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Abstract—Radio waves carry both energy and information si- Index Terms—Wireless information and power transfer, wire-
multaneously. Nevertheless, Radio-Frequency (RF) transmissien less power transfer, wireless powered communications, wireless
of these quantities have traditionally been treated separately. energy harvesting communications, rate-energy region, linear ah
Currently, the community is experiencing a paradigm shift in  nonlinear energy harvester modeling, signal and system design,
wireless network design, namely unifying wireless transmission prototyping, experimentation.
of information and power so as to make the best use of the RF
spectrum and radiation as well as the network infrastructure
for the dual purpose of communicating and energizing. In [. INTRODUCTION

this paper, we review and discuss recent progress in laying IRELESS communications via Radio-Frequency (RF)

the foundations of the envisioned dual purpose networks by diati h b df th t
establishing a signal theory and design for Wireless Information radiation has been around tor more than a century

and Power Transmission (WIPT) and identifying the fundamental and has significantly shaped our society in the past 40 years.
tradeoff between conveying information and power wirelessly. Wireless is however not limited to communications. Wirsles
We start with an overview of WIPT challenges and technologies, powering of devices using near-field Inductive Power Transf
namely Simultaneous Wireless Information and Power Trans- has become a reality with several commercially available

fer (SWIPT), Wirelessly Powered Communication Networks duct d standards. H it . Itetimi
(WPCNSs), and Wirelessly Powered Backscatter Communication products and standards. However, its range Is severeljetmi

(WPBC). We then characterize energy harvesters and show how (less than one meter). On the other hand, far-field Wireless
WIPT signal and system designs crucially revolve around the Power Transfer (WPT) via RF (as in wireless communication)
underlying energy harvester model. To that end, we highlight could be used over longer ranges. It has long been regarded
three different energy harvester models, namely one linear model as a possibility for energizing low-power devices but it is

and two nonlinear models, and show how WIPT designs differ . . .
for each of them in single-user and multi-user deployments. only recently that it has become recognized as feasible @ue t

Topics discussed include rate-energy region characterization, reductions in the power requirements of electronics andtsma
transmitter and receiver architectures, waveform design, modla-  devices [1], [2]. Indeed, in 20 years from now, according to
tion, beamforming and input distribution optimizations, resource  Koomey's law [3], the amount of energy needed for a given
allocation, and RF spectrum use. We discuss and check the computing task will fall by a factor of 10000 compared to

validity of the different energy harvester models and the resulting - L
signal theory and design based on circuit simulations, prototyping what it is now, thus further continuing the trend towards-ow

and experimentation. We also point out numerous directions that Power devices. Moreover, the world will see the emergence of
are promising for future research. trillions of Internet-of-Things (10T) devices. This exgion of

low-power devices calls for a re-thinking of wireless netkvo
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energy limited devices, device-to-device communicatiamsl consumption of energy-constrained RF powered devices; 8)
the 10T with massive connections. Seamless integration of wireless communication and végele
Interestingly, although radio waves carry both energy anmbwer Interoperability between wireless communication and
information simultaneously, RF transmission of these ¢juanwireless power via a unified WIPT.
ties have traditionally been treated separately. Imagigeead  Solutions to tackle challenges 1)-7) are being researcheéd a
a wireless network, e.g. WiFi, in which information anchave been discussed extensively in [6]-[10]. They coverdewi
energy flow together through the wireless medium. Wirelesange of areas spanning sensors, devices, RF, communicatio
communication, or Wireless Information Transfer (WIT), andignal and system designs for WPT. This survey article target
WPT would then refer to two extreme strategies, respectivehallenge 8) by reviewing the fundamentals of WIPT signal
targeting communication-only and power-only. A unified deand system designs. In WPT and WIT, the emphasis of the
sign of Wireless Information and Power Transmission (WIPTEystem design is to exclusively deliver energy and informa-
would on the other hand have the ability to softly evolvéon, respectively. On the contrary, in WIPT, both energy
and compromise in between those two extremes to madked information are to be delivered. A WIPT system should
the best use of the RF spectrum/radiation and the netwaherefore be designed such that the RF radiation and the RF
infrastructure to communicate and energize. This will émabspectrum are exploited in the most efficient manner to delive
trillions of low-power devices to be connected and powerdgbth information and energy. Such a system design requires
anywhere, anytime, and on the move. the characterization of the fundamental tradeoff betwemm h
The integration of wireless power and wireless commurnuch information and how much energy can be delivered in
nications brings new challenges and opportunities, anid ced wireless network and how signals should be designed to
for a paradigm shift in wireless network design. As a resulichieve the best possible tradeoff between them.
numerous new research problems need to be addressed thAs illustrated in Fig. 1, WIPT can be categorized into three
cover a wide range of disciplines including communicatiodifferent types:
theory, information theory, circuit theory, RF design, rey
processing, protocol design, optimization, prototypimagd
experimentation.

o Simultaneous Wireless Information and Power Transfer
(SWIPT) Energy and information are simultaneously
transferred in the downlink from one or multiple ac-
cess points to one or multiple receivers. The Energy

A. Overview of WIPT Challenges and Technologies Receiver(s) (ER) and Information Receiver(s) (IR) can

- be co-located or separated. In SWIPT with separated
WIT and WPT are fundamental building blocks of WIPT receivers, ER and Ilg are different devices, the F:‘ormer
and the design of efficient WIPT networks fundamentally being a I’ow-power device being charged the latter be-
relies on the ability to design efficient WIT and WPT. In ing a device receiving data. In SWIPT V\;ith co-located
the last 40 years, WIT has seen significant advances in RF receivers, each receiver is a. single low-power device that
theory and signal theory. Traditional research on WPT in the is simultalneously being charged and receiving data
e i o 1, Wirelesly Powered Commuricaion Networs (WPENS)
efficier?t RE. circuit angtenna rec?i?ier and power man g Energy is transferred in the downlink and information
. ! ’ ' ’ agEm is transferred in the uplink. The receiver is a low-power
L.m't solutions [4]-{6], but re_cen_tly anew _and complemeyltar device that harvests energy in the downlink and uses it
line of research on communications and signal design for WPT ; .
h din th ication literat 1M to send data in the uplink.
as emerged in the communication fiterature [71. vioreover, | Wirelessly Powered Backscatter Communication (WPBC)
there has b.een a growing mtgrest in bridging RF, s_|gnal, and Energy is transferred in the downlink and information is
system designs in order to bring those tvyo communities close transferred in the uplink but backscatter modulation at
together and to get a better understanding of the fundamenta a tag is used to reflect and modulate the incoming RF
building blocks of an efficient WPT network architecture [8]. signal for communication with a reader. Since tags do not
The engineering requirements and design challenges of the ; : L
envisioneg networgk ar?e numerous:RANge Dgelivery of \?vire require oscillators to generate carrier signals, backecat
: ) . ) communications benefit from orders-of-magnitude lower
lcehsasrgicr)lvg\jlegfatlc()jvlvs-?gvsgrs 32301230 rg}ff?éfegngzl fgro'cr)g?noél cto:]rédo power consumption than conventional radio communica-
o - tions.
end-to-end power transfer efficiency (up to a fraction of a ) )
percent/a few percent), or equivalently the DC power level }loreover, a network could also include a mixture of the
the output of the rectenna(s) for a given transmit power; §Pove three types of transmissions with multiple co-letate
Non-line of sight (NLoS)Support of Line of sight (LoS) and and/or §eparated Energy Transmitter(s) (ET) and Infoonati
NLoS to widen the practical applications of WIPT networks! ransmitter(s) (IT).
4) Mobility support Support of mobile receivers, at least
for those at pedestrian speed; Bpiquitous accessibility
Support of ubiquitous power accessibility within the netikvo
coverage area; 6pafety and healthResolving the safet This paper reviews and summarizes recent advances and
g y 9 y pap
and health issues of RF systems and compliance with tbentributions in the area of WIPT. The main objective of
regulations; 7)Energy consumptiaorLimitation of the energy this article is to give a systematic treatment of signal thieo

B. Objectives and Organization
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Fig. 1. Different WIPT architectures.
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and design for WIPT and use it to characterize the funda- :
mental tradeoff between conveying information and energy —| oo .
in a wireless network. This tradeoff is commonly referred
to as rate-energy (R-E) tradeoff. Various review papers on _ _
WIPT have appeared in past years [11]-[21]. Emphasis wd& 2~ The block diagram of a generic WPT system [7].

put at that time on characterizing the R-E tradeoff under

the assumption of a very simplamear modelof the energy . L

harvester. Interestingly, the importance of the energyester '€ctenna models. Special emphasis is given to how deeply

model for WIPT design was never raised and the validity 6'?6 rectenna model in_fluences -the R-E tradeoff an.d WIP_T
élgnal and system design. Section IV extends the discussion

this linear model never questioned in that WIPT literature. " ) X .
In recent years, there has been an increasing interest in fhd"Y t-user WIPT. Section V discusses recent prototyping

WIPT literature to depart from the linear model. HoweveNd €xperimentation efforts to validate the signal theorgt a
what we know about WIPT design from those review papers$§Si9ns. Section VI concludes the paper.
fundamentally rooted in the underlying linear model. It ' Nroughout the paper, a special emphasis is put on SWIPT

out that WIPT design radically changes once we change s it can be seen as the most involved and disruptive scenario
energy harvester model and adopt more realistalinear where wireless communications and wireless power arelglose
modelsof the energy harvester. intertwined. Nevertheless, the analysis and ideas reddawe

_ o ) ~ the paper can also find applications in WPCN and WPBC, as
Hence, in contrast to those existing tutorial and revieWointed out throughout the manuscript.

papers, we here aim at showing how crucial the energy

harvester model is to WIPT signal and system designs and how

WIPT signal and system designs revolve around the underlyiag The Crucial Role of Energy Harvester Modeling

energy harvester model. To that end, we highlight three dif- , ,

ferent energy harvester models, namely tinear modeland In order to motlyate the |mportapce of the energy harvester

two nonlinear modelsand show how WIPT designs differ formOde“ng’ recall f'r_St the block diagram of a generic WPT

each of them. In particular, we show how the modeling of tt%'_St?m lllustrated in Fig. 2. The end-to-end power transfer

energy harvester can have tremendous influence on the deﬁglr?'encye can be decomposed as

of the Physical (PHY) and Medium Access Control (MAC) P Pt P, Pl

layers of WIPT networks. We rigorously review how the e= Ptc = Pii P% ?f,
dc dc rf rf

D g

Energy Et
Receiver

(1)
different models can favor different waveforms, modulasio
input distributions, beamforming, transceiver architiees, er  e2  es

and resource allocation strategies as well as a differenbtis whereey, ¢5, andes denote the DC-to-RF, RF-to-RF, and RF-

the RF spectrum. We first con5|d_er smgle-user (pomt-tm{_n)o to-DC power conversion/transmission efficiency, respebti
WIPT c_"md then ext_end to multi-user scenarios. We d|scussA natural approach to come up with an efficient WPT
the V"fl“d'ty. of the different energy harvester model; anel tI:‘slrchitecture would be to concatenate techniques designed
resulting S|gn_al anq system deS|gns throu.gh e.Xpe“mentat'specifically to maximizee;, ez, and es. One could there-
and pr.ototypmg. Finally, we point out directions that A'fore use an efficient Power Amplifier (PA), smart channel-
promising for future research. adaptive signals, and an efficient rectenna to maxinize
The rest of this article is organized as follows. In the next, andes, respectively. Doing so, the RF and signal designs
subsection, we first give some insights into the crucial ofle are completely decoupled. WPT/WIPT RF designers would
energy harvester modeling and its impact onto signal desigdeal with efficient PA and rectenna designs and WPT/WIPT
We then jump into the core parts of the paper. Section signal designers focus on maximizieg assuminge; andes
introduces three models for the energy harvester (recjenr@nstant, i.e., assuming, and e3 are not a function of the
namely the diode linear model, the diode nonlinear modeétansmit/received signals but only a function of the PA and
and the saturation nonlinear model. Section Il is deditate rectenna designs, respectively. Though not explicitliestéhis
the study of the fundamental tradeoff between rate and gnexgay, this is the design philosophy adopted in the early works

in single-user (point-to-point) WIPT for each of the threen SWIPT, WPCN and WPBC, see e.g. [11]-[18], [22]-[40].



SWIPT was first considered in [22]. The tradeoff between B ?:1 >

information rate and delivered energy, the so-called R-E re %0 R S é”

gion, was characterized for point-to-point discrete clesin Vs S77E38 TrooF S20000

and a Gaussian channel subject to an amplitude constraint or

the input. SWIPT was then studied in a frequency-selective =

Gaussian channel under an average power constraint in [23]. R1 g cs D1

In [24], the term SWIPT was first coined and SWIPT was Y e o LN SR (W

investigated for multi-user MIMO systems, where practical ® L D2 Lo 2re

receivers to realize both RF energy harvesting and infaomat S SWST6H | ngF Tuam0

decoding were proposed. Since then, SWIPT has attracted

significant interests in the communication literature witbrks =0

covering a wide range of topics, among others MIMO broad- it : ; :

casting [25], [26], architecture [27], [28], interferencleannel S iru S Lz -

[29]-[31], broadband system [32]-[34], relaying [35], [3th v@) 3.74867nH 10pF  S27000
H - SM$-7630 SMS}7630

parallel, much attention has been drawn to WPCN [37], [38] |°3

and WPBC [39], [40]. | svisiesn |

Interestingly, while the above literature addresses compl ==
cated scenarios with multiple transmitters and receivet a
complicated R-E tradeoff characterizations, results @®et Fig. 3. Examples of single series, voltage doubler, and dinitige rectifiers,

-0
on the assumptions that and es are constant. Indeed, thedesigned for an average RF input power of -20dBm at 5.18Gklds the

