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Abstract

This paper reviews emerging wireless information and pawansfer (WIPT) technique with an
emphasis on its performance enhancement employing mikihaa techniques. Compared to traditional
wireless information transmission, WIPT faces numerousllehges. First, it is more susceptible to
channel fading and path loss, resulting in a much shorterepdransfer distance. Second, it gives rise
to the issue on how to balance spectral efficiency for infaionaransmission and energy efficiency for
power transfer in order to obtain an optimal tradeoff. Thitere exists a security issue for information
transmission in order to improve power transfer efficiemeyhis context, multi-antenna techniques, e.g.,
energy beamforming, are introduced to solve these problgmexploiting spatial degree of freedom.
This article provides a tutorial on various aspects of mauttienna based WIPT techniques, with a focus
on tackling the challenges by parameter optimization amdogol design. In particular, we investigate

the WIPT tradeoffs based on two typical multi-antenna téqpies, namely limited feedback multi-
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antenna technique for short-distance transfer and largle-snultiple-input multiple-output (LS-MIMO,
also known as massive MIMO) technique for long-distancedfer. Finally, simulation results validate

the effectiveness of the proposed schemes.
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I. INTRODUCTION

Wireless power transfer has attracted a lot of attentioniieless research community, as it can
effectively prolong the lifetime of a power-limited netvkoin a relative simple way, especially
under some extreme conditions, such as battle-field, urederwand body areas networks [1].
For example, in medical care applications, devices implrin body send information to
outside receiver with harvested power from the outside p@wearce. Recently, wireless power
information is proposed for cellular systems, to providebites practically infinitely long battery
lives and eliminate the need of power cords and chargersrddie frequency (RF) signal based
wireless power transfer attracts considerable attentidmoth academia and industry due to the
following two reasons [2][3]. First, it is a controllable @gueterministic power transfer method.
For example, it is possible to flexibly increase transmit ot enhance receive quality. Second,
information and power can be simultaneously transferrea iform of RF signal. Then, the
communications can be supported without external powercesu

In comparison with conventional wireless information samssion, wireless information and
power transfer (WIPT) exhibits both similarities and diéfieces. On one hand, both of them suffer
from channel fading and path loss, resulting in performdoess. In particular, power transfer
distance may be relatively short, since power harvestinghdse sensitive than information
decoding[[4]. Therefore, it is necessary to effectively batthe fading effects, so as to improve
the efficiency and distance of power transfer. For trad#@iomireless information transmission,
multi-antenna technique is a powerful way to enhance th&peance over fading channels.
Through spatial beamforming, multi-antenna techniquesadapt the transmit signal to channel
states, so that channel fading can be harnessed to impmyetformance. Similarly, for wireless
power transfer, multi-antenna technique can also be usetign the RF signal to a power
receiver, thus improving the energy efficiency. Therefirejakes sense to exploit the benefits
of multi-antenna technique to enhance the performance &TWOn the other hand, WIPT has

two performance metrics, namely spectral efficiency fooinfation transmission and energy
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efficiency for power transfer. In general, the two metrias imconsistent and even contradictory,
since information and power compete for the same RF sigrmalrasources. Fortunately, it is
convenient for multi-antenna techniques to achieve a goadedff between the spectral and
energy efficiencies by designing appropriate spatial belamgformation and power transfer,
respectively([5]. More importantly, multi-antenna teauiés may concurrently support multiple
streams of information and power transfer, and thus thei@fiiees are improved significantly.

