FRAM, 
an analog-to-digital converter (ADC) and serial 
peripheral interface (SPI) or inter-integrated circuit 
(I2C) interface. Developers can evaluate this new 
family of near field communication (NFC) devices 
with the RF430FRL152HEVM evaluation mod-
ule, that is, a self-contained development platform 
that can be powered with a battery, over USB or 
by harvesting RF energy from a nearby NFC-en-
abled reader or smartphone. The embedded 
application code in the ROM manages both RF 
communication and sensor readings to provide 
flexibility in configuring the device. Thus, import-
ant parameters such as sampling rates, measure-
ment thresholds, and alarms can be easily set by 
the developers, in turn simplifying the modeling 
task for WPCN testbed design purposes.

oPen reseArch Issues In WIreless PoWered 
communIcAtIon netWorks

Despite the ever-growing research efforts made by 
both the industrial and academic communities in the 
last decade, effective solutions for several relevant 
open problems complicating the practical massive 
deployment of WPCN have yet to be found. In this 
regard, five main research areas can be identified.

InterFerence mAnAgement
As a matter of fact, RF-based energy transfer can 
cause harmful co-channel interference to the nodes 
in the same or different networks. Therefore, inter-
ference management strategies for WPCN have to 
be developed to ensure their seamless integration 
with pre-existing networks. Possible solutions to 
this problem include, for example, sophisticated 
and adaptive transmit power control mechanisms 
if the problem is addressed at the physical layer, or 
alternatively, dynamic multiple access approaches 
for information and energy sources if the problem 
is addressed at the MAC layer. More precisely, suit-
able adaptive transmit power control mechanisms 
for WPCN should optimize not only the through-
put of the data transmission but also the energy 
transfer efficiency, all the while accounting for inter-
ference temperature constraints imposed by the 
presence of other nodes in the same or different 
networks. In this context, traditional power control 
optimization formulations may suffice, provided 
that additional constraints on energy consumption, 
energy supply, and interference are accounted for 
and fulfilled. Switching our focus to MAC-orient-
ed approaches, dynamic multiple access strate-
gies can be adopted to schedule data transmission 
and energy transfer for different nodes such that 
interference, that is, collision, can be effectively 

avoided. Pre-existing approaches could then be 
modified according to the quality of service (QoS) 
requirements of both data transmission and energy 
transfer.

JoInt rAdIo And energy resource oPtImIzAtIon
Energy consumption and management is a crucial 
matter in WPCN. The dynamics regulating factors 
such as energy availability/supply, battery state infor-
mation, wireless channel conditions, and the number 
of nodes in the WPCN and their QoS requirements, 
will have to be carefully considered in the design of 
optimal energy/resource management algorithms. 
In other words, relevant system parameters will 
have to be set according to dynamic approaches 
accounting for the stochastic nature of both energy 
requirements and environmental conditions rather 
than to existing slot-oriented ones. For example, the 
energy harvested by low energy devices may not 
always be entirely used during the current slot and 
may need to be stored in the energy storage device, 
e.g., a super capacitor, for later use, depending on 
the channel dynamics and location of devices. Two 
main research directions are as follows. First, optimal 
long-term strategies for the wireless energy trans-
fer mechanism, e.g., transmission powers, transmis-
sion duration, and amount of transferred energy, 
rather than the existing slot-oriented one, should 
be devised to yield an effective use of the stored 
energy. A good example is the temporal energy 
evolution model and algorithm design approach 
described earlier. Second, cross-layer approaches 
taking into account parameters and information 
available at the physical, MAC, and network lay-
ers, should be privileged. This could certainly make 
it possible to identify optimal strategies, both sys-
tem-wise and per-user, to jointly control data sched-
uling/transmission and energy transfer.

energy economIcs
In wireless networks, the radio resource has to 
be allocated efficiently and profitably to meet the 
system objectives in terms of:
• Quality of service and user experience.
• Perceived network performance.
• Revenue maximization for providers and manu-

facturers.

FIGURE 6. Dynamic RF Energy Harvesting Setup using Powercast Develop-
ment Kit.
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Similar consideration can be made for energy in 
the context of WPCN, in which energy is a precious 
resource. Accordingly, the allocation and usage of 
this resource need to meet both performance and 
economic targets. In settings such as smart grids, 
energy can be priced adaptively according to the 
consumer’s demand and generator’s supply. Similar 
pricing models can be applied for wireless energy 
transfer. However, existing pricing schemes and 
economic models may not be suitable for WPCN, 
due to the distinct characteristics of wireless ener-
gy transfer and provisioning. For example, wireless 
energy can be propagated in multiple directions 
serving multiple nodes simultaneously, similar to 
what happens in multi-user data transfer. Hence, 
novel pricing schemes describing how the end users 
should pay the price and share the cost of energy 
will have to be identified and studied.

IntegrAtIon In Future generAtIon netWorks
The development of future wireless energy trans-
fer and harvesting applications should guarantee a 
seamless integration with the core technologies of 
future generation networks, e.g., 5G. As a matter 
of fact, the ideal goal would be not only to ensure 
the aforementioned integration but also to exploit 
the peculiarities and features of emerging tech-
niques and approaches for increasing the effec-
tiveness of wireless energy transfer and harvesting. 
Notable examples and possibilities are listed below.