4 ; . oltage source of the antenna [48]. R1 models the antenna anpedC1 and
DC-to-RF conversion efﬂmencyl has been assumed equa{l form the matching network. D1, D2, D3, and D4 refer to the @ity

to unity and the energy harvester has been abstracted Usiid@es. C2 and R2 form the low-pass filter with R2 being thepattoad.
a linear relationship stating that the output DC power of the
energy harvester is equal to its input RF power multiplied

by a constant RF-to-DC conversion efficieney [7]. Such a g1 genotes statistical expectation afi{-} represents the
linear modelfor the energy harvester has the benefit of belq%al part of a complex numbei,; denotes anM x M

analytu;‘ally easily trﬁctable.. o effic identity matrix and0 denotes an all-zero vector/matrix
Another approach to designing efficient WPT and WIPL,q |/ refer to the absolute value of a scalar and the 2-
architectures has emerged more recently and relies On‘mseﬁorm of a vector. For an arbitrary-size mate its complex

tions made in the RF literature that the RF-to-DC ConverSi%njugate transpose, Hermitian transpose, and Frobeaius
efficiency es is not a constant but aonlinear function of are respe;:tively den(;ted a AT AH ar;d||A||F [A];
3 3 3 . m

the input signal (power and shape) [8], [41]-[45]. Assuminggngteq thei, m)th element of matrixA. For a square Her-

es constant is indeed over-simplified and is not validated Ry matrix S, Tr(S) denotes its trace, whild,..(S) and
circuit simulations and measur_emen_ts. This observgtlcm L «(S) denote its largest eigenvalue and the corresponding
as consequence that the maximizationcols not achieved g;ganyector, respectively. In the context of random vaesb

by maximizinges, e» andes independently from each other, j - stands for independent and identically distribut@tie
and _thgreforg, simply concatgnatlng an efficient PA,.ean. distribution of a Circularly Symmetric Complex Gaussian
maximizing signal, and an efficient rectenna [8]. Efficiessci (CSCG) random variable with zero-mean and variance

e, ez and ez are indeed coupled with each other due tfy yonqted byCA (0, 52); hence with the real/imaginary part
the energy harvester nonlinearity [7], [46], [47]. The RF-t giuip ted ash/(0,02/2). ~ stands for “distributed as”. We
DC conversion efficiencys is not only a function of the use the notation sir(¢) — sin(rt)

rectenna design but also of its input signal shape and power i

and therefore a function of the transmit signal (beamformer

waveform, modulation, power allocation) and the wireless

channel state. Similarlye, depends on the transmit signal Il. ANALYTICAL MODELS FOR THERECTENNA

and the channel state and so degs since it is a function

of the transmit signal Peak-to-Average Power Ratio (PAPR).The energy receiver in Fig. 2 consists of an energy harvester

Hence, signal design not only influences but alsoe; and comprising a rectenna (antenna and rectifier) and a power man

ez in general settings. Being able to predict the influen@gement unit (PMU). Since the quasi-totality of electrsnic

of the signal design om; and e3 requires the developmentrequires a DC power source, a rectifier is required to convert

of nonlinear modelsfor the PA and the energy harvesterRF to DC. The recovered DC power then either powers a

respectively. Of particular interest in this paper is thedeltng low-power device directly, or is stored in a battery or a supe

of the energy harvester and the influence of the signal desicapacitor for higher power low duty-cycle operations. Ihca

on e; andes. also be managed by a DC-to-DC converter as part of the PMU
Notations:In this paper, scalars are denoted by italic letterbefore being stored. In the sequel, we will not discuss the

Boldface lower- and upper-case letters denote vectors aPBlU but only the rectenna models. We first start by giving a

matrices, respectivelfC <N denotes the space @/ x N short overview of rectennas before jumping into the rectenn

complex matricesj denotes the imaginary unit, i.g2 = —1. models.



107 : : : : (i.e. a single sinewave) signal is used for excitation [32

also display the RF-to-DC conversion efficiengy= P]_/P.

This circuit was designed for 1AV input power but as we can

see it can operate typically betweepW and 1mW. Clearly,

the RF-to-DC conversion efficienay is not a constant, but

depends on the input power level. It is about 2% at\]l

15% at 1W and 35% at 100W, which is inline with the

values reported from the literature in the previous paratgra

Beyond 1mW input power, the output DC power saturates

10° ‘ o e - - and e3 suddenly significantly drops, i.e., the rectifier enters

Average input power P |, [W] the diode breakdown region. Indeed, the diode SMS-7630
becomes reverse bhiased at 2 \olts (V), corresponding to an

Fig. 4. Harvested DC poweP]_ vs average input poweP’; and RF-to-DC  input power of about ImW. To operate beyond 1mW, a rectifier

c_onvers_ion efficiencyzg' with a singl_e-series _rectifier obtained from circuityyith multiple diodes (similarly to the ones in Fig. 3) would b

simulations [52]. The input signal is a continuous wave a853@Hz and . .

rectifier designed for -20dBm input power. preferred so as to avoid the saturation problem [4], [6]].[49

The above discussion illustrates the dependencysobn

the rectifier design and the average received signal power

level P;. Actually es is also a function of the rectifier’s input

signal shape and not only power. This was first highlighted in

A rectenna harvests electromagnetic energy, then rectifi@s], [42], wherein the authors proposed the use of a moéisi
and filters it using a low pass filter. Various rectifier tecloro waveform instead of a continuous wave (single sinewave) to
gies (including the popular Schottky diodes, CMOS, actiigrovide a higher charge pump efficiency and thus to increase
rectification, spindiode, backward tunnel diodes) and i®po the range of RFID readers. A multisine is characterized by a
gies (with single and multiple diode rectifier) exist [4}:[6 high PAPR, and the envelope of the transmitted RF signal is
Examples of single series, voltage doubler and diode bridgesigned so that there are large peaks, while the averager pow
rectifiers consisting of 1, 2 and 4 Schottky diodes respelstiv js kept the same as in the continuous wave case. Consider
are illustrated in Fig. 3 [48]. In its simplest form, the d@g indeed multiple in-phase sinewaves (with equal magnitudes
series rectifier is made of a matching network (to match thg frequenciesf,, = fo +nAs;, n = 0,...,N — 1, as the
antenna impedance to the rectifier input impedance) folowgoltage source of the rectenna. As the number of taNes
by a single diode and a low-pass filter, as illustrated by thgcreases, the time domain waveform appears as a sequence
circuit at the top in Fig. 3. of pulses with a period equal tb/A; illustrated by the red

Assuming P;=1 Watt (W), 5-dBi Tx/Rx antenna gain,curve in Fig. 5. The signal power is therefore concentrated
a continuous wave (CW) at 915MHz; of state-of-the-art into a series of high energy pulses, each of which triggers
rectifiers is 50% at 1m, 25% at 10m and about 5% at 30m [2he diode that then conducts and helps charging the output
Hence,e3 (ande; as well) decreases as the range increaseapacitor. Once a pulse has passed, the diode stops carglucti
Viewed differently, this implies that; decreases as the inputand the capacitor is discharging, as illustrated by the tluee
power P’; to the rectifier decreases. Indeegdl,of state-of-the- in Fig. 5. The larger the number of tonég, the larger is
art rectifiers drops from 80% at; =10 mW to 40% at 100 the magnitude of the pulses and therefore the larger is the
#W, 20% at 10uW and 2% at JuW [2], [S]. This is due to the output voltage at the time of discharge. Since peaks of high
rectifier sensitivity with the diode not being easily turr@dat power drive the rectenna with a much higher efficiency than
low input power. For typical input powers betweepW and 1 the average low level input, they contribute more to the wutp
mW, low barrier Schottky diodes remain the most competiti®C voltage, and the rectifier sensitivity, range and RF-to-
and popular technology [5], [6]. A single diode is commonlYDC conversion efficiency; increase. A more systematic way
preferred at low power (1-50@W) because the amount ofto design and optimize multisine waveforms for WPT was
input power required to switch on the rectifier is minimizedoroposed in [46]. Though limited to deterministic multisin
Multiple diodes (voltage doubler/diode bridge/charge py¥msignals, the discussion illustrates a key starting pointhef
are on the other hand favoured at higher input power, tylgicabaper, namely the fact that the RF-to-DC conversion effigien
above 50QW [4], [6]. Topologies using multiple rectifying e; is influenced by the input signal shape and power to the
devices each one optimized for a different range of inputgrowrectifier.
levels also exist and can enlarge the operating range versuModeling the dependency ef; on the input signal shape
input power variations [49]. This can be achieved using @.gand power is very challenging. This is so because RF-based
single-diode rectifier at low input power and multiple diedeenergy harvesting circuits consist of various componemt s
rectifier at higher power. as resistors, capacitors, and diodes that introduce \sarion-

Fig. 4 illustrates the dependency @f to the average signal linearities [5], [6], [50], [51]. This ultimately makes remna
power at the input of the rectifier. Using circuit simulatlonmodeling and analysis an important and challenging rekearc
and a single-series rectifier similar to the one at the top afea [6], [50], [51]. Moreover the practical implementatio
Fig. 3, we plot the DC poweP], harvested at the load as aof rectenna is hard and subject to several losses due to
function of the input powerP; to the rectifier when a CW threshold and reverse-breakdown voltages, devices fiasasi
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A. Rectenna Behavior
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fime, usec Fig. 6. Antenna equivalent circuit (left) and a single diaeetifier (right)

. o [46]. The rectifier comprises a non-linear device (diode) aridw-pass filter
Fig. 5. Example of the multisine waveform (red) used as a velis@urce (consisting of a capacitor C and a load)R

vs at the input of the rectenna and the rectified output voltage (blue).
See also Fig. 6 for an illustration of a rectenna and the spmedingvs and
Vout -

so that P = E[y:¢(t)?] = E[vin(t)?]/Rins vin(t) = vs(t) /2,
and vy, (t) = yef (1) vV Rin = yrt (t) v/ Rant. We also assume that
impedance matching, and harmonic generation [5]. In thiee antenna noise is too small to be harvested.
sequel, we introduce various models for the rectenna. The
first two models, the so-callediode linear modebnd diode
nonlinear model are driven by the physics of the diode an S ] o
relate the output DC current/power to the input signal tgtou Let us now apstrgct the. rectifiers in Fig. 3 into thg S|mpl|f|ed
the diode current-voltage (I-V) characteristics [46]. Thede rePresentation in Fig. 6 (right hand side). We consider ifor s
linear model is a particular case of the diode nonlinear hoddicity a rectifier composed of a single series diode folldwe
and is obtained by ignoring the diode nonlinearity [27]. ThBY & low-pass filter with a load. We consider this setup as it
third model, the so-calledaturation nonlinear modemodels IS the simplest rectifier configuration. Nevertheless theleho
the saturation of the output DC power at large RF input powgfesented in this subsection is not limited t.o. a smgle serie
due to the diode breakdown. In contrast to the first two modefiode but also holds for more general rectifiers with many
the third model is circuit-specific and obtained via curverigg dicdes as shown in [48]. _
based on measured data [47]. Denote the voltage drop across the diode wa$t) =
It is important to note that more complicated models can Be: (1) — vous (t) Wherevi, (2) is the input voltage to the diode
found in the RF literature, where one could for instancewaeri@"d vous (1) i the output voltage across the load resistor. A
mathematical (differential) equations to describe thecexdractable behavioral diode model is obtained by Tayloreseri
input-output characteristic of an RF-based energy hangst€xPansion of the diode characteristic function
circuit based on its schematic such as in Fig. 3. However, . ., va®
RF-based energy harvesting circuits may consist of vari- ia(t) = is(e™ —1), (2)
ous multistage rectifying circuits. This leads to compiith with the reverse bias saturation currentthe thermal voltage
analytical expressions which are intractable for signad an,, the ideality factorn assumed to be equal %005, around
resource allocation algorithm design. More importantlychs a quiescent operating point (t) = a. We have
an approach may rely on specific implementation details of -
energy harvestlng cchts gnd_ 'Fhe correspondlng mathieahat ia(t) = Z k! (va(t) — a)’ ©)
expressions may differ significantly across different g/pe P
of energy harvesting circuits. In contrast, the three medel o
described in the sequel are driven by a tradeoff betweamerek) = is(eﬁt —1) andk} = 751,?”"71):) i=1,...,00.
accuracy and tractab_ility. They may appear oversimplifieShoosing o« = E[vq(t)] = —vou, We can writeiy(t) =
from an RF perspective but the goal here is to extract t < Kot =%, kgRZthyrf(t)i_

c?' The Diode Linear and Nonlinear Models

key elements of the energy harvester that influences sighairne pc current delivered to the load and the harvested DC
and resource allocation design and enables insights fmabigpo\,ver are then given by

and system designs.
lout = E[ld (t)}v ch = itz)utR[n (4)

B. The Antenna Model respectively. Note that the operatdl{-] has the effect of

A lossless antenna is modeled as a voltage sour¢e taking the DC component of the diode curréatt) but also
followed by a series resistancé,.. (Fig. 6 left hand side). averaging over the potential randomness carried by thet inpu
Let Zi, = Rin + jXin denote the input impedance of theSignaly.¢(t). Indeed, in WIPT applicationsy.(t) commonly
rectifier and the matching network. Let¢(t) also denote carries information and is therefore changing at every symb
the RF Signa| |mp|ng|ng on the receive antenna. AssumimriOd due to the randomness of the input Symb0|s it carries.
perfect matching R, = Rant, Xin = 0), the available RF

. . 2We h teady-stat d an ideal réatifidimel
power P; is transferred to the rectifier and absorbedRy, s o te oal S that (h e at o O v e,

the low pass filter is ideal such tha.(t) is at constant DC leveb,,t (we
drop the dependency of). Similarly the output current is also at constant
1Assumed real for simplicity. A more general model can be foundt8].[ DC levelioyt.



This randomness due to modulation impacts the diode current
14(t) and the amount of harvested energy, which is captured
in the model by taking an expectation over the distributibn o
the input symbols [52].

In order to make the signal design tractable and get further
insights, we truncate the Taylor expansion at tj¢ order. Ver
This leads to ) Vo

No
ot &Y KiRUAE [y (t)'] )
1 even

wheren, is an even integer with, > 2. The diode nonlinear
model truncates the Taylor expansion at the > 2 order
but retains the fundamental nonlinear behavior of the diode
while the diode linear model truncates at the second ordég. 7. Diodel — V characteristic showing the three regions of diode

R1 R2 R3

_ i et operation [4]. R1 and R2 correspond to the diode operatiothefdiode
term (no T 2)' Note that the I’eCtIfle.I’ CharaCtenStldﬁ linear model and the diode nonlinear model, respectively. &8esponds to
are a function ofa = —vout = —RLiow and therefore the region where the diode acts as a resistor.

a function of iy, which makes it difficult to express,.;
explicitly as a function ofy.¢(t) based on (5). Fortunately,
it is shown in [46] that from a transmit signal optimization

perspective, maximizing,. in (5) (subject to an RF transmitpe|oy, -30dBm are very low for operating state-of-the-art

power constraint), and therefor€;. in (4), is equivalent 10 reciifiers since the Schottky diode is not easily turned on.
maximizing the quantity
e The diodenonlinear model is obtained by truncating to
_ 4 i a higher order term withn, > 4 [46], [57]. Choosing
Zde Z sz [yrf(t) ] (6) Ny = 4 for simplicity, Z4e = kQE [yrf(t)Q] +]€4E [yrf(t)ﬂ and
e the nonlinearity is characterized through the presencéef t
wherek; = % Parameters; and zy. are now indepen- fourth-order termE [y.¢(¢)*]. Such a model holds whenever
dent of the quiescent operating point Readers are referredthe higher order terms are found non-negligible. This ogaur
to [46], [48], [52] for more details on this model. region R2 in Fig. 7. Region R2 is often called transition oagi
The diodelinear model is obtained by truncating at order an the RF literature [4]. The transition region ranges frer20
such thatzqc = k2E [1:¢(¢)?]. Under the linear model, sinceto 0 dBm average input power, when a CW input signal is
ks is a constant independent of the input signal, the beggnsidered. When using a multisine input signal, the trammsit
transmit strategy for maximizingq., subject to a transmit region shifts to a lower range of average input powers, e.g.
RF power constraint, is equivalent to the one that maximizés30, —10]dBm, as given in [55]. Generally speaking, the
the average input poweP; = E [yrf(t)2] to the rectenna diode behavior is known in the RF literature to be highly
[46]. In other words, the diode linear model assumes that tAenlinear in the low power regime of -30dBm to 0dBm, as
RF-to-DC conversion efficienay; of the rectifier is a constant discussed in [8] and references therein.