To exploit the benefits of multi-antenna techniques for WIBE transmitter requires full or
partial channel state information (CSIl), and then both rimfation and power are transferred
adaptively to the channel conditions. Specifically, basedhe CSI, a transmitter selects the
optimal transmit parameters, i.e. transmit beam, trangpwnter, and accessing users in order
to maximize the efficiencies over fading channels.[Ih [6],cgtimal multiuser WIPT system
was designed, assuming that full CSI is available at thestratiter. However, in multi-antenna
systems, it is a nontrivial task to obtain instantaneousa 8ie transmitter, since the channel is a
multi-dimensional time-varying random matrix. Generafigcording to different duplex modes,
there are two CSI acquisition methods in multi-antennaesyst[7]. In frequency division duplex
(FDD) systems, the CSI is usually conveyed from the inforamatind power receivers to the
transmitter by making use of quantization codebooks, sptttetransmitter can obtain partial
CSI. Note that a larger codebook size leads to more accurdtebQt also increases feedback
overheads. Therefore, it is possible to improve the effaes by increasing the feedback
amount. On the other hand, the CSI in time division duplex @)yBystems can be estimated
at a transmitter, directly making use of channel recipyoctompared to the CSI feedback in
FDD systems, CSI estimation in TDD systems saves the fe&diesource, but may suffer
from a performance loss due to transceiver hardware imgaitnTo solve the problem, robust
beamforming for WIPT was proposed in [8] to guarantee hiditiehcies even with imperfect
CSI. Moreover, CSI can also be used to construct transmihbeblowever, with respect to the
beamforming based on instantaneous CSI, the one basedioratest CS| suffers an obvious
performance degradation. Thus, adaptive multi-anteramsinission techniques via CSI feedback
or estimation are effective ways to enhance performanc& BT over fading channels.

For multi-antenna based WIPT techniques, there are a nuofbansmission frameworks
proposed in the literature. First, for multi-antenna tegbas, there are several different forms.

For example, according to the number of antennas, thereaa#ional multi-antenna techniques
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and large-scale multiple-input multiple-output (LS-MINI@chniques. Additionally, according

to the number of accessing users, we have single-user artdusel transmission techniques.
Second, as mentioned earlier, there are two different CBieaement methods, namely CSI
feedback and CSI estimation. Third, according to the trassion protocols, WIPT can also be
classified into two cases. In the first case, information analgp are transferred simultaneously,
namely simultaneous wireless information and power tem@&WIPT) [9]. In the second case,
power is first transferred, and then the harvested poweras s send information, namely
wireless powered communication (WPC) or energy harvestimymunication (EHC)[10]. Thus,

combining the above three schemes, multi-antenna based WdRnique has a variety of forms,
which are applicable to fit to different scenarios. In thiscée, we intend to investigate various
issues on multi-antenna based WIPT technique from bothrétieal and design perspectives.
Especially, we analyze parameter optimization and praétdesign for various multi-antenna
based WIPT techniques. To facilitate understanding, wetnashtional multi-antenna technique
and LS-MIMO technique based WIPTs as two typical examplesnstantiate the wireless

information and power transfer tradeoff, and analyze thecebf CSI accuracy and the number
of antennas on the tradeoff.

The rest of this article can be outlined as follows. We givardgroduction of various multi-
antenna based WIPT techniques, and then highlight the gdeanoptimization and protocol
design in Section II. A discussion and comparison of twodgpmulti-antenna techniques for
WIPT are given in Section lll. Simulation results are illaed in Section IV to verify the
tradeoff performance of the two typical multi-antenna lb®éPT techniques, followed by the

conclusions and discussions on several open issues iroBaLti

Il. MULTI-ANTENNA BASED WIPT TECHNIQUE

WPT is not a new technology, although it regains considerablerests recently. It was
developed more than a century ago and its feasibility has lweeified by many practical
experiments. At the end of the 19th century, Nikola Teslaiedrout the first WPT experiment,
which tried to transmit approximately 300 KW power via 150 Kkadio waves. In the 1960s,
William C. Brown restarted WPT experiments with high-efflacy microwave technology, and

the efficiency reached to 30at an output power of 4W DC. After the 1980s, many experiments