Massive Multiple-Input Multiple Output 
(MIMO): The adoption of large antenna arrays 
can certainly increase the performance of both 
transfer and harvesting operations. On the one 
hand, a transmitter equipped with a wide antenna 
array can focus the power of its transmitted signal 
precisely in space, when advanced spatial mul-
tiplexing techniques are adopted. On the other 
hand, larger array gains can help mitigate the 
path-loss experienced during signal propagation. 
These features could prove beneficial for the end-
to-end efficiency of the wireless energy transfer.

Millimiter Wave (mmWave) Communica-
tions: Larger amounts of energy can be transport-
ed by RF signals when directional antennas are 
adopted, as in mmWave communications. How-
ever, the path-loss suffered by this signal may be 
severe when line-of-sight links to the end user are 
not available. An optimization of the beamforming 
and channel estimation algorithms for mmWave 
communications would then be paramount to fully 
support wireless energy transfer applications.

D2D Communications: In D2D-enabled wire-
less networks, nodes are allowed to communicate 
with each other directly [14]. In this context, a direct 
communication with the base station may not be 
possible or advisable for the node. Thus, a potential 
energy replenishment by harvesting the signals trans-
mitted by the base station itself may not be profit-
able. Adaptive and flexible wireless energy charging 
approaches for D2D communications can then 
be envisioned, where each node is equipped with 
wireless energy harvesting and transfer capabilities 
and contributes to the overall energy consumption 
reduction of the D2D-enabled network.

Architectural Heterogeneity: Several heteroge-
neous paradigms are considered for future network 
architectures. Solutions such as so-called hetero-
geneous networks (HetNets) [1] and fiber-wireless 
(FiWi) networks [15] have been progressively gain-

ing momentum lately. In particular, some realiza-
tions of the former are already present in current 
networks. Out of the many benefits brought by 
these approaches, two main advantages are partic-
ularly relevant for WPCN. First, the resulting network 
heterogeneity, experienced at many layers, can be 
exploited to design information and energy transfer 
algorithms that can leverage diversity in terms of 
positioning and features of the nodes. Second, the 
large density of radio heads that typically character-
izes the deployment of these networks, e.g., due to 
the massive presence of femto and small cells, offers 
an overabundance of potential sources of energy. 
This yields several interesting optimization opportu-
nities, in physical, MAC and network layer algorithm 
design, to increase the effectiveness of both infor-
mation and energy transfer.

ImPlementAtIon And dePloyment cost mInImIzAtIon
While WPCN can reduce deployment and mainte-
nance costs due to the provided flexible and easy 
energy replenishment capabilities, their implemen-
tation cost can be higher due to the need for the 
adoption of special electronic components and for 
significant investments for novel hardware devel-
opment. Three main approaches to reduce such 
costs can be identified. First, a better understanding 
of the mathematical models underlying the harvest-
ing operations at the circuitry level will have to be 
attained. A good example is the recent adoption of 
more accurate non-linear models for describing the 
operations performed by a rectifier in the RF energy 
harvesting domain, instead of the classic linear mod-
els. This approach already revealed an unexpected 
potential for significant system optimizations. Cap-
italizing on this more refined understanding, novel 
algorithms and protocols could be developed to 
optimize the performance of simultaneous informa-
tion and power transfer applications and increase 
wireless energy transfer at a less expensive algorith-
mic level. Second, the design of integrated energy 
harvesting and information processing transceivers 
seems to be paramount to achieve non-negligible 
implementation cost savings. The subsequent and 
advisable realization of self-sustainable communica-
tions between simultaneous information and energy 
sources and end devices may further contribute to 
mid-to-long term net deployment cost reduction. 
Finally, to test the design, hardware for different 
technologies such as energy beamforming and 
high-efficiency rectenna has to be developed. We 
now switch our attention to four emerging technolo-
gies and approaches for WPCN. Remarkably, these 
tools can be used by researchers and system engi-
neers from both industry and academia to design 
and deploy WPCN in future 5G networks and have 
been selected for their flexibility and timeliness. In 
this context, we will specifically refer to state-of-
the-art applications and requirements in order to 
ensure the relevance of the discussed approaches 
with respect to the research areas and challenges 
outlined in this section.

summAry
Wireless power communication networks (WPCN) 
are a promising paradigm to design sustainable and 
energy efficient solutions for future communication 
network technology. In particular, they can prove 
beneficial to many low-power applications includ-
ing device-to-device (D2D) and machine-to-ma-
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chine (M2M) communications, sensor networks, 
and Internet of Things (IoT). In this article, we first 
provided a general overview of the fundamental 
aspects of WPCN. In this context, we discussed the 
three main types of wireless energy transfer tech-
niques, and outlined potential application scenari-
os, architecture, and standards for WPCN. Then we 
discussed three advanced approaches, i.e., smart 
energy (re)use, optimal energy management, and 
energy-harvesting aware algorithm and transceiver 
design, and illustrated general implementation per-
spectives for validating algorithmic solutions with 
off-the-shelf components and designing RF energy 
transfer and harvesting systems. Finally, we outlined 
prominent research directions and open problems 
for future WPCN deployment.
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