independent 0f.:(t) [7]. The diode linear model can therefore For the diode nonlinear model, finding the best transmit

equivalently be written :‘3; de = ‘?fi%P o with 0 < e3i =12 grategy so as to maximize,., subject to an RF transmit
constant independent of the rectifier's input signal powed a ;e constraint, does not lead to the same solution as the

shape - o ___one that maximize& [y,¢(¢)?]. This model accounts for the
This is the energy harvester model first introduced in E%ependence of the RF-to-DC conversion efficiengyof the

and adopted in the earl'y works on WIPT [27]. It hgs SinCI’%ctifier on the input signal (waveform shape, power, and
th_en been used extensively throughout the WIPT literature 4 iation format) [7], [46]. The diode nonlinear model is
with among others [11]-[18], [22]-{40]. Such a model hold§ g form of a memoryless polynomial model that has
whenever the higher order termsrare found negligible. THigo \videly adopted and validated in the RF literature [4],
occurs in the very low input poweF;, regime or equivalently 1431 561 | has since then been used in various signalgtesi

yvhenever the vgltage Qrop across is the Qiodg is small a8 ature for WPT [48], [58]-[60], SWIPT [52], [61]-[69] and
illustrated by region R1 in Fig. 7. Such a regime is commonk)(”:,BC [70], [71].

denoted as the square-law regime of the diode in the RF

literature [4]. According to [54], such a regime occurs o Remark 1:As noted in [46], the Taylor series expansion
below -20dBm with a continuous wave (CW) input signa@round a quiescent point is a small-signal model that is
When the input signal is a multisine, the higher order termy@lid only for the nonlinear operating region of the diodk. |
become increasingly important as the number of sinewavié€ input voltage amplitude becomes large, the diode will be
increases. This has as a consequence that the squaredéven into the large-signal operating region where thedeio
regime (where the diode linear model is valid) is shifteBehavior is dominated by the diode series resistance and the
towards a lower range of average input power, namely beldw relationship is linear as illustrated by region R3 in Figy
-30dBm [7], [46], [55]. Recall nevertheless that power lsve[4].

i eveni>2



D. The Saturation Nonlinear Model

S 257 w w 2
The saturation nonlinear model characterizes anothecsou ¢ 2°f S 1
of nonlinearity in the rectenna that originates from the sg g 15— comemermemee 1
uration of the output DC power beyond a certain input R & °f
power due to the diode breakdofvrAs illustrated in Fig. 4, c 5% 1
es sharply decreases once the rectifier operates in the dic ~ s 10 15 2 P "
breakdown regich The diode breakdown occurs when the Received RF power (mw)

diode is reversed biased with a voltage across the diodeg be
larger than the diode breakdown voltaggryas illustrated in

Fig. 7. At such a voltage, the breakdown is characterized by
sudden increase of the current flowing in the opposite doect
(hence the negative sign of the current in Fig. 7 around tl
breakdown voltage). This can occur typically when the inpi

o
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Harvested power (mW)
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O Measurement data
r Saturation nonlinear model | -
Conventional linear model
I I I |

o

- H H H - 0 0.2 0.4 0.6 0.8 1 1.2
Eg\évr?rdtgsgtgﬁerde?g?er is too large for the power regime it he Received RF power (m)
The saturation nonlinear model is a tractable parametric (a) Linear scale.

model proposed in [47], and is applicable to SWIPT systems
for a given pre-defined signal waveform and only based on t
average received RF powet);. Unlike the diode nonlinear
model discussed in the previous subsection that is based
the physics of the diode, the nonlinear parametric saturati
model is fit to measurement results obtained from practic
RF-based energy harvesting circuits (excited using the p

O Measurement data
Saturation nonlinear model
Conventional linear model | 3

Harvested power (mW)
o
o
>
T

defined signal waveform) via curve fitting. Specifically, th 10 10° 10t
total harvested power at an energy harvesting recelRgr, is Received RF power (mW)
modeled as: s
£ 10"
Uge — Psat2 1 g
p = B bl g L) 3
1-Q 1+ exp(ab) 8 102
P B o Measur‘ememd‘ata
where 0. = - ®  Eio ’ S e e
1+exp(—a(P;f —b)) g ‘ ‘
102 10 10°
is a sigmoid (logistic) function which has the received R Received RF power (mW)

power, P}, as input. Constants,; denotes the maximal
harvested power at the energy harvesting receiver when the
energy harvesting circuit is driven tsaturation due to an Fig. 8. A comparison between the harvested power for the jsebonodel
; ; in (7) and measurement data obtained for two different pralctmergy
eXCFf'e.dmgly Iarge mpu_t RF power. CQnStamandb (.:apt.ur'e harvesting circuits with a continuous wave (CW) as input aighkig (a) and
the joint effects of resistance, capacitance, and cir@ss () contain the same information but using two different satamely linear
tivity. In particular, a reflects the nonlinear charging rate (e.gscales for (a) and logarithmic scales for (b). The measuremetat af the
the steepness of the curve) with respect to the input powype" and lower subfigure (for both (a) and (b)) have beemtéien [50] and
. .. ], respectively, showing the different dynamic rangehamnvested energy
andb determines the minimum turn-on voltage of the enerdy practical energy harvesting circuits. The parameers, and Ps, in (7)

arvesting circuit. are calculated with a standard curve fitting tool. The -conversion
h ting t lculated with dard f l. The RB®
This model isolates the resource allocation algorithm f@Fﬁciency of the energy harvesting receiver for the lineaergy harvesting
. e . . model is set tee3 = 0.8 andez = 0.3 in the conventional linear model for
pracfucal SWIPT systems fro_m th_e s_pecmc |_mplementat|cme upper and lower subfigure, respectively.
details of the energy harvesting circuit and signal wavafor

distribution. In practice, for a given waveform of the admpt

RF sign.al, parameter@ b, and Ps,; of the qupl in (7) Can parameters ar¢Ps,, = 10.73 mW, b = 0.2308, a = 5.365}
be obtained by applying a stgndard curve fitting glgonthm ¥hd {Ps. = 0.1071 MW, b = 0.6614, a = 0.8963}, for
measurement results of a given energy harvesting hardwgjgut powers in the mw and0—* W range, respectively.
circuit. In Fig. 8, we show two examples for the curve fittingng can be observed. in the high power regini; (> —10
for the saturation nonlinear energy harvesting model. Fggm— 190-! mw), the parametric nonlinear model closely
the upper and lower subfigure in Fig. 8 (a) and (b), theatches the experimental results provided in [50] and [6L] f
3Though the term “diode” is not highlighted in “saturatiomtinoear model” the V\_/lrelgss power_ harvested by .a prgctlcal energy ham‘psn
in contrast to the previous two models, we need to keep in midstituration  CIrCUit. Fig. 8 also illustrates the inability of the conviemal
also originates from the diode behavior. (diode) linear model to capture the nonlinear charactesist
4Operating diodes in the breakdown region is not the purpbserectifier of practical energy harvesting circuits in the high receirFE
and should be avoided as much as possible. A rectifier is dadignsuch . . .
a way that current flows in only one direction, not in both diiens as it pqwef rgglme. In the low power reg'me' bOth the conventional
would occur in the breakdown region. (diode) linear model and the saturation nonlinear modeeexp

(b) Logarithmic scale.



rience some discrepancies. The saturation nonlinear niiadel and the rectifier output harmonics. Modeling accurately the
been widely adopted in the literature for resource alloratiimpedance mismatch due to variation in the input signal powe

algorithm design, e.g. [72]- [78]. (accounting for fading) and shape is a challenge. Unfortu-
nately, due to the dynamic nature of the wireless channel,
E. Comparisons of The Rectenna Models the input power and signal change dynamically, implying tha

Table | provides a comparison of the three models. Furthlg}pedance ma.tchln.g. cannot alwayg be guaranteed. ) .
Fourth, nonlinearities were considered at the receiveg sid

comparisons between the diode linear and nonlinear mOdE{ﬁ also exist at the transmitter side. Modeling PA nonlinea

can be found in [7], [46], [52]. In particular, it was obsetve ities jointly with the EH nonlinearity would result in more

from circuit 5|mulat|qns that the diode nonlln_ear_ mod_el morefficient WPT and WIPT signal designs. One way forward
accurately characterizes the rectenna behavior in theigahc

: . . " " studied in [46] consists in designing transmit signal to max
low power regime. For more discussions on the similariti€s . ‘
. . . imize the harvested DC power subject to an average power
and differences between the diode nonlienar model and the , : : .
: ; constraint and transmit PAPR constraints. Such a desigis lea
saturation nonlinear models, the readers are referredriiaRe

to a new tradeoff since low PAPR signals are preferred at the

5in [52] transmitter but high PAPR signals at the input of the energy
_ harvester.
F. Extension and Future Work Fifth, the design and modeling of energy harvester for other

In the following, we review some interesting future researdrequency bands, e.g. millimeter-wave band, is also of high
directions. The challenge is finding accurate but tractablderests. At those frequencies, the diode linear model was
models for the energy harvesters that can be used for sigakslo shown not to accurately model the rectification behravio
and system design. Software-based models of the enemjythe diode [86].
harvester exist but are insufficiently fast and not insigiht®
derive new signal design and optimization. Nonethelessy th . SINGLE-USERWIPT
are very handy when it comes to validating analytical madels In this section, we first introduce the signal model used
On the other hand, simple models such as the linear mod®loughout the manuscript. We then discuss various receive
can be over-simplified and do not reflect the rectenna behavirchitectures and formulate the R-E region maximizatiabpr
accurately enough. The nonlinear models described abgveltsm. The core part of the section is dedicated to charaateriz
to keep some level of tractability while also improving upoithe R-E region (and the corresponding signal design sfesteg
the accuracy compared to the linear model. Neverthelessh mtfor the three energy harvester models.
remains to be done in designing rectenna model that are
suited to signal and system designs. We here mention a faw Signal and System Model

interesting research avenues. _ _ We consider a single-user point-to-point MIMO SWIPT
First, we may think of developing a combined diode andqiem in a general multipath environment. This setup is
saturation nonlinear model so as to tackle both sources @f.rred to as “SWIPT with co-located receivers” in Fig. 1.
nonlinearity at once and cope with a wider range of inP4e transmitter is equipped with/, antennas that transmit
pOWer. ) ) information and power simultaneously to a receiver equippe
Second, we may want to prowdg a'tef”aF'Ve or enhancggy, M, receive antennas. We consider the general setup of
models for the diode and saturation nonlinearities or fof i ti.subband transmission (with a single subband being
the general energy harvester. Some alternative models hﬁvgpecial case) employiny orthogonal subbands where the
emerged in [69], [79]-{83]. In view of Fig. 8(b), more works, th o ;phand has carrier frequengy and all subbands employ
are also needed to better capture the harvester behavioré(imm bandwidty,., n = 0, ..., N — 1. The carrier frequencies
the low-power regime. Moreover, those models are alwa)ﬁe evenly spaced such thét = f + nA; with the inter-
assuming CW input signals. It would also be beneficial Qrrier frequency spacing ; (With fu < A)).
design new signals using the diode nonlinear model, v@idat 1ho SWIPT signal transmitted on antenna . (t),
through circuit simulations, and then fit data using someeur,s 5 multi-carrier modulated waveform with frequehciﬁg
fitting tool mechanism. Preliminary results have appeared j, _ ., N — 1, carrying independent information symbols

[83]. The resulting model could then be used for systel, supbandh — 0. N — 1. The transmit SWIPT signal at
level evaluations and would capture the dependence on ingle + on antenn:;m _ 1,..., M, is given by

signal shape and power. Following such an approach, it was N1

interestingly shown in [83] that fading is beneficial to iease £ = VaR \ed2mFat 9
the harvested DC power thanks to the rectifier nonlinearity. Tat,m (1) = Z Tmn(t)e ©)
This motivates the design of transmit diversity techniqgfees ] =0 ) )
multi-antenna WPT to induce fast fluctuations of the wireled4th the baseband equivalent signal, ..(t) given by

channel. Aside nonlinearity, the sensitivity is anothepariant > _
characteristic of the energy harvester in the low-poweinteg T (t) = D T sine( fut — k) (10)
that needs to be further investigated [84], [85]. k=-oc0

Third, we may need to consider other sources of nonlineavhere z,, ,, , denotes the complex-valued information and
ity in the energy harvester, such as the impedance mismagpawer carrying symbol at time indéx modeled as a random
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TABLE |
COMPARISONS OF THE RECTENNA MODELS
[ [| Diode Linear Model | Diode Nonlinear Model | Saturation Nonlinear Model |

Operation Characterizes the diode behavior at vegryCharacterizes the diode behavior at IgwCharacterizes the diode/rectenna behav-
Regime low power (below -30dBm) power (-30dBm to 0dBm) ior at high power in/around the diode

breakdown region (above 0dBm)
e3 Constant Function of the rectifier input signal Function of the rectifier input signal

power and shape power and shape
Philosophy Driven by simplicity Driven by the physics of the rectenng Curve fitting based on measured datz
Beamforming Suitable for beamforming design Suitable for beamforming design Suitable for beamforming design
Modulation and Does not reflect dependence on inputDoes reflect dependence on input sig-Fitted to a given pre-defined signal.
Waveform signal power and shape. Cannot be ugeaal power and shape. Can be used foilCannot be used for modulation and
for modulation and waveform design.| modulation and waveform design. waveform design.