IEEE COMMUNICATIONS MAGAZINE, FEATURE TOPIC ON ENERGY HARESTING COMMUNICATIONS, APRIL 2015. 5

were carried out in Japan and the United States. In the 2@@0ances in microwave technologies
pushed WPT back into consideration for wireless commuiuinat Despite these advances, there
are many challenging issues that remain to be open for WIRS blecause that both information
and power are carried by RF signals over wireless media, famdrhay suffer from attenuation,
noise, interference, and interception. Thus, to effettivenplement WIPT and evaluate the

performance, several fundamental metrics of interestrareduced as follows:

1) Transfer efficiency: RF signal will decay due to channaliig caused by reflection,
scattering, and refraction in propagation processes.,Tthesreceived signal may be very
weak, making it difficult to recover transmit signal or haswehe signal energy. The
problem becomes more prominent for wireless power transiece a power receiver
is more sensitive to the magnitude of RF signal. Hence, iteisessary to improve the
efficiency of WIPT over wireless channels.

2) Transfer distance: The attenuation of RF signal is aneesing function of transfer
distance. To guarantee a viable received power, wirelesgeptransfer has a stringent
limitation on transfer distance based on the current statthe art research. With an
increasing demand on wireless power transmission, edlyeaigeless powered commu-
nications, this limitation has become a major bottleneckhie development of wireless
power transfer. Thus, it is imperative to increase the &ffedransfer distance.

3) Transfer tradeoff: Limited power, spectrum and time weses are shared by wireless
information and power transfer, resulting in the fundarakbtadeoffs between the two.
For example, in the SWIPT, the total transmit power is distied for information and
power transfer. While in wireless powered communicati@ash time slot is divided into
information and power transfer durations. To balance tliermation and power transfer
according to application requirements and enhance thealbymrformance, it is vital to
analyze the optimal resource allocation between them.

4) Transfer security: Due to the open nature of wireless mediormation transmission is apt
to be overheard. The security issue is even severer in WIRause the power receiver is
usually placed closer to the transmitter than the inforamateceiver. Traditionally encryp-
tion technology cannot fully solve the problem, becausesduires a secure channel for

exchanging private keys, becoming impractical in infrastinre-less or mobile networks.
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In order to realize efficient, reliable, secure, and longfatice WIPT, various advanced tech-
nologies have been identified recently, such as cooperatirenunication, resource allocation,
and user scheduling. In particular, multi-antenna tealmipas a great potential due to its
significant performance gain. On one hand, multi-antenwarsiity gain can be exploited to
combat channel fading as an effort to improve transfer efficy and increases transfer distance
[12]. On the other hand, multi-antenna multiplexing gain ba leveraged to separate information
and power transfer in space, so that the latter two metries, transfer tradeoff and transfer
security, can be realized simultaneously [4]. Let us takeak lat a simple example. If the
information is transmitted in the null space of the chanwelgower transfer, then information
security can be guaranteed with the help of physical layeursy, even the power receiver is
very close to the transmitter![4]. Due to these inherent athges, multi-antenna based WIPT
technique is receiving a considerable attention from bo#ddamia and industry. In what follows,
we give a detail investigation of multi-antenna WIPT. Duesgace limitation, we only consider
single-hop WIPT. In fact, the multi-hop transmission tealogy is also a powerful way of
enhancing WIPT. For example, relay technology can shoenttansfer distance, and thus
improve the performancé [13]. The multi-hop cases will hedi&d in the future. According to
the transfer model and protocol, WIPT can be further classifnto SWIPT and WPC. Our

investigation will cover a thorough case study of these twarlets and their integration.

A. Simultaneous Wireless Information and Power Transfer

As the name implies, SWIPT transmits information and powerufaneously. If the trans-
mitter is equipped with multiple antennas, spatial beamfog adapted to the channel states can
be used to improve the performance of WIPT. In this case,rifegmation and power receivers
can be either combined or separated. Then, there are twasedbdor SWIPT with different
design principles.

1) Combined Caseln this case, a node plays the roles of both information amndepo
receivers, as shown at the left-hand side of Eig. 1. The desighe transmitter is relatively
simple. The core step is to perform spatial beamforming dbase the CSI obtained through
feedback in FDD systems or direct estimation in TDD systdAmvever, due to the dual roles,
the receiver should be designed carefully. Note that theivec cannot decode the information

and harvest the energy simultaneously due to physical @nts. Then, it is required to separate
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the information and power transfer by a certain protocolrréntly, there are mainly two
protocols, namely time division protocall [5] and power #pig protocol [11]. Specifically, as
shown at the right-hand side of Fid. 1, in the time divisioatpcol, each time slot is divided into
information and power transfer durations. Then, the rofeth® receiver should switch between
the two. Otherwise, in the power splitting protocol, the heceived signal is separated into

two parts, one for information decoding and the other for @oharvesting.

Tim

Power Flow

Powe

\

Information Flow Time Division

Information & Power

Receiver
Information & Power

Transmitter

Power Splitting

Fig. 1. Model and protocol for combined case of SWIPT.

Comparing the two protocols, we can find that time divisiogquiees two RF signal receive
modules, since the signals for information decoding andgwdvarvesting are separated at the
RF side. Contrastingly, power splitting only needs one Rjaai receiver module, and the signals
for information decoding and power harvesting are sepdratehe baseband. Note that there is
a balance or tradeoff between the information transmisaimh power transfer, since the time
resource for time division and the power resource for poweétting are constrained and should
be allocated to the two tasks according to a certain optimoizaobjective. For example, the
WIPT tradeoff can be formulated as an optimization probldnmaximizing the information
rate subject to a minimum harvested power or maximizing thevdsting power subject to a
minimum information rate.

Moreover, there may exist multiple receivers in the combinase. With respect to the single
receiver case, there are more challenging problems to bedadFirst, the receivers should be
scheduled according to the urgency of information and pavagisfer. However, it is nontrivial to
concurently determine the urgency of information and pawaarsfer. Second, the WIPT tradeoff

for each receiver may be distinct. In other words, each vecanay use different durations or
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powers for information decoding. Third, the beam design dw#rasting goals for information
and power transfer. For information transfer, the beamsilshime designed to mitigate inter-user
interference. However, for power transfer, the inter-uségrference can increase the received
power. Fourth, one or more receivers may be eavesdroppafh glves rise to security problems.
A feasible way for multi-receiver SWIPT is to use time divisimultiplexing access (TDMA),
such that each time slot is allocated to only one receiveenTlthe multiple-receiver case is
transformed to multiple single-receiver cases combineti vaceiver scheduling. However, the
TDMA protocol may be suboptimal with respect to space dongnultiplexing access (SDMA)
protocol. It is still an open issue to design an optimal npldtiaccess protocol.

2) Separated Caseln the case shown in Fidl 2, the information and power recsiege
separated in different nodes. The transmitter is allowettansmit RF signals for information
and power transfer simultaneously in the same time and émguresource block. As mentioned
earlier, since the power receiver is more sensitive to thgmtade of RF signal than the
information receiver, it is usually placed closer to thensmitter, as shown at the left-hand
side of Fig[2. With respect to the combined case, the desigmsfof the separate case is on the
transmitter, but not on the receiver. On one hand, the tratesnteverages the beamforming to
separate the information and power transfer in space, iardalavoid the information leakage
to the power receiver. On the other hand, the transmittedsé® allocate the transmit power
to two beams, to achieve a tradeoff between information awdep transfer. For example, the
WIPT tradeoff can be formulated as an optimization probldnmaximizing the secrecy rate
subject to the minimum harvested power. It is worth pointiagithat, in the sense of maximizing
the secrecy rate, the zero-forcing beamforming (ZFBF) &eduse of maximum transmit power
may not be optimal, since ZFBF and maximum transmit power nedyice the secrecy rate by
decreasing the capacity of the legitimate channel fromrnesinitter to the information receiver
and increasing information leakage to the eavesdroppspectively. If we do not consider the
security issues and only aim to maximize the informatioe,rétte above tradeoff is reduced to
a relatively simple optimization problem.