Resource Allo- || Suitable for RA optimization Suitable for RA optimization Suitable for RA optimization
cation (RA)
Impact Neutral Diode nonlinearity is beneficial Saturation is detrimental. Avoidable b

proper (adaptive) rectifier design.
Rectenna Valid for rectifiers with single diode and Parameters are circuit-specific

multiple diodes
Applications For system-level performance evalua-For PHY layer signal design and pef- For system-level performance evalua-
tions formance evaluations tions

variable generated in an i.i.d. fashior, ,(¢) has bandwidth conveyed to an IR, where it is first downconverted and filtered

[—fw/2, fw/2]. to produce the baseband signal for subband
The transmit SWIPT signal propagates through a multipath
channel, characterized by paths. Letr, and; be the delay Yin(t) = hi 5 X5 (1) +win(t), (13)

E;dcémp“lniﬁg %a;:gsoef tgﬁﬂpg:ht’hr;ﬁpsggévigﬁiggsetrr’a?qir;?iiewhere w; »(t) is the downconverted received filtered noise,

antennam and receive antennafor subbandn. The signal accounting for both the antenna and the RF-to-baseband

received at antenna(i = 1, ..., M,.) from transmit antenna. processing noise. Sampling with a sampling frequefieyto
can be expressed as T produce the sampled outputs at time instant@nultiples of

the sampling period), we can write the baseband system model

L—-1N-1
as follows
im () =V2R ar t—
yrt,z,m( ) { lz_; HZ:O l m,n( l) Yimk = hi,nxn,k + Wi n k (14)
. T .
o327 (=) 4G With x,, & £ [Z1,0ks s Tar,nk] - DU to the assumption of
’ i.i.d. channel inputs and the discrete memoryless chamreel,

can drop the time index and simply write

N-1
~ \[2% { Z hi,m,nxm,n (t)ejZTrf"t} . (12)
n=0

We have assumethax;; |7, — 7| < 1/ fy so that, for each We modelw; ,, as an i.i.d. and CSCG random variable with
subbandg,, ., (t) are narrowband signals, thus, ,,(t—7;) = varianceco?, i.e., w;,, ~ CN(0,0%), whereo? = o2 + 0%
T (t), V1. Variable h; ., = Y1 ajed(~27fmtmnt) s the total Additive White Gaussian Noise (AWGN) power
is the baseband channel frequency response between ttansniginating from the antennasf,) and the RF-to-baseband
antennam and receive antennaat frequencyf,,. processing €%).

The total signal and noise received at anterins the After stacking the observations from all receive antennas,
superposition of the signals received from alf; transmit we obtain
antennas, i.e.,

Yion = hi,nxn + Wi p- (15)

Yn = H,x, + Wn, (16)
N1 ) A T A T

Yreri(t) = VR { Z hmz,xn(t)en”f"t} +wa(t), (12) wherey,, = [ylm, ...7y]\,{r77l7:1:| , W, = [wl,n, - wM,mn] , and
n=0 H, £ [b{ ... b} |7 e CM*M: denotes the MIMO

channel matrix from the)M; transmit antennas to thé/,

receive antennas at subband

Ignoring the noise power, the total RF power received by
daII M, antennas of the receiver can be expressed as

wherews ;(t) is the antenna nois@y; ,, £ [1; 1,0, -, hi v, 0

denotes the channel vector from thé; transmit antennas

to receive antenna and x,,(t) = [ml_,n(t),...,:z:Mhn(t)]T

denotes the signals transmitted by thig antennas in subban

n. Next, the processing depends on the exact SWIPT receiver M, M, N—1

architecture. Nevertheless, a commonality exists amohg al = Z]E [yer.i(8)?] = Z Z E [hy nx, (£)[2]

considered types of receivers. Namely, from an energy per- i=1

spective,y,¢,;(t) (or a fraction of it) is conveyed to an ER, N-1

where energy is harvested directly from the RF-domain $igna = Z Tr (HI'H,Q,), (17)
n=0

From an information perspective, ;(t) (or a fraction of it) is

i=1 n=0
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Fig. 9. Three receiver architectures for SWIPT: (a) Ideaénaar (using the
same signal for both the ID and EH receivers); (b) TS receswit¢hing the
signal to either ID or EH receiver); and (c) PS receiver {8ptj a portion of
the signal to ID receiver and the rest to EH receiver).

where the positive semidefinite input covariance mafdix at
subbandn is defined axQ,, £ E [x,,(t)xX (t)] € CMexMe,

mn

The total average transmit power is expressed as

M; N—-1
Pl = Z_IE[xrf,m(w?] = ZO ™(Q,) = Tr(Q), (18)

with Q = diag{Qo, ..., Qn_1}. For convenience, we also

define P, = Tr(Q,) as the transmit power in subband

Throughout the manuscript, we will assume that the total Cr-e

average transmit power is subject to the constrajft< P.

Finally, we assume perfect Channel State Information at the
Transmitter (CSIT) and perfect Channel State Informatibn a

the Receiver (CSIR).

B. Receiver Architectures

11

A Time Switching (TS) ReceivéFig. 9(b)) consists of
co-located ID and EH receivers, where the ID receiver is a
conventional baseband information decoder; the EH recgive
structure follows that in e.g. Fig. 3 [24], [27], [29]. In #hi
case, the transmitter divides the transmission block no t
orthogonal time slots, one for transferring power and tteiot
for transmitting data. At each time slot, the transmittealdo
optimize its transmit waveforms for either energy transier
information transmission. Accordingly, the receiver sis
its operation periodically between harvesting energy aed d
coding information in the two time slots. Then, differentER-
tradeoffs could be realized by varying the length of the gyer
transfer time slot, jointly with the transmit signals.

In aPower Splitting (PS) ReceivéFig. 9(c)), the EH and ID
receiver components are the same as those of a TS receiver.
The transmitter optimizes the transmitted signals joirity
information and energy transfer and the PS receiver splits
the received signal into two streams, where one stream with
PS ratio0 < p < 1 is used for EH, and the other with
power ratiol — p is used for ID [24], [27], [28]. Hence,
assuming perfect matching (as in Section 1I-B), the input
voltage signalsy/pRantyee(t) and /(1 — p) Rantyee(t) are
respectively conveyed to the EH and the ID. Different R-E
tradeoffs are realized by adjusting the valuepgbintly with
the transmit signals.

C. Rate-Energy Region and Problem Formulation

The focus of this paper is the characterization of the
Rate-Energy (R-E) tradeoff and the corresponding siggalin
strategies for the various receiver architectures for thealr
and nonlinear EH models. We define the R-E regitn e
as the set of all pairs of rat& and energyE such that
simultaneously the receiver can communicate at ratand
harvested energ¥.. The R-E region in general is obtained
through a collection of input distributiongx, ..., xy_1) that
satisfies the average transmit power constrdinQ) < P.
Mathematically, we can write

N—-1
(P)2 {<R7E>:R< > I (Xnyn).
: n=0

Tr(Q)<P
E S ch (X(), ...7XN,1) } (19)

where I (x,,,y,) refers to the mutual information between
the channel inpuk,, and the channel outpwyt, on subband.

Various architectures for the integrated information anahdPj],, function ofxy,...,xy_1, refers to (4) and (7) for the

energy receivers in Fig. 1 have been proposed.

(linear and nonlinear) diode model and the saturation neali

An Ideal Receiver(Fig. 9(a)) is assumed to be able tanodel, respectively. For the diode models, si¢e directly
decode information and harvest energy from the same signalates to the current,,; and therefore:y. (defined in (6)), it
wet,i () [22], [23]; however, this cannot so far be realizeds more convenient to define the R-E region in terms:0f,

by practical circuits. With such an architecturgy ;(t) is

such that inequalityy < P in (19) is replaced by < zqc.

conveyed to the energy harvester (EH) and also simultaheous In order to characterize the R-E region, one solution is to
RF-to-baseband downconverted and conveyed to the infornodtain the capacity (supremization of the mutual infororati
tion decoder (ID). Different R-E tradeoffs could be readizeover all possible distributiong(xo, ...,xxy_1) of the input)

by varying the design of the transmit signals to favor rate @f a complex AWGN channel subject to an average power

energy.

constraintTr (Q) < P and a receiver delivered/harvested
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energy constrainf’; (xo, ...,xx—_1) > E, for different values

of £ > 0. Namely, P S

N-1

50
sup > I(Xn;¥n) (20)
(X0, XN-1) 0 o
subject to Tr(Q) < P, (21) s

Po(X0, -y Xn_1) > E, (22) s
where E is interpreted as the minimum required or target 20t
harvested energy. Here again, for the diode models, it i®mor
convenient to formulate Problem (20)-(22) in terms 1f 10| o ea Recener
metric such that Constrainng(xo,...,xN_l) > E simply , 5 PS Recelver | ‘ ‘ N
writes aszq.(xo, ..., Xxn-1) > E. 0 1 2 3 4 5 6

Rate(bits/channel use)

In the rest of this paper, we focus on the case when the
power of th_e pr(_)cessmg noise is much larger than that of tbﬁ 10. Comparison of R-E tradeoffs of different SWIPT reeedvwith
antenna noise, I.ecr,123 > 0?4, such thatr? = 0124 —i—a% ~ U%. the diode linear model. The parameters are set as folléws= 0.5, the
As explained in [24], the above setting results in the Worg_thar;nel power igh|? = 12, the transmit power i = 10, the noise power
case R-E region for the practical PS receiver. This can bg™ =3
inferred by considering the other extreme caser§f>> 0%
and hences? =~ o%. In this case, it can be easily shown
that the achievable rate for the ID receiver is independént o
the PS ratio, and thus the optimal strategy for PS is to use
an infinitesimally small split power of the received signai f
ID and the remaining for EH, which achieves the same boit [23]. In other words, the R-E regiofg'€” is a rectangle
like R-E region (see Fig. 10) as the ideal receiver [24]. As @haracterized by (26) illustrated in Fig. 10.
result, we mainly consider the R-E region for the worst case

of 0% > o, which serves as a performance lower bound for For the TS and PS receivers, CSCG input is again optimal
practical PS receivers. for the diode linear model. TS leads to a triangular R-E negio
C:" characterized by (27) where is the fraction of time
used for energy harvesting. PS leads to a concave-shape R-
_ _ _ E regionCLFE characterized by (28) whereis the PS ratio.

In this subsection, we study the R-E tradeoff for the diodgence, in the single-subband case with the diode linear ode

linear model starting with the simplest case of a SISO singlg,e tradeoff between rate and energy is actually inducetidy t
subband transmission. We then extend the results to Mulizejver architecture, not by the transmit signal.

subband transmission and multi-antenna transmissioyrdef
drawing some general conclusions about SWIPT signal and

architecture design for the diode linear model. I_%}gmparing the three considered regions, we observe that

L,PS L,Ideal - i
1) Single-Subband Transmissiortet us first assume aCrE & Cr-€ & Cg_e - Hence, a TS receiver is outperformed
SISO (M, = M, = 1) single-subband = 1) transmission by a PS receiver, and they are both outperformed by the ideal

and the ideal receiver. The system model in (15) simplifiégceiver' This is further illustrated in Fig. 10.
to y = hax + w and the delivered power can be expressed
as zgc(x) = kR [yrf(t)Q] = ko(|h|*E Ux|2] + 0?) ~ . N )
ko h|2E UT/F]’ where we assumed that the noise is negligible 2) Multi-Subband Transmissiontet us now consider the

for energy harvesting. Problem (20)-(22) can then be v17ritteSISO multi-gubband transmigsion Su.Ch that (1.5) becq__mes
hpx, + w, in subbandn. This was first investigated in [23]

D. Rate-Energy Tradeoff with The Diode Linear Model

as for the ideal receiver. Following [23], the use of indepemnide
sup I(z;y) (23) CSCG inputs in each subband, i.e;, ~ CN(0,P,), is
p(z) optimal and the R-E tradeoff results from the power allarati
subject to E Ux\Q] <P, (24) across subbands. Indeed, while the maximization of energy
E [|22] > B/(kalhP?). (25) Zg;‘)i |hn|” P, subject to an average sum power constraint

> n_o Pn < P favors allocating all power to a single sub-
Following [22], [87], the optimal input distributionis CSCG band, namely the one corresponding to the strongest channel
with average transmit power; = P, namelyz ~ CN'(0, P), max,cqo. n—1} |hn|, the maximization of rate subject to an
and there is no tradeoff between rate and energy, as notice@rage sum power constraint in general allocates power to
multiple subchannels following the standard water-fill{gF)
5We here consider an average power constraint only. Undeageeower solution [87]. Hence, there exists a non-trivial trade@ffvieeen
and amplitude constraints, the optimal capacity achievimgtridution is d in th It bband d the b
discrete with a finite number of mass points for the amplitudecmdinuous 'at€ and energy in the multi-subband case and the best power

uniform over|[0, 27) for the phase [22], [88], [89]. allocation can be formulated as the solution of the optitiona
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2p
CLideal {(R, E): R<log, (1+ 7] ) ,E<k2h|2P}. (26)

0.2
LTS |h|*P 2
cRit= |J {(BR E): R<(1—7)log, (1+ > >,E§rk2|h| Ps. 27)
o<r<1 7
2
cLPS = R,E): R<I S Gt 0]l ot  E<pko|h|2P Y. 28
R—E OSLPJ<1{( ) Og2< (1_'0)0_124_"_0_‘% >p 2| | ( )
problem already induced by the receiver architecture (as in thelesing
N_1 ) subband case).
P . L .
max Z log, [ 1+ [fon|” P (29) 3) Multi-Antenna TransmissionlLet us now consider a
{Poss Pno1} o= o? MIMO transmission and assume a single subband for sim-
N-1 plicity such that (16) becomeg = Hx + w. Similarly to the
subject to Z P, <P, (30) SISO case, following [90], the maximization of the mutual
n=0 information subject to average transmit power and received
N-1 - power constraints is achieved by CSCG inputs. Problem (20)-
S7 hal® Po > E/ks, (31) (22) becomes
n=0
o o . . 1 I+HQH?
which yields a modified WF solution [23]. Specifically, let mrgx 082 det( +HQ ) (33)
A* and 5* denote the optimal dual variables corresponding to subject to Tr(Q) < P, (34)
the transmit sum-power constraint (30) and the total haedes H i
. . . Tr (HQH™) > E/ks. 35
power constraint (31). Then, the optimal transmit poweo-all r( Q ) =z EB/ks (35)
cation is given by [23] In the above problem formulation, we assume that each
1 o2 receive antenna is equipped with an energy harvester and the
P* = max < N FE T |2,0> , (32) constrainti; Tr (HQH) > E reflects that the total harvested