Similarly, the separated case may also comprise multigtanmation and power receivers. If
a TDMA or OFDMA protocol is employed, the problem can be tfanmsed to the case with
one information receiver and multiple power receivers aarh time slot or each subcarrier. In

this subcase, if each power receiver, as an eavesdropgehears the information individually,
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Fig. 2. Model and protocol for separated case of SWIPT.

the secrecy rate is determined by the power receiver withsttmgest interception capability.

Otherwise, if the power receivers cooperatively interceyat information, the secrecy rate is
determined by the combined eavesdropper signal qualitgr&ly by maximizing the sum rate

in all slots or subcarriers, it is possible to get the optimedeiver scheduling and spatial
beamforming schemes. If a SDMA protocol is adopted, allrmfation receivers are active over
the same time-frequency resource block. Then, the interingerference is inevitable, especially
with imperfect CSI at the transmitter. Under such a circameg, the design of transmit beams

is more complicated, and is still an open issue.

B. Wireless Powered Communication

Power Receiver &
| Information Transmitte

Time Allocation

Power Transmitter

Information Receiver

Fig. 3. Models and protocols for WPC.

Different from SWIPT, WPC uses the harvested power to traéngmormation, and thus
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it is also named energy harvesting communications. As a lsirmpample, in medical care
applications, the implanted equipment transmits the médron it monitors to the instrument
outside with the harvested power, as seen at the left-haedo$iFig.[3. With respect to SWIPT,
WPC combines information and power transfer more closehgesthe harvested power may
also affect the information rate.

For the design of WPC, it is important to achieve the optimad¢off between information and
power transfers. For example, based on the time divisiotopob the tradeoff is to determine
a switching point between power and information transfess,shown at the right-hand side
of Fig.[3. Since the power for information transmission cemselely from energy harvesting,
the tradeoff based on the time division protocol can be féated as an optimization problem
maximizing the information rate with a given transmit poveerminimizing the transmit power
subject to a minimum rate.

More recently, several new technologies were introducddrtber enhance the performance of
multi-antenna based WIPT techniques. For example, lazgkesMIMO technique can generate
high-resolution spatial beams by deploying tens or everieds antennas. The benefit of large-
scale MIMO technology for WPC lies in two-fold [12]. Firshe transfer efficiency and distance
can be significantly improved by making use of its large agai, so as to enable long-distance
WPC with low power. Second, the high-resolution beam camagedhe information leakage to
an unintended node to achieve information security. As tlmaber of antennas increases, the
performance gain becomes larger, which is a main advantadg&s-dIMO technique based
WPC.

C. Integration of SWIPT and WPC

In fact, SWIPT and WPC can be integrated to give a more geNMéraIl scenario described
as follows. First, the transmitter sends information andigroto one or multiple receivers, and
then the power receivers send information to their next#gagivers using the harvested power.
The design of such a general WIPT can be considered as a eoatian of SWIPT and WPC.
Its transmission protocol is also based on an integratioBWIPT and WPC components. In
other words, each time slot is divided into two durationg tor SWIPT and the other for WPC.

If the time division protocol is adopted at SWIPT stage, e@cie slot is partitioned into three

non-overlapped durations. Typically, the power receividrallocate constrained time duration to
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either receiving information from the power transmittartr@nsmitting information to the next-
hop receiver, which may lead to a low efficiency. Actuallyisifpossible to transmit and receive
information simultaneously at the power receiver with relyeintroduced full-duplex technology
[14]. For example, if the information transmitter at SWIR#&ge is also the information receiver
at WPC stage, the current full-duplex technology can beatqa to improve the efficiency.
A potential problem of the full-duplex technology is thefseterference from the information
transmitter to the receiver. Fortunately, multi-anterghhology can be used to cancel the self-
interference by making use of the spatial degrees of freettence, multi-antenna based WIPT
technique combining full-duplex can significantly improvee performance.