energy across all rectennas should be larger thanThe
vn € {0,..,N—1}. It can be observed that if the energychoice of the input covarianc€ leads to a non-trivial R-
harvesting constraint (31) is not active, i.&; = 0, (32) E tradeoff [24]. Let us write the eigenvalue decomposition
reduces to the conventional WF power allocation with HYH = VgV, The harvested energy is maximized
constant water-level for all subbands. However, when thy choosing the covariance matrix & = Pv;vi’ where
energy harvesting constraint is tight, i.8% > 0, the water- v; = vma(H?H) denotes the eigenvector corresponding
level is higher on subbands with stronger channel powes Tho the dominant eigenvalue dH”H. Rate maximization
indicates that due to the energy harvesting constraint, tbe the other hand is obtained through multiple eigenmode
power allocation among subbands is more greedy (i.e., maransmission (spatial multiplexing) along the eigenvestof
power is assigned to stronger subbands) than the convahtidd”H and with a power allocation across eigenmodes based
WF power allocation. on the conventional MIMO WF solution [90], i.e., leading
The TS architecture relies on time-sharing between conven- a covariance matrix of the fornQ = VHAVII;’ with
tional WF (for rate maximization) and transmission on ththe diagonal matrixA obtained from the standard WF power
strongest subband (for energy maximization). In the PSiarchllocation solution. The optimal solution of the R-E region
tecture, the PS ratio (same for all the subbands) and therpoweaximization problem (33)-(35) can also be expressed imfor
allocations across subbands can be jointly optimized [32}f a multiple eigenmode transmission wily* = VgXVE,
Similarly to the single-subband cas#; 'z C C5FE C C5'%@  where the diagonal matriX is obtained from a modified WF
also holds for the multi-subband case. In fact, this resaift cpower allocation [24]. As explained in Section 1lI-D2, the
be obtained from [24], which considers the general MIM@bove optimal precoder design with the modified WF power
system modely = Hx + w (Ssee next subsection for moreallocation is more general than the optimal power allocatio
details). As shown in [24], for arbitrary MIMO channel matri for the multi-subband SISO system considered in [23], since
H, under the so-called uniform power splitting (UPS) schemthe channel model in [23] is a special case of that considered
in which the PS ratios in each dimension yfare identical, in [24] with H being diagonal.
the corresponding R-E region is always no smaller than thatThe TS architecture relies on time-sharing between the
achieved by applying TS in each dimensionyofAs a result, conventional eigenmode transmission (for rate maxinorati
in a multi-subband SISO systen@s's C Ck"2 follows and aligning one energy beam towards the eigenvector cor-
directly by restrictingH in [24] to an N-by-N diagonal responding to the strongest eigenvalue Hf (for energy
channel. maximization) [24]. In contrast, with the PS architectutte
Hence, in the multi-subband case for the diode linear modatansmit precoder and PS ratios of receive antennas can be
a tradeoff between rate and energy is induced by the poweintly optimized to obtain various points on the boundafy o
allocation strategy at the transmitter additionally totitaeleoff the achievable R-E region. Moreover, as mentioned in Sectio
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[1I-D2, a low-complexity UPS scheme is considered in [24&ccording to the diode linear model. Interestingly, it was
under which the PS ratios are identical for all receive amisn shown in [52] that modulation using CSCG inputs leads
Let C5YES denote the corresponding R-E region. Then, tb a higher harvested energy at the output of the rectifier
follows from [24] thatCk "2 C CRYES C CRTE C CR'E. compared to an unmodulated input, despite exhibiting theesa
Note that in the MISO setupl{,. = 1), y = hx +w, Q* = average power at the input to the rectenna. This gain comes
Phh with h = h/||h|| and the optimal covariance matrixfrom the large fourth order moment offered by CSCG inputs,
for energy and rate maximization coincide. The transmittghich is exploited by the rectifier nonlinearity and modeled
simply performs conventional Maximum Ratio Transmissioby the fourth order term ireq.. Indeed with CSCG inputs
(MRT), x = hflz with z ~ CN(0, P), which maximizes = ~ CN(0, P), E[|z[*] = 2P?, which is twice as large as
both energy and rate. Hence, there is no R-E tradeoff amfhat is achieved with unmodulated CW inputs with the same
the R-E regiorCj$e is a rectangle characterized by (26) witraverage power [52].
|h|2 replaced byj|h||?, and therefore enlarged compared to the This highlights that the signal theory and design for SWIPT,
SISO case thanks to the beamforming gain. Similarly, for tffé!ch as modulation, waveform, and input distribution, are
TS and PS receivers, the R-E regions are given by (27) adetually influenced by the diode nonlinearity. This motsat
(28), respectively, withh|? replaced by1|hH2. the design of SWIPT signals that intelligently exploit thedk
Remark 2:Note that while CSCG is optimal for the ideal,nonlinearity. o _
TS, and PS receivers in single-subband, multi-subband and) Single-Subband TransmissioAssuming a SISO trans-
multi-antenna transmissions for maximizing the R-E regiomission and the ideal receiver, Problem (20)-(22) becomes

under the diode linear model, from an energy maximization- sup I(z:;y) (36)
only perspective, any input distribution with an average/@o p(z)
P would be optimal. In particular a continuous wave (CW)  subject to E [|m|2} <P, (37)

would do as well as a CSCG input while modulated and 2 4 n
unmodulated waveforms are equally suitable from an energy Rk [yrf(t) ] Rkl [yrf(t) ] 2 B. (38)
maximization perspective under the diode linear model.dden As shown in [65], a baseband equivalent for. (left hand

in TS, the R-E region can also be achieved by time shariifle of (38)) is not only a function of F:Q as with the
with CSCG inputs during the information transmission phagiode linear model but also a function Bff =[], E [R {}“],

and with CW during the power transmission phase. E[S{z}"] with o = 1,2,3, 4.

Observation 1:The use of the diode linear model leads to Interestingly, the presence of the higher moments of the
three important observatiorf&irst, the strategy that maximizesinput distribution has a significant impact on the choice of
P, maximizesP;.. Second CSCG inputs are sufficient andthe input distributionp(z). In [65], assuming general non-
optimal to achieve the R-E region boundarihird, Ck'g C  Z€ro mean Gaussian inputs{x} ~ N'(p,, P,) and S {z} ~
CFLz’fE C CFL{*'_"E""'. N (ui, P;) with P+ P; < P, itis found that the supremum in

Problem (36)-(38) is achieved witR. + P, = P and by zero
) . . mean asymmetric Gaussian inputs. CSCG input obtained by
E. Rate-Energy Tradeoff with The Diode Nonlinear Model gq 41y distributing power between the real and the imagina

The first systematic signal designs for WPT accounting falimensions, i.e.R {z} ~N (0, P/2) and S {x} ~ N (0, P/2)
the diode nonlinearity appeared in [46], [57]. Uniquelyisth is optimal for rate maximization. However, as the harvested
nonlinearity was shown to be beneficial for system perfopower constraint? increases, the input distribution becomes
mance and be exploitable (along with a beamforming gaasymmetric with the power allocated to the real pait
and a channel frequency diversity gain) through suitalgleadi increasing and the one to the imaginary pBt= P — P,
designs. It was observed that signals designed accourdingdecreasing (or inversely) up to a point where the rate is
the diode nonlinearity are more efficient than those designminimized and the energy is maximized by allocating the
based on the diode linear model. Interestingly, while theansmit power to only one dimension, e®y{z}~N (0, P).
diode linear model favours narrowband transmission withhis is because allocating power to one dimension leads to a
all the power allocated to a single subband (as in Sectibigher fourth moment. Indeet, [xﬂ = 3P2forx ~ N(0, P)
I1-D2), the diode nonlinear model favours a power allooati in contrast toE [|z[*] = 2P? with z ~ CN(0, P). The R-E
over multiple subbands and those with stronger frequenaggion obtained with asymmetric Gaussian inputs is ilhtsul
domain channel gains are allocated more power. The optimimFig. 11.
power allocation strategy results from a compromise betwee Hence, in contrast with the diode linear model, a R-E
exploiting the diode nonlinearity and the channel freqyendradeoff exists in SISO single-subband transmission with a
diversity. ideal receiver for the diode nonlinear model. The tradesff i

The works [46], [57] assumed deterministic multisine wavenduced by the presence of the fourth moment of the received
forms. Designing SWIPT requires the transmit signals toycarsignaly,¢(t) in zq.. Moreover, the R-E region achieved by the
information and therefore to be subject to some randomnedide nonlinear model-motivated input distribution leéalsn
This raises an interesting question: How do modulated &gnanlarged R-E region compared to that achieved by the diode
perform in comparison to deterministic signals for energjnear model-motivated input distribution. In other wordse
transfer? Recall from Remark 2 that modulated and unmadiode nonlinearity is beneficial to SWIPT system performance
ulated inputs are equally suitable for energy maximizatiahproperly exploited.
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Fig. 11. R-E region with asymmetric Gaussian inputs in sisgleband Fig. 12. R-E region with optimal inputs in single-subbandngmission
transmission P = 1,02 = 10~% ko = 0.17,kq4 = 19.145) [65]. By (P = 5,02 = 2) [68]. Note that the energy unit isA because the energy
evolving from point D to point A, the input distribution beoes more metric used isz4., Which is a contribution to the output current.
asymmetric and the harvested energy increases. The dasbezbiiesponds

to the R-E region for the diode linear model. Note that the gnenit is A

because the energy metric used:ig, which is a contribution to the output

current. satisfied.

The benefits of departing from Gaussian inputs originate
] . o o from the diode nonlinearity that favors the use of distritus
Relaxing the constraints on Gaussian inputs, it is remarat boosts the higher order moment statistics of the channe
ably shown in [68] that the capacity of an AWGN chann@hpyt ;. Indeed,E [|z[*] = i2P? for the input distribution
under transmit average power and receiver delivered POW&T(40). Choosingl > /3 makes the fourth order moment
constraints as characterized by Problem (36)-(38) is ﬁytu%igher than the2P? and 3P? obtained respectively with real
the same as the capacity of an AWGN channel under gy} ssian and CSCG inputs.
average power constraint, i.e., characterized by Prob8M (  The apove discussion has deep consequences for the choice

(37) without constraint (38). In other words, the capacityt ie receiver architecture. Though the results were pbthi
of an AWGN channel is independent of the Vﬁll,fgaqu thessuming an ideal receiver, the capacity was shown to be
delivered power constraint’ and the R-E regioz ™" IS 4chieved/approached with time sharing. Hence this implies
an unbounded rectangle characterized by that under the diode nonlinear model, a TS receiver is dgtual
h|2P sufficient to approach the capacity. Actually, the optimaER
Cajbllzdeal _ {(R, E): R<log, (1 +— ) ,Eéoo}. regions achieved by the TS, PS, and ideal receivers are the
7 same, i.e.CR-2S = CR-ES = ch-l9ed This also results in

(39) L, TS L,PS L,Ideal NL,TS NL,PS
. . e fact thatCy'2 C Cs' 2 C Cr C Crhog” =Cre” =
However nding on the transmit aver wer an , R-E = *¥R-E = "R-E = ¥R-E R-E °~
owever, depending on the transmit average power and ¢ 1983l “\which again highlights that the diode nonlinearity is

receiver delivered power constraints, the capacity caritbere 'R—E _* . )
achieved or arbitrarily approached, as illustrated in B, beneficial to SWIPT system performance if properly exploited

Let E¢ denote the harvested energy with the input Nevertheless, in practice, the optimal distribution (tésg

CN(0.P). For < . the capaciy s achieved via the, 18 B0 20 0 B B eions, one.
unique inputz ~ CAN(0,P). For E > Eg, the capacity Y P '

is approached by using time sharing between distributioﬂgVlng high information content and the other having high

. . . . . ower content, an ideal receiver would lead to a larger R-E
with high amount of information, e.g. CSCG inputs, and . : C .

S I - region than a PS receiver, which itself has a larger R-E regio
distributions with high amount of power, reminiscent of flas

) . o I . . than a TS receiver.
signaling, exhibiting a low probability of high amplitude . L -
signals.gWriting thegcomplex i?]put as:yreje wi?h its pﬁase 'I.'he' abpve discussion is |I!ustrat§d in Fig. 12, where the
6 uniformly distributed ovef0, 27), an example of such a flashSOIIOI line illustrates the capacity achievabledy- CA'(0, P)

ianali e he followi .. and the dashed line illustrates the capacity that can be ap-
i;%rs\i |fr:%c?i|§rt1rlbutlon 's given by the following probabyi proached arbitrarily using time sharing between distidng

with high amount of information and distributions with high
1—4, r=0, amount of power. Comparison is also made with the R-E
(40) p p

pr(r) = 1, R region achieved with asymmetric Gaussian inputs.

Remark 3:1t is important to recall that the above obser-
with [ > 1. We can easily verify thak [|z|?] = E [r?] = P, vations hold as long as the conditions expressed in Remark
hence satisfying the average power constraint. By inangasi
I, = IV/P increases and,(lv/P) decreases, therefore ©This also calls for introducing an additional amplitude deaist in

exhibiting a low probability of high amplitude signals. Puc Problem (36)-(38). It was shown in [68] that under averagegrpamplitude,
and nonlinear delivered power constraints, the optimal adapachieving

a distribution is characterized by.the fact that there 'Sa&lw distributions are discrete with a finite number of mass pointtstfe amplitude
an L such that forl > L, the delivered power constraint isand continuous uniform for the phase.
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1 are valid. If the signal amplitude becomes very large, theln [52], the characterization of an achievable R-E region
diode is forced into its resistive zone as described in [#Jas conducted by performing an energy maximization subject
(where the |-V characteristic is linear), making the Tayldio a rate constraint
series expansion model no longer applicblEhis implies ) .
that the unbounded rectangular R-E region in Fig. 12 cannot (op ’mgf} k2l [yrf(t) ] + kR [l/rf(t) ] (41)
be achieved in practice. Nevertheless, the insights oddain T
from Fig. 12 still hold and time sharing between CSCG inputs
and the distribution in (40) should enlarge the R-E region as
[ increases up to a certain limit. No1 2P
2) Multi-Subband TransmissionEor multi-subband trans- Z log, (1 + |n|21n> > R, (43)
mission, the capacity achieving input distribution rensain n=0 g
an open problem. Nevertheless, it has been shown in [52], _ o ) o
[61] that the use of non-zero mean Gaussian inputs leaifdere /i denotes the minimum required rate. A similar
to an enlarged R-E region compared to CSCG inputs. Tﬁéo_ble_m can be formulate_d_ for the PS receiver where the
superiority of non-zero mean inputs over zero mean inplﬁgtlmlzat_mn is conducted jointly over the PS raticand the
can be explained by the fact that modulated and unmodulatBgut variableszp,, and . .
multi-carrier waveforms are not equally suitable for wagd ~ The phases ofrp,, can easily be found in closed form,
power delivery. Indeed a multi-carrier unmodulated wauefo While the magnitude/power terns. , and P, for the power
e.g. multisine, is more efficient in exploiting the diode non@nd information symbols are found as a solution of a Reversed
linearity and therefore boosting,. compared to a multi- G€ometric Program [52]. The minimum energy and maximum
carrier modulated waveform with CSCG inputs. It was indee@t€ is obtained by allocating no power (though energy Ik sti
shown in [46], [52] from analysis and circuit simulationdrarvested from t_he information symbols) t_o the determimist
that zq. scales linearly withV for an unmodulated multisine POWer symbols, i.ePs ,, = 0 ¥n, and allocating power across
waveform because all carriers are in phase, which enabies g4Pbands to the information symbols according to the standa
excitation of the rectifier (and the turning on of the diode) i WF solution. Hencez,, ~ CA'(0, P,) is CSCG andk’, =0,
a periodic manner by sending high energy pulses evgry;. V7, at this extreme point. Th'e other extreme point of the
On the other hand, a modulated waveform leads tq.ahat €gion corresponds to the maximum energy and minimum rate
scales at most logarithmically with’ due to the independentthat is obtained by allocating no power to the information
CSCG randomness (and therefore random fluctuations of f¥nbols, i.e..Fr, = 0, ¥n, and all power to the power
amplitudes and phases) of the information-carrying symbo‘?ymbms according to the optimal multisine waveform power
across subbands. allocation strategy of [46]. Hence,, = xp ,, is deterministic
Non-zero mean Gaussian inputs lead to a SWIPT arcd K, = oo,Vn', at this other extreme point. 'For other points
tecture relying on the superposition of two waveforms at tH! the R-E region boundary, the K-factor in each subband
transmitter: a power waveform comprising a determinisic-( SOftly evolves between 0 ansb as we aim at lower rate and
modulated) multisine and an information waveform compridigher energy. Hence, in contrast to the diode linear model,
ing multi-carrier modulated (with CSCG inputs) waveforma//€ note that the diode nonlinearity does not only change the
The complex-valued information-power symbol on subbandPOWer allocation strategy across subbands but also the inpu
can then be explicitly written as,, = ap.,, + z1,, with zp,, distribution in each subband. . _
representing the deterministic power symbol of the muléisi  F19- 13_|Ilustrates the above discussion fo_r aPS rec_elver an
waveform on subband andzy,, ~ CA(0, P,) representing the S|gn|f|c§1nt enlargement of the R-E region by using non-
the CSCG distributed information symbol of the modulatef€r0 mean inputs over CSCG, or equivalently by superposing a
waveform on subband. Hence z,, is non-zero mean and, | deterministic multisine waveform onto a modulated wavefor
is Ricean distributed with a K-factor on subbanddenoted (With CSCG symbols). This drastically contrasts with the
and given byK,, = Pp.,/ P, With Pp., = |zp_,|2. ponclusmns obtained with the d|ode_ Imeay model. Recall
Sincexp.,, is deterministic, the differential entropies of, indeed from Remark 2 that, for the diode linear model, the

and 21, are identical (because translation does not chanlﬁ@“t distribution does not impact the amount of harvested

the differential entropy) and the achievable rate is eqoal EN€"9Y and there is no benefit in using a multisine waveform
I—ZN’llogQ (1+ hn |2y /02) independent ofp ,,. This on top of the modulated waveform since both are equally
- n=0 n ,n e

rate is achievable with and without waveform cancellation. Suitable from an energy harvesting perspective. With toee
the former case, after down-conversion from RF-to-basebalif€ar model, the use of non-zero mean inputs would have not
(BB) and Analog-to-Digital Conversion (ADC), the contribu prowded any R-E region enhancement over the use of CSCG

tion of the power waveform is subtracted from the receivdgPUts- The R-E region enhancement in Fig. 13 also illustrat
signal. In the latter case, a power waveform cancellatidff 92in obtained by accounting for the diode nonlineanty f

NL, TS
operation is not needed and the baseband receiver dec

N-1
subject to Z Pp,, + P, <P, (42)

n=0

Oa\é\éisPT signal and system design. Here, agéjn2 C CR-¢°,
. X C CNL,PS CL,IdeaI C CNL,IdeaI
the translated version of the symbols. R-E= R-E'R-E =LRE -
Another interesting observation from Fig. 13 is the
"The same is true for the multisine waveform in WPT with an indreas concavity-convexity of the R-E region boundary with non-
number of sinewaves [46]. zero mean inputs, which contrasts with the concavity of the



17

30 ‘ 3) Multi-Antenna Transmissionin a MISO setupy,, =

S~ Kfactor=oc |——Non-zero mean Gaussian inputs h, x, +w,, it can be shown for general multi-band transmis-
25\ WPTp=1 [Z9=CSCGinputs 1 sion that MRT in each subband is optimal [52]. Hence, the
- Kefactor increasing optimal input symbol vector can be written as = hz,
20r ] with h, = h,/|h,| and z, designed according to the

optimal input distribution of a SISO transmission for theadt
nonlinear model.

The MIMO setup remains an interesting open problem.
For multi-band MIMO transmission, one challenge is that
1 the maximization of the energy at th¥, receivers results
in a coupled optimization of the frequency and the spatial
3 2 5 6 domains, i.e., decoupling the spatial and frequency domain
Rate [bits/s/Hz] by first designing the spatial beamformer in each subband
Fig. 13. R-E region forN = 16 with a PS receiver and non-zero meana‘nd then designing the power allocation across subbands is
Gaussian inputs in multi-subband transmission [52]. Theamereceived Suboptimal contrary to the MISO case [58].
power at ft_he(jrlpuzt(}hderﬁ]Cteigifhings:ngo 'Tzhf”;:;': ﬁ;‘:éggnsr']\frgi :jw Observation 2:The use of the diode nonlinear model leads
tiéabzar:sdv:/)i(gthl\(;fw. Hence, the x-axis refers to a per-subband rate. NO&Q four important observationssirst, the strategy that max-
that the energy unit isA because the energy metric usec:ig, which is a  imizes P does notmaximize Pj.. Second CSCG inputs
contribution to the output current. cannot achieve the optimal R-E region boundari€hird,
Crog> € Cpogo- Fourth Cgle € Crog™ CRTE C CRe
CL'ed c cR-eal e, the diode nonlinearity is beneficial to

region boundary for the CSCG inputs. We indeed note frofYerall system performance. _
Fig. 13 that the non-zero mean Gaussian inputs curve pﬂesemCompanng with Observation 1, we note that the diode non-

an inflection point, with the boundary being convex at loveratNeéar model has a deep imEactfon SY]VIPT d_esighn. It changes
and concave at high rate. This has the consequence that TSE&ninPut distribution and therefore the basic charadtesis
outperform PS for the diode nonlinear model, as illustrated ©f the PHY and MAC layers such as modulation, waveform,
the figure. It is shown in [52] that for a sufficiently largé spectrum use, and resource allocation as well as the receive

(e.g. N = 16), TS is preferred at low SNR and PS at hig@rchitecture. Though the beamforming designs for the diode

SNR, but in general the largest convex hull is obtained byligear and nonlinear models are identical fqr the poinp@nt
combination of PS and TS. MISO system, namely both employ MRT, different designs are

. L - . ) needed for MIMO systems. The importance of accounting for
Assuming Gaussian inputs, it is also interesting to note thes giode nonlinearity in the designs and evaluations of WPT

apparent difference in input distribution for single-sabtd and ;4 swIPT was first highlighted in [46] and [52], respectively
multi-subband transmissions, namely single-subbandr$avo

asymmetric inputs while multi-subband favors non-zero mea _ . .

inputs. A unified framework of SWIPT signaling based or'1:' Rate-Energy Tradeoff with The Saturation Nonlinear Mode
non-zero mean and asymmetric Gaussian distributions wadn this subsection, we study the R-E tradeoff for the
recently developed in [62]. It was shown that, in a gener&fturation nonlinear model from the resource allocatiomtpo
multi-subband system and under the diode nonlinear modei,view, i.e., how the saturation nonlinearity of energy-har
the combination of non-zero mean and asymmetric inputs cégsting circuits affects resource allocation. To fadiétahe
further enlarge the R-E region. presentation, we assume that the information signal is CSCG
Og]i‘gtributed and the use of an ideal receiver. This assumes
that parameters:, b and Ps,; of the saturation nonlinear
6node| should be calculated for CSCG input sighalSirst,

Energy [uA]
&

0 . . .
0 1 2

The above discussion relies on Gaussian inputs. Moving
step closer to real-world digital communication systemcae
leverage the diode nonlinear model and the above obsengati
on SWIPT 'npUt_d|Str|bUt'0n and_ V_Vaveform des_lgn to design 8Since the saturation nonlinear model assumes a predefinedonavgvith
SWIPT modulation based on finite constellations. In [63harameters:, b and Ps,; fitted based on measurements obtained with that

the modulation of information symbols onto a multi-carriefaveform), it may not be possible to explicitly define the cayaas any
. f It . ified SWIPT (ihange in the input distribution (and therefore waveform)uldolead to
energy-carrying wavetorm, resuiting in a unifie mo “hanges in the model parameters b and Ps,;. Nevertheless, what can

ulated waveform, was studied. The authors adapted P8&done is to model the saturation nonlinearity alternativesing output
modulation to SWIPT requirements and showed the benefitsagfage probability (OOP) constraints, which expressespitubability that

d . f . | ic PSK dulati the amplitude of the received signal outside a given inteizvamaller than
eparting from conventional symmetric modulation angdeshold, as conducted in [69]. This enables to captueestituration

adopt asymmetric PSK modulation, where all constellatiorsect independently of the input signal. The capacity uralesrage power
points have the same magnitude but are uniformly distributgonstraintsand (OOP) constraints remains an open problem. For the low

. . Lo power range, CSCG is conjectured to be optimal, however ferHhigher
over [_5» 5] with 6 < 7. By changingé and optimizing delivery power range, CSCG is not. Nevertheless, it is unknget whether

the probability mass function of the constellation poirds, the optimal input distribution is made of an infinite number of epsints or
asymmetric distribution of the constellation points waevgh finite or even, whether it is continuous. On the other hanel cépacity under

. . erage power and amplitude constraimtsd (OOP) constraints is studied in
to enable a larger R-E region compared to that obtained W[ ]. It is shown that the amplitude of the optimal input is déte with a

conventional symmetric PSK constellations. finite number of mass points.
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we consider the case of single-subband transmission.

1) Single-Subband Transmissiontet us write = ~ e N7110 1+ ho|? Py, (50)
CN(0, Pf;) with P} = E [|z[?]. The optimal power alloca-  {p,,...Px_1,6} = 52 o2
tion design for single-carrier transmission in SWIPT can be N_1
formulated as the following optimization problem subject to Z P, <P (51)
n=0
N—-1
) (hnl® P 2 5, (52)
h|® P} n—
max  log, (1 + |2f> (44) b
Pt 7 [Hexx»(fadt(ﬁfb)) — Poar B (=3
subject to P4 < P, (45) 1-Q >k, (53)

Pic 2 E. (46) where is an auxiliary optimization variable representing the

maximal received power at the receiver. Note that the con-
straint in (52) is satisfied with equality at the optimal smn.
) o ) ... By comparing the problem formulations in (50) and (29), both
The solution to the optimization problem in (44) is trivialyopiems have almost identical structures, e.g. (29)¥8i3us
and the optimal power allocation is attained whefy = . 50).(52) except that there is an extra constraint, i%83).(
Intuitively, for a given input signal distribution, the ap@al  rherefore, similar to the case of the diode linear model, one
strategy for maximizing the achievable rate with CSCG ispuyq g expect that there exists a non-trivial tradeoff bawe
and the total harvested power is to improve the receivedbigisormation transmission and energy transfer. Specificér
strength at the energy harvesting receiver as much as pBssifye satyration nonlinear model, the amount of harvested DC
This result_ actually aligns with that for the diode Iingardab ower is maximized when the received power at the rectenna
and there is no tradeoff between rate and energy, i.e., the F\E‘\put is also maximized. Since (52) is an affine function with
region is again a rectangle similar to that of Fig. 10. Howeverespect toP,, the optimal power allocation to maximize the
the optimization problem based on the diode linear model {}ested DC power is to allocafe to the subband with the
(23)-(25) is always feasible for a suﬁigigntly large maxmu pact channel gain, i.emax,c o, n_1} k|- Note that this
transmit power budgep. In contrast, if2 > Ps,; for the  ghgeryation is the same as the diode linear model. However,
saturation nonlinear model, the problem becomes infeasibk e supbands are grouped into multiple chunks utilizing
even if P — oo. different energy harvesting circuits, then the power wil b
. . allocated over multiple chunks to avoid putting all the powe
2) Multl-Subband Transmssprtlere, we St.Udy the powerto a chunk where thg corresponding ene?gy hgrvesting F;fr}.rcui
allocation problem for multi-carrier transmission. Theioyal are already saturated. On the other hand, to maximize the rat
power aII_ocation design can be formulated as the foIIowin(% the SWIPT system., standard WF solu’tion can be adopted.
optimization problem Hence, (50) can be solved by a modified WF solution similar
to the one described in Section 1lI-D2 for the diode linear
model. Yet, the water level of the optimal power allocation f
N1 5 Problem (50) is controlled by the dual variable associatitd w
( I Pn)
logs | 1+

(47) constraint (53), taking into account the saturation nadnity

max
{Pos, Py} 2= o? of the energy harvesting circuit. Furthermore, since trabpr
N-1 lem formulation can be transformed to an equivalent model
subject to P, <P, (48) using the diode linear model plus one additional constraint
n=0 the results of PS outperforming TS for the diode linear model
{ Past _p Q} should also hold for the saturation nonlinear model, though
1+exp(—a( N0 [hn|?Pr—b)) Sat _ works have been reported on the topic to verify such a claim.
1-Q > B, 3) Multi-Antenna TransmissionConsider a MIMO system
(49) with an ideal receiver for the saturation nonlinear modéle T
optimal resource allocation policy can be obtained by sgjvi
the following optimization problem
where P, is the power allocated to subband In general, max log, det (I+HQHH) (54)
(49) is a convex constraint and the optimization problem in QeH™T.f
(47) can be solved efficiently via numerical convex program  Subject to Tr(Q) < P, (55)
solvers. However, in order to draw the connection between Tr (HQH") > 3, (56)
the problem formulations adopting the diode linear model an [ Poat _p Q}
: : ;e — — Sat
the saturation nonlinear model, we transform the optiriozat Ltexp(—a(f-b)) S B (57)

problem in (47) into the following equivalent problem 1-Q
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The problem formulation in (54)-(57) is similar to (33)-the shaping of the complex constellation points will have to
(35), except that the auxiliary optimization variable is be revisited and optimized in order to maximize some R-E
introduced in (57) taking into account the nonlinearity loé t or error probability-energy metrics. In general, as theunegl
energy harvester for power allocation. Therefore, withighl energy £ increases, the optimal design of the constellation
modification, the generalized multiple eigenmode transiois  would shift away from the classical QAM design.
of subsection IlI-D3, introduced in [24], remains optimal. Third, changes in modulation design for SWIPT would also
Besides, the tradeoff between rate and energy for the sturajead to some changes in error-correcting code design. Hence
nonlinear model is similar to that for the diode linear modetoding for optimized SWIPT constellations will need to be re-
Observation 3:The use of the saturation nonlinear modejisited. This should not be confused with [101], [102] thet a
leads to four important observationBirst, the optimization motivated by the underflow/overflow of batteries, not by the
problem adopting the saturation nonlinear model can bestragiode nonlinearity. WIPT design for short packets and finite
formed into an equivalent optimization problem adopting thength coding is also of interest, though currently its gsial
diode linear model with one additional constraint, e.g.an  has been limited to the diode linear model [103].
(57). This implies that the saturation nonlinearity is adeéntal Fourth, characterizing the optimal input distributions fo
to overall system performancBecondthe strategy that max- e ginde nonlinear model and the saturation nonlinear inode
imizes 1) also maximizes’;, (similarly to the diode linear roaing jargely open problems. Though some works have
modgl).Th_lrd, PS is expected to outperform TS (similarly torecently appeared in [65], [66], [68], [69], efforts haveche
the diode linear modelfourth, as a consequence of footnte limited to the single-subband single-antenna settingseri=x

CSCG inputs cannot in general achieve the optimal Rig,ns 1o multi-subband and multi-antenna (MIMO) settings
region boundaries in the presence of the saturation n@miiye o ain completely open problems. Note that in such setups,
(similarly to the diode nonlinear model). both the input distribution and the power allocation across

subbands/eigenmodes will differ from conventional CSC@ an
G. Extension and Future Work WEF strategies used for the diode linear model.