In all scenarios, multi-antenna based WIPT technique cbve soseries of challenging issues,
making it an attractive solution to provide efficient, rél@, secure, and long-distance transfer.
In Fig.[4, we give a summary of various multi-antenna base®Techniques together with

their corresponding transfer protocols.

Time Division

Single Recieve|
Power Splitting
Combined Cas
TDMA ) o
Multiol Time Division
ultiple
Receivers OFDMA + N
Power Splitting
SWIPT SDMA
Single Recievef—Power Allocation
Separate Cas
General WIPT TDMA
Multiple _
Full Dupl Receivers OFDMA+Power Allocatiol
ull Duplex
+ i SDMA
LS-MIMO
WPC Time Allocation

Fig. 4. A summary of multi-antenna based WIPT.

I1l. WIRELESSINFORMATION AND POWER TRANSFER TRADEOFF

In this section, we focus on the tradeoff or balance betwereless information and power

transfer in single user multi-antenna systems. As discligadier, information and power trans-
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fers have different performance metrics. For example rmédion transmission mainly concerns
the rate, delay, and security, while power transfer emplkasihe efficiency and distance. Intu-
itively, the goals for information and power transfers ameonsistent, and even contradictory.
Thus, it is of importance to achieve an optimal tradeoff ia tresign of WIPT.

It is a common practice to achieve the performance objextiwe optimizing the system
parameters, e.g., transmit beam, transmit power, trardifeation, user scheduling, channel
selection, and transfer protocol. For SWIPT, since theqgperénce objectives are relatively
independent, the tradeoff is usually formulated as threegyof optimization problems. First, a
multi-objective optimization scheme can be adopted, irentd maximize the two performance
indexes simultaneously. Second, the objective can be ss@ideas a general utility function. For
example, it is reasonable to take a weighted sum of the effigi@s the objective. Third, the
problem can be formulated by maximizing one performancexrglibject to a constraint on the
other performance indices. For instance, a common probteting existing related literatures is
to maximize the information rate subject to a minimum hatimgspower constraint. Different
from SWIPT, WPC relates the two performance metrics morsatyp since the harvested power
is used for information transmission. Therefore, the todidior WPC has a direct and single
formulation. In what follows, through two typical tradesffor multi-antenna technique based

WPC, we present their protocol designs and parameter gatians.

A. Information Rate Maximization in Traditional Multi-Aerina Systems

First, let us consider a traditional multi-antenna basedC/&chnique, as shown in Figl 3.
A multi-antenna power transmitter charges a power recei@RF signals at the beginning of
each time slot, and then the power receiver sends informa&ticaan information receiver. Note
that the power transmitter and the information receiver barthe same node in some cases.
This is a typical application scenario in medial care (engigrochip implant) and underwater
monitoring.

In order to improve the power transfer efficiency and thus imae the information trans-
mission rate, energy beamforming is conducted at the pomasmitter. In practice, the multi-
antenna power transmitter directs the RF signals to thevescaccording to the current channel
state, so as to overcome the negative effects of channelgiatid propagation loss. Note that

the performance of energy beamforming depends on the agcofaCSI at the transmitter. As
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mentioned earlier, the CSI is obtained through feedbackDb systems or direct estimation
in TDD systems. Considering the fact that the power trarteméand the information receiver
are in general separate, limited feedback based on a gqaaotizodebook is a more practical
choice. In such a system, the harvested power at the infamagnsmitter can be considered
as an increasing function of CSI feedback amount, transfeatebn, and transmit power, and at
the same time a decreasing function of transfer distance.

With the harvested power, the information transmitter seinébrmation to the receiver in the
remaining time of the slot. In general, the average tranpiawter for information transmission
is equal to the quotient of the harvest energy and the durdeid for information transmission.
Therefore, according to Shannon capacity equation, theageeamount of information transmit-
ted during a time slot can be expressed as a function of thagedransmit power. Finally, the
average information transmission rate can be derived ¢iralividing the average amount of
information transmitted during a time slot by the length dinae slot. Intuitively, it is a function
of transmit power at the power transmitter, power transteation, and CSI feedback amount.