The above discussions highlight how significantly the signa Fifth. the design of secure SWIPT will need to be revisited

design depends on the underlying energy harvester modByight of the nonlinearity. Designs of secure SWIPT have
Several interesting research avenues arise. appeared in [104]-[110] and [77], [111] for the linear diode
First in Sections II-D. II-E. and IlI-E and the relategModel and the saturation nonlinear model, respectivelyv-Ho

literature, perfect CSIT and CSIR are assumed. Acquiri er, no work exists on secure SWIPT for the diode nonlinear

CSIT is a challenge due to the limited energy available odel.
the terminals. To that end, various CSI acquisition techesq  Sixth, the signal design should also be re-visited for WPCN
have been developed for WPT and SWIPT assuming the dicied WPBC since the nonlinearity will have significant impact
linear model in [7], [91]-[95] and [96], respectively. Hovee, ©On the modulation, waveform, and resource allocation dssig
little is known about how to design CSI acquisition stragsgi for those systems as well. For instance, WPBC was considered
for the nonlinear models. A promising attempt was mad® [70] and it was shown that multisine waveforms can be
in [59] where codebooks of waveform precoders (Spanni@Signed to account for the diode nonlinearity to enhance
jointly the space and frequency domains) were designed t6¢ SNR at the reader and the harvested energy at the tag.
the diode nonlinear model using a framework reminiscent 8 SNR-energy tradeoff exists in WPBC because SNR maxi-
the generalized Lloyd's algorithm. It was shown that thedgio Mization at the reader and energy maximization at the tag do
nonlinear model-based waveform design with limited feettbanot lead to the same waveform design and power allocation
outperforms the diode linear model-based waveform desigiategy.
relying on perfect CSIT. This also leads to interesting new Finally, it would be worth connecting the above findings
challenges for CSIT acquisition for SWIPT with the nonlineasind advances to other fields and applications subject to
energy harvester models. nonlinearity such as intermodulation distortion, optichbn-
Second, the diode nonlinearity leads to a re-thinking of threels, magnetic recording, PA saturation on OFDM. In optical
optimal input distribution, modulation, and waveform. SWIP communications (and other applications) the nonlineaisty
with practical modulations based on finite constellatioas hcommonly compensated and transmission is performed using
been studied in [97]-[100] for the diode linear model. Theonstellations approximating the zero-mean Gaussiaritiist
design of practical and efficient modulations and wavefornti®n optimum for AWGN channels (e.g. ring constellations)
for SWIPT with nonlinear energy harvester models remaii$12]. The information theoretic limits of optical chansel
virtually untouched. As a consequence of the diode nonliare studied by modelling the nonlinear optical communigati
earity, asymmetric PSK constellations have appeared ip [G$hannel as a linear channel with a multiplicative noise angis
and were shown to outperform conventional symmetric PSK finite-memory model with additive noise [112], [113]. On
constellations. Nevertheless the extension to more gendfee contrary, in SWIPT, the diode nonlinearity is exploited
non-constant modulus modulations should provide additiorin the signal design and in the characterization of the R-E
performance benefits. Moreover, considering the benefits refion, therefore leading to non-zero mean Gaussian inputs
non-zero inputs in multi-subband transmission, condtela and enlarged region compared to that obtained with zeraamea
with a non-zero offset are also an attractive option. Inadles, inputs.
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the jth ER are respectively expressed as

nformation receiver 1 y,ICD =hyx + wLD

‘vf%

Information receiver 2

K J
@Q £ =hp Y pisi” +h > vist o+ w®, vk, (59)
i=1 j=1

EH _ EH
l Energy harvesting receiver 1 Yyi = 8jX + w;
. K J
Transmitter
ID EH EH .
. . =gj E Prs, + 8 E vis; +w;, Vi,  (60)
Energy harvesting receiver 2 =1 Pt

Fig. 14. A multi-user SWIPT downlink model with a transmitté¢, — 2 whereh, € C**™: and g € C'*M: denote the channels
information receivers, and = 2 energy harvesting receivers. from the transmitter to th&th IR and thejth ER, respectively,
and w;? ~ CN(0,0%) and wF" ~ CN(0,0?) denote the
Gaussian noise at theth IR and jth ER, respectively. We
IV. MULTI-USERWIPT assume for simplici.ty that the noise power$ are .identical
at all receivers. It is also assumed that the noise does not
contribute to the harvested energy.

WIPT systems exploit the broadcast nature of wireless !t is worth noting that the information-bearing signajs's
channels, which opens the possibility of one-to-many dhgrg Must be random, but the energy signajs"’s can be pseudo-
Hence, it is important to study the impact of linear anfndom since they do not contain any informatioAs a
nonlinear energy harvesting from a multi-user perspectisult, it is theoretically possible to cancel the intezfere
With this in mind, in this section, we consider a downliniaused by the energy sign&sf they are pre-stored at the IR
multi-user SWIPT system consisting of a transmitter equjlppéide- Reference [25] studies both the cases that the irgede
with M, antennas as well a& single-antenna IRs and caused by the energy signals can or cannot be canceled by the
single-antenna ERs, as illustrated in Fig. 14. This setwlsis information receivers. Interestingly, it is shown in [25kt to
denoted as “SWIPT with separated information and eneréﬁhieVe the optimal R-E tradeoff, no dedicated energy #gna
receivers” in Fig. 1. In contrast to single-user WIPT, in riault Should be used in the case that the energy signals cannot be
user SWIPT, how to deal with the co-channel interference dganceled by the IRs, i.ev; = 0, Vj; while no more than one
to the simultaneous transmissions to multiple users istiairi €nergy signal is sufficient in the other case that the energy
issue. Unlike traditional wireless communications whefre t Signals can be canceled by the 1Rs
interference is treated as an undesired phenomenon for WITIN the rest of this section, we mainly focus on the case
it can be exploited for wireless energy harvesting [29]5]11 When the interference caused by the energy signals cannot be
which reveals an interesting new research on interferen@@nceled by the IRs. In this case, since= 0, Vj, under the
management in WIPT systems. optimal solution [25], the received signals at the inforiomat

and energy receivers given in (59) and (60) respectivelyaed
to

K
ID ID ID
A. Rate-Energy Tradeoff with The Linear Model Yo = B ;p’sz s, vk, (61)
K
We start with the diode linear model in the above multi-user y =g Z prsi +wi, Vi (62)
SWIPT system. Under this setup, the transmitter broadcasts a k=1
signalx € CM:*1 to all the users. Generally speaking,is
comprised ofK information beams (one for each IR) aod
energy beams (one for each ER), i.e.,

Under the above model, for IR, its signal-to-interference-
plus-noise ratio (SINR) to decode the messagris

e = pi Hypx
' Zj;ﬁk PJHHkPj +o%’

vk, (63)

K J

X = Z prsil + Zvjs;EH, (58)
k=1 j=1

9This is a consequence of the diode linear model as explain@einark
2. For the diode nonlinear model, the choice of the energyasignodulated
or deterministic and its distribution, would have an influern the ultimate

where S}CD c C./\/(O, 1) and py € CMtx1 denote the performance, similarly to the single-user SWIPT in SectiorElll

. " . . . 10Recall that such an interference cancellation of the ensigyyal was also
information-bearing signal and the corresponding energyeq in Section I1I-E2 for single-user SWIPT.

beamforming vector for théth IR, respectively, and}™ 1Note that this is again a consequence of the diode linear mael
CN(O 1) andv, € CM«x1 denote the energy-carrying signthe diode nonlinear model, it was indeed shown in [52] thatthie event

’ J . . . where the energy signal is not eliminated (and thereforaedeas noise) by
and the corresponding energy beamforming vector forjthe

) ) ; the communication receiver, the energy signal is still usefud does help
ER, respectively. Then, the received signals atitielR and enlarging the R-E region.
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where H;y = h!’h,. Moreover, for ERj, its harvested achieve the optimal R-E tradeoff. Further, an OFDM-based
DC power for the diode linear model is proportional tonulti-user broadcast SWIPT system is considered in [33],
Z,{;l |g;prll?, Vi in which the subchannel allocation, as well as the transmit
To achieve the optimal R-E tradeoff, the information beangower and receive PS ratio at each subchannel are jointly
px'S can be jointly optimized to maximize the sum-energgptimized to achieve the best R-E tradeoff. It was shown that
harvested by thd ERs subject to the transmit power constrairPS always outperforms TS in the general multi-user multi-
as well as each IR’s SINR constraint, i.e., subband SWIPT transmissions.
Moveover, the multi-user SWIPT system is also studied in
the interference channel setting, where multiple trartensit

J K
max ZZ g, P2 (64) send independent messages to their corresponding reseiver
(L8 and at the same time cooperatively transmit power wirgtessl
K to the receivers. Specifically, [29] and [30] consider a mult
subject to Z Ipkll? < P, (65) Uuser SWIPT system under the MIMO interference channel
el setup with TS receivers, where the interference caused by
p/H,ps _ the energy signals is assumed unknown at the information
>Tk, Vk,  (66) receivers and thus cannot be canceled. Given that the TS

H . 2
22 Py Hip + 0 strategy is adopted by each receiver (either in information

where P denotes the total power available at the transmittetecoding or in energy harvesting mode at any time instant),
andI'; denotes the SINR target of thgh IR. the precoding designs of all transmitters are jointly optad

The optimal beamforming solution to the above probleim terms of R-E tradeoff. In contrast, [119] exploits thetfac
can be obtained by either the semidefinite relaxation (SDRjat despite the lack of coordination between the transmsitt
technique or the uplink-downlink duality technique, agtier for coordinated information transmission, energy beamfog
detailed in [25]. As an alternative beamforming design,] [2&an be performed across all the transmitters since the gnerg
investigates a more practical design where the beamformisignals are pseudo-random and thus can be pre-stored at all
vectors are initialized using the well established zemif@y the transmitters as well as all the receivers for interfeeen
beamforming (ZFBF) and a simple algorithm is proposed tancellation. Under this setup, the joint optimization rafits-
successively update the beamformers so as to maximize thi¢ precoding and receiver TS strategy is revisited in [119]
total harvested energy subject to SINR constraints at tlse IRvhere a new transmitter-side PS approach is proposed. Some

Besides the above setup, there are other studies unsigbsequent works on precoder optimization for SWIPT multi-
the general broadcast SWIPT model with separated inf@ntenna interference channel have appeared in [31], [120]-
mation/energy receivers. For example, the capacity regfon[123], with also additional considerations for limited fiack
the IRs subject to each ER’s energy harvesting constraint[&i].
characterized in [116], in which the interference caused byOther important multi-user scenarios include multicagtin
the energy signals is assumed to be perfectly canceled [b%24] and multiple access channel [125], [126]. Furthermor
the IRs, while the transmitter uses the optimal dirty pap&WIPT systems are also investigated in multi-user cooperati
coding-based non-linear precoding strategy for inforomati communications under various different setups, such as wit
transmission. Moreover, the linear beamforming design fdiS- and/or PS-based half-duplex relaying [35], [36], [127]
achieving the optimal tradeoff between the secrecy ratbef tas well as full-duplex relays with simultaneous informatio
IRs and energy harvested by the ERs is studied in [104] attdnsmission and energy harvesting [128], [129]. Other re-
[105], in which the ERs are treated as potential eavesdrsppeaaying setups include SWIPT in relay system with multiple
Precoder designs for the general multi-user MIMO SWIPantennas at all nodes [130], relay interference chann8lg][1
with multiple antennas at the transmitter, IRs and ERs hairderference-aided energy harvesting relay [132] andyrela
been studied in [114]. In contrast to previous precodergissi selection [133].
that focused on maximizing the information rate, [114] desi ~ Finally, stochastic geometry has been used to analyze the
a simple solution using a weighted minimum mean squargérformance of various large-scale SWIPT networks in mi-
error (WMMSE) criterion. Finally, robust beamforming undecrowave and millimeter-wave bands [134]-[139].
the assumption of imperfect CSIT to maximize the worst-caseObservation 4:The observations made for the diode linear
harvested energy at the ER while guaranteeing a targetratén@del in single-user SWIPT carry over to the multi-user
the IR has been studied in [117]. SWIPT. First, the strategy that maximizes the total received

Furthermore, it is worth noting that in addition to the casBF power (across all users) maximizes the total harvested
of separated information/energy receivers, various atngti- DC power.Second CSCG inputs for the information-bearing
user SWIPT settings are also studied in the literature. Feignal and (pseudo-random) CSCG inputs for the energy-
example, [118] investigates a multi-user broadcast madel hearing signal, if needed, are sufficient to achieve the R-E
which each user adopts the PS strategy for splitting a poaio region boundariesThird, PS outperforms TS.
its received signal for information decoding and the renman
portion for energy harvesting, i.e., the so-called codeda B- Rate-Energy Tradeoff with The Nonlinear Models
information and energy receiver. In this setting, the tnaihs  In this subsection, we study the multi-user SWIPT system
beamforming and the receive PS ratios are jointly desigoeddescribed by (61) and (62), but with a nonlinear energy



22

harvesting model. In this case, the SINR for decodiig

i

2
at thekth IR is still expressed as (63). However, by adoptin 115‘7
the saturation nonlinear model, the total harvested power ¥
the jth ER is given by g "
%10.5*
Wae, — Psat, 1 g
P = [Zac, = Poas, J], Q; = , (67) g o o
1-— Qj 1 —+ exp(ajbj) .g o5 ! \“
Psat, S VoA
Vae, = S , and 68) L o -
— 0. (P _}p. 2 v
1 + exp ( a’] (R'fj bj)) > 85 —e— M, = 12, saturation non-linear model ; :
K % gH -A- M‘ =12, linear model .I :
T o H_H_ < M, = 6, saturation non-linear model : I'
rfj - Z TI' (pkpk' gJ gj) (69) A =% =M, =86, linear model : !
k=1 ‘ ‘ ‘ ‘ ‘ T ‘ ‘
i ) 70 1 2 3 4 5 6 7 8 9 10 11
is the received RF power at ER Average total harvested power (mW)
The sum-power maximization problem given in (64) for the
diode linear model is thus modified to Fig. 15. A comparison of R-E region achieved by resource atlon
algoritnms aesigne ased on the saturation nonlinear m lode
Igorithms d d based th turat | odithe diod
J linear model, respectively.
max Pi.. (70)
{pr} ; 4
subject to (65), (66). (71) can be observed, the baseline scheme designed for the diode

linear model can only achieve a strictly smaller R-E region
Note that it is challenging to solve the optimization probdue to the resource allocation mismatch. In fact, the haseli
lem in (70) since the objective function is in the form okcheme does not utilize the system resources efficientgesin
sum-of-ratios. In [47], the authors have proposed a serigscauses saturation at some ERs and under-utilization at
of transformations to transform the objective functionointothers. Also, it can be observed that increasing the number
an equivalent objective function in subtractive form, whicof transmit antennas can increase the R-E region significant
enables the design of an efficient iterative optimal resurghis is because additional transmit antennas equippedeat th

allocation algorithm. In each iteration, a rank-constdin transmitter provide extra spatial degrees of freedom which
semidefinite program (SDP) is solved optimally by SDRcilitate a more flexible resource allocation.

relaxation. Note that the optimal solution to the problem When it comes to the diode nonlinear model, no works
in (70) is beamforming. However, the optimal beamformingyrrently exist on multi-user SWIPT though it is expected
solution structure for the diode linear model is differertnfi  that all observations made in single-user SWIPT do carry over
that of the saturation nonlinear model. In an extreme casg,the multi-user SWIPT. In particular, reference [68], thbu
when the channels of thé energy harvesting receivers areyased on a point-to-point system model with an ideal receive
orthogonal to each other, i.agig}’ =0, Vi # j, andT, =0, s actually also applicable to a scenario with two separate
the Optlmal beamforming for the diode linear model Wi”’eceiverS, name|y one IR and one ER.
perform MRT and allocate all transmit power in the direction Qpservation 5:The observations made for tteaturation
of max;eq1,...s} [|8;. However, for the saturation nonlineamgnlinear modeln single-user SWIPT do not all carry over to
model, the optimal beamforming design is the transmissighe multi-user SWIPT. Indeed, the strategy that maximizes th
via the maximum eigenmode of matriX_?_, 8;g!’g;. In total received RF power (across all users) does not maximize
particular,3; > 0 are dual variables related to the constrainige total harvested DC power (in contrast to the single-user
of the received power at each ER, cf. eq (10) in [47], which aghse and to the diode linear model). Depending on the system
as weights for determining the beamforming direction. ktfa gperation regime, the beamforming direction is steered gen
the value of3; becomes smaller when theh ER enters the erally towards a different direction compared to the proble
saturation region. In other words, the dual variables preveformulation adopting the diode linear model. The obseoveti
the transmitter from allocating exceedingly large poweTs inade for thediode nonlinear modeh single-user SWIPT are
the directions of receivers whose energy harvesting ¢8Cubxpected to carry over to multi-user SWIPT.
are already saturated.