Taking the maximization of average information transnausgiate as the optimization objec-
tive, we can derive the optimal transfer duration for a gi@®l feedback amount, namely the
switching point for power and information transfers. Bywdjng the amount for CSI feedback,
we can get different tradeoffs.

So far, we have only given a basic example. In fact, it can benebed to several more complex
cases. First, when the information transmission has aioeytelity of service (QoS) requirement,
the above optimization problem should include a QoS coimsétri is worth pointing out that,
given transmit power and feedback amount, there may be mgbfeasolutions for transfer
duration. To solve it, we should increase transmit poweremdback amount. Additionally, if
the system is power-limited, we can formulate the problenmasmizing the transmit power,
while satisfying the QoS requirement. Second, the basiceincah also be naturally extended
to the case of a general WIPT. Similarly, we need to add a minimmate constraint for the
information transmission from the power transmitter to posver receiver. Meanwhile, if time
division protocol is adopted, an optimization variable oformation transfer duration should
be added. Otherwise, if power splitting protocol is adoptibe added optimization variable
should be the power splitting ratio instead. Third, in theecaf an eavesdropper overhearing the

information sent from the information transmitter, the @doptimization problem is transformed
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to maximizing the secrecy rate.

B. Energy Efficiency Maximization in LS-MIMO Systems

LS-MIMO technique can generate a high-resolution spatanb through the deployment of
a large number of antenna elements, and thus achieve stidistiaamsfer efficiency and distance
gains. In this case, we consider a WPC system, where both dherptransmitter and the
information receiver are equipped with a large-scale ardearray.

To fully exploit the benefits of LS-MIMO techniques, the tsamtter needs to know the exact
CSI. However, due to a large amount of feedback (proportitmahe number of antennas)
in LS-MIMO systems, the CSI feedback scheme is practicaifgdsible. Thus, LS-MIMO
systems usually work in TDD mode, and therefore the CSI caastienated by making use of
channel reciprocity. However, due to transceiver hardwapairment, the estimated CSI may be
imperfect, resulting in certain performance loss. Henoe,GSI accuracy is also a decisive factor
in determining the performance. Note that the numbers adrargs at the power transmitter and
the information receiver are usually quite large (e.g., entiran 100). According to the law
of energy conservation, the harvested power at the powesiviesc(namely the information
transmitter) is a function of transmit power at the powensraitter, power transfer duration,
and CSI accuracy based on TDD mode. In addition, due to chdardening in LS-MIMO
system, it is also a deterministic function of the numberrahsmit antennas. Similarly, with
the harvested power, the average information transmigsittncan be expressed as a function
of transmit power, transfer duration, CSI accuracy, the loemof power transmit antennas, and
the number of information receiver antennas by making us8hainnon capacity expression.

The energy efficiency, defined as the bits transferred pde Jnergy, is a key performance
metric for WIPT [15]. Therefore, we maximize the energy éfficy to get the optimal tradeoff
for such an LS-MIMO based WPC system. As pointed out eatlier,amount of information
transferred during a time slot can be computed through piyitig the average information
transmission rate by the length of a time slot, and the tatakgy consumption is the sum of
the energy consumption in the power amplifier at the powerstratter and the constant energy
consumption in the transmit filter, mixer, frequency systber, and digital-to-analog converter
(which are independent of the actual transmit power). Hebgemaximizing the ratio of the

amount of information transmission and the total energysaamption, we can derive the optimal
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transfer duration. Similarly, we can add QoS and secrecyireapents on the basis of the above
problem. Note that if the extended problem has no feasiligiens, we can make it feasible
by simply adding more antennas at the power transmitter e@irtformation receiver, which is

a main advantage of the LS-MIMO based WIPT techniques.

V. PERFORMANCEANALYSIS AND SIMULATIONS

In this section, we present some simulation results to atdidhe tradeoffs of multi-antenna
based WPC technique, where the power transmitter and tbemation receiver are integrated in
one node. The parameters used are defined as follows. Weedentjth of a time slot ag' = 5
ms, noise variance? = —125 dBm, energy conversion efficiency from RF signals to electri
energyf = 0.9, constant power consumptiaf, = 30 dBm, and path loss for power transfer
and information transmission = 3 = 1072d~¥, whered is the transfer distance and= 4 is
the path loss exponent. Note that, in the given path loss mageath loss of 20 dB is assumed
at a reference distance of 1 meter. In addition, we Hsand p to denote the feedback amount
in traditional multi-antenna systems and the CSI accuradyS-MIMO systems, respectively.

First, let us consider the tradeoff for a traditional matitenna based WPC technique with
N; = N, =4 andd = 10 m. As discussed in Section IIl.A, we take the maximizatiormeérage
information transmission rate as the optimization obyectind adjust the transfer duration. It is
shown in Fig[}b that the feedback amouhthas a great impact on the tradeoff, and thus affects
the information rate. In comparison to the case without iee#t, a small feedback amount,
e.g., B = 2, can increase the information rate remarkably. Howevethasamount of feedback
increases, the additional gain in term of information rateidishes. As seen from the results,
with a finite feedback amount aB = 4, the performance gap to the ideal case (full feedback)
is small. Thus, the insight obtained here is that, with evenitéd CSI feedback, the traditional
multi-antenna technique can effectively enhance the padace of WIPT.

Second, let us examine the effect of LS-MIMO technique ontthdeoff of WPC withN, =
100, p = 0.9, andd = 50 m. This corresponds to a long-distance power transfer sicena
With respect to traditional multi-antenna techniques,yob8-MIMO technique can support
such a long transfer distance without consuming more transswer, which is a very appealing

characteristic feature. Take energy efficiency as the opdition metric, we derive the optimal
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Average Information Transmission Rate (b/s/Hz)

P, (dBm)

Fig. 5. Information rate of traditional multi-antenna ba&d&PC technique with different feedback amounts.

tradeoff of LS-MIMO technique based WPC, as shown in Eigt s found that the number of
antennas has a great impact on the energy efficiency, whiakhates an antenna number versus
energy efficiency tradeoff. By adding more antennas, theggnefficiency can be improved
further, which enables a high QoS for WPC with an affordalde/gr even in the presence of

imperfect CSI.

V. CONCLUSION AND FUTURE WORKS

This article reviewed the key technologies in WIPT and diseud several challenging issues,
i.e., transfer efficiency, distance, tradeoff, and segufihrough summarizing the existing works
on multi-antenna based WIPT techniques, this paper giveswgiehensive tutorial covering both
parameter optimization and protocol design, and proposessé full-duplex and LS-MIMO
technologies to solve the challenges in various WIPT sa@aesiain particular, a concept of
WIPT tradeoff based on multi-antenna technique is intreduand analyzed in detail. Finally,
the tradeoffs are validated through simulations using tlopgsed schemes in two typical multi-

antenna scenarios.
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Fig. 6. Energy efficiency of LS-MIMO based WPC technique wdtfferent numbers of antennas.

It is worth pointing out that there are still many open issioesNIPT, especially for multiuser
WIPT. First, the user scheduling schemes should be cayefldsigned to balance the QoS
requirements, resource constraints, and informationrggc8econd, transmit beams need to be
elaborately constructed to achieve a proper tradeoff Etweformation and power transfers,
in particular with imperfect CSI. Third, the benefits of adead multi-antenna techniques for
WIPT should be further exploited. For instance, the seléii@erence of full-duplex techniques
is adverse to information transmission, but can be hardetssenhance power transfer. Hence,
it is not optimal to cancel the self-interference complgtahd a more in-depth investigation is

required.
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