In Fig. 15, we show the R-E tradeoff region of the con- .
sidered downlink multi-user SWIPT system. We assume thgt EXtension and Future Work
there areK = 1 IR and.J = 5 ERs. We adopt the same simu- The use of the diode linear model in multi-user SWIPT
lation parameters as in [47]. For comparison, we also shew fttlesign has been extensively studied. Research is on the othe
performance of a baseline scheme in Fig. 15. For the baselivand at its infancy when it comes to multi-user SWIPT design
scheme, the resource allocation algorithm is optimized féor the nonlinear models. A number of promising research
maximization of the total system harvested power accordimgenues are discussed below.
to the diode linear model subject to constraints (65), (66). First, no works exist on multi-user SWIPT for the diode
Then, the baseline scheme is applied for resource allotatimonlinear model. Similarly to the point-to-point case, the
in the SWIPT system with the saturation nonlinear model. Aiode nonlinear model will also lead to new input distributi
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circuit simulations measurement

modulation, and waveform designs in the multi-user SWIP 25
setup. A first interesting avenue would be the design of mul
user SWIPT waveforms for the broadcast and interferen
channels. To that end, a good starting point might be theinu
user WPT waveform optimization framework in [58] and ths
superposed SWIPT waveforms of [52] so as to design a
optimize multi-user SWIPT waveforms. The benefits of nor
zero Gaussian inputs in multi-user SWIPT systems could th
be assessed. Another interesting research avenue is tlyeo$tu
the fundamental limits of broadcast and interference chisnn . .
for the diode nonlinear models so as to extend the results cw CN N cw CcN N

[65], [68] to multi-user communications.

Second, in view of the significant changes brought by nonRig. 16.  Effect of input distribution in single-subband rtsanission on
linearity, it is of interest to re-think the SWIPT architexgg harvested DC power [52], [144] (CW refers to continuous wa& to CSCG
for broadcast, multiple access, interference, and relapméls input, and N to real Gaussian input)
with and without secrecy constraints. The performanceyanal
sis of large SWIPT networks with nonlinear energy harvest
models is also of interest.

Third, the diode nonlinearity is expected to have significal
impacts on other forms of multi-user WIPT such as WPC

and WPBC. A recent work in [71] has investigated the imp‘fj\é’g\ﬂannel acquisition needs very low circuit power consuompti
of the diode nonlinearity on multi-user waveform design fo 9 y P amp

WPBC. In contrast to point-to-point WPBC, multi-user WPB(,at the receiver. This is bec?“_se the net energy harvested at a
: . : . . sensor node should be sufficient to sustain its energy neutra
is subject to multi-user interference and the transmit ficave

needs to be optimized so as to maximize the SINR at tﬁgeratlon, as demonstrated in [147], [148].

reader and the energy harvested at each tag, while exgloitjn In the seque;l, we illustrate some experi_mental res_ultsén th
the benefits of the diode nonlinearity, the channel frequen \W-power regime an(_JI show that they vahqlate the d|ode_non-
diversity gain, and the multi-user diversity gain. liInear model-based signal theory and design. We then discus

Fourth, the multi-user system SWIPT model discusse%]e use of multi-antenna beamforming to further increase th
: arvested DC power.

above, as per (63), assumes linearly-precoded multi-teses-t
mission with any residual multi-user interference fullgated
as noise. A more general and powerful transmission framew
would consist in partially decoding interference and adisti
treating interference as noise through rate-splitting0[14 Using the circuit simulator of [46], [48], [52] and the
Such a rate-splitting strategy has been shown to outperfopmototype of [143], [144], Fig. 16 illustrates circuit sitations
conventional linear precoding in a wide range of networld®a and experimentation of the amount of harvested energy using
(underloaded and overloaded regimes) and user deploymehtee different input distribution when the average reegiv
(with a diversity of channel directions, channel strengthsl power at the input of the rectenna B; = —20 dBm:
qualities of Channel State Information at the Transmitteg) continuous wave (CW) with average input powef, a
[141], [142]. The use of rate-splitting for multi-user SWIRF  CSCG (CN) input~ CAN(0, P;) and a real Gaussian (N)
both the linear and nonlinear energy harvester models remai- A/(0, P’;). We note that the circuit simulations and the
an uncharted research area. experimentation both show thdtc x > Pac.on > Pac.cw,
namely that a higher DC power can be harvested from a real
V. PROTOTYPING, EXPERIMENTATION, AND VALIDATION Gaussian input compared to a CSCG input and a CW. This
Demonstrating the feasibility and validating the aforemeronfirms the conclusions drawn from the theoretical anslysi
tioned signal theory and design through prototyping araf the diode nonlinear model in Section IlI-E. Moreover,akkc
experimentation remains a largely open challenge. It requi that according to the linear diode model, a continuous wave,
the implementation of a closed-loop WPT/WIPT architecture CSCG and a real Gaussian with the same average RF power
with a real-time over-the-air transmission based on a frani&; should yield the same DC powét], at the output of the
structure switching between a channel acquisition phase aectifier. Clearly, this is not the case from Fig. 16. Henhese
wireless power and information transfer phase. The chanss@ghulations and measurements also invalidate Remark 2 and
acquisition needs to be done at the millisecond level (siryil the second observation in Observation 1 for the diode linear
to CSI acquisition in communication). Different blocks deemodel. Recent circuit simulation and experimental resofts
to be built, namely channel estimation, modulation, ch&annehe flash-signaling developed in Section IlI-E have appkare
adaptive waveform and beamforming, rectenna and SWIRT [68] and [144], respectively. Other recent measurement
receiver. The first prototype and early results of a closedampaigns studying the effect of conventional QAM and PSK
loop WPT architecture based on dynamic channel acquigstodulation on harvested energy and data rate have appeared
tion were reported in [143], with further enhancements im [145].
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FéS], [144], for channel-adaptive waveform and modulation
ptimization and in [147], [148] for channel-adaptive beam
rming optimization, conducted at Imperial College Londo

d Sungkyunkwan University, respectively. Importanthg

%. Single-Subband Transmission
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B. Multi-Subband Transmission

_ Making use of the prototype in [143], [144], Fig. 17 I Egggp?ﬁ‘;";‘ijng:'e“sgl‘j o lnear model |
illustrates the measured DC power levels at the output Il adaptive multisine, diode nonlinear mode

the rectenna with three different transmit multisine wavefs

with N sinewaves uniformly spaced within a 10 MHz band
width (Ay = B/N with B = 10MHz). A SISO setup is
considered with the transmitter and receiver separatethtyta

5 m. The transmit power was set to 33 dBm and measured
power at the input of the rectenna varied from -18 to -25 dBr

A non-adaptive in-phase multisine with uniform power adloc
tion and two channel-adaptive multisine waveforms design
based on the diode linear and nonlinear models are adopt
The diode linear model-based design allocates all transmit
power to the sinewave corresponding to the largest frequen€ig. 17. Measurement of harvested DC power of multisine wawmefd44].
domain channel so as to maximize (see Section 1lI-D2).

Doing so, the diode linear model-based design maximizes the . - -
input power P’; to the rectifier. On the other hand, the diod@emented in [148]. A joint beam-splitting and energy nalitr

nonlinear model-based design allocates power non-unlﬁorn?ontrOI algorithm was designed by means of the Lyapunov

to all sinewaves (see Section IlI-E) so as to benefit fror‘?f)t'mIzatlon technique [151]. Experiments validate thiag t

the diode nonlinearity and the channel frequency diversi r_oposed algorithm can successfully keep all sensor nodes

o maximize 146, The code noninear maebbased v ™ OPUTSN Spllng, enerey beame lowars e
design does not maximizé’}, but rather maximizesP], 9 y )

accounting for the rectifier nonlinearity. Hende; achieved To overcome the fundamental limit of RF power transfer gnd to
by the diode nonlinear model-based design is lower than i able deployment of battery-!ess sensors, a Iarge-scui'te m
obtained with the diode linear model-based design. Nev Ntenna WPSN testbed was |mpleme_nted_at the Engineering
theless, comparing the two adaptive waveforms in Fig. esearch _Centerof_Sungkyunkwan Unlvers.lty (ERC@SKK.U)'
we note the diode nonlinear model-based design leads 5 E;Z:L?Vgg}ﬁt;);pgn;ﬁgtrz;’vﬁ;itigr g;gi(tjiéi) Z))e zgw‘;ﬁrm
significantly larger output DC poweP], than the diode linear or efficiency test (YouTube: https://youtu.be/qPOfZORKS

model-based design. We also note that the channel-adapfn $he end-to-end power transfer efficiency test, it was demo
waveform provides significant gains over non-adaptivegiesi ol '
P g 9 P gtrated that as the number of antennas grows, not only tak tot

if the diode nonlinearity is properly accounted for in th rav. but also the RE power transfer efficiency scales
waveform design. These measurements confirm the importaﬁgg gy, bu pow iciency up,

and the benefits of accounting for the diode nonlinearity i S shown in Figs. 18 and 19. This can be easily understood

WPT/WIPT system design and validate the theoretical analy: figm Section II-B, where Fhe RF-to-DC conversion efficiency
for the diode nonlinear model in Section I1I-E and [46], [48]63 of state-of-the-art rectifiers was shown to increase as the

. . . . “average input poweP’. increases. The experimental results
In particular, measurements validate the first observatibn ge Input p of P

Observation 2, namely that the strategy that maximi2gs vali(_:iate the benefit of muIti_—antenna beamforming a_nd can
does not necessarily maximize].. This also invalidates the be instrumental for the design and deployment of wireless-
first observation of Observation 1. Finally, it is also imiamt powered loT SEnsors.

to note that multipath and channel frequency selectivitg wa. More recently, d'Str.'bUtEd RF power transfer system de-
also shown using theoretical analysis and circuit simoitei signs were reported n [149] to overcome t_he lowend-to-
in [46] to have a significant impact on waveform design an%nd power tr ansfer efficiency. The corresponding gxperiahgn
harvested energy. Measurements in [143], [144] and [14&} hargsu_lts confirm the theory [7] and ghoweq that using spytial
independently confirmed those observations. distributed power beacons, each with a smgle.gntenna, €an b

advantageous in terms of the coverage probability overglesin

power beacon with many co-located antennas. Other recent

C. Multi-Antenna Transmission prototyping efforts of multi-antenna closed-loop WPT with
Recently, a real-life multi-antenna wireless powered senschannel estimation and beamforming using software defined

network (WPSN) testbed has been reported in [147]. A receit@dios have appeared in [95].

power-based channel estimation and energy beamforming al- _

gorithm [150] for high RF power transfer efficiency and?- Extension and Future Work

an adaptive duty cycle control algorithm for energy neutral Prototyping and experimentation of wireless power-based

operation at a sensor node have been implemented. Extensiy@ems remains an important and much needed research area.

experiments have been conducted to validate the feagibflit Starting with WPT, some preliminary experimentation setups

the multi-antenna WPSN and show the high performance ddlidating the benefits of designing signals (e.g. modoitgti

the proposed algorithms. To distribute RF power to multipaveform, beamforming) specifically suited to maximize the

sensor nodes and keep them alive for perpetual operatiohamvested DC power are on-going as discussed in previ-

real-life multi-node multi-antenna WPSN testbed has been ius sections. Further experimental studies are nevesthele

w
3]

w

Harvested DC power, [pW]
= N
- (3] N (53]

o
o

1-Tone 2-Tone 4-Tone 8-Tone 16-Tone
Number of Sinewaves N
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signal designs discussed in all previous sections. Cisinit
_ ulations have been used so far to validate some of the engergin
—— Distance: 5 m . .
—— Distance: 5.5 m SWIPT signal designs [46], [48], [52], [63]. Some efforts are
—&— Distance: 6.3 m ‘ nevertheless on-going. Recently, a new transceiver aathite
for dual mode SWIPT alternating between single-subband and
multi-subband transmissions has been implemented, where t
power management module monitors the harvested power and
the power consumed by the information decoder with the
aim of guaranteeing an energy neutral operation [153], ][154
Experiments demonstrated that adaptive mode switching for
dual mode operation improves the R-E tradeoff, compared to
the conventional SWIPT. In [155], an integrated dual-puepos
hardware to decode data and harvest energy is developed
Number of antennas and the tradeoff between power and data reception quality
is investigated. It is shown that the hardware can behave as
Fig. 18. Receive power versus number of antennas for a CW eisgygal a rectifier, depending on th_e_ information S,ymbOI rate and the
at 920 MHz and a transmit power of 79 mW per antenna. cutoff frequency of the rectifier low-pass filter.

100

Receive Power (mW)

VI. CONCLUSIONS

25 A - This article has provided a tutorial overview of various
ig:zzﬂzzfg?m A energy harvester models and the corresponding signal and
204 _m Distance: 63 m //// e system designs for WIPT. The key conclusion of the paper
.y AT m is to highlight that WIPT signal and system designs crucially
S 15 // o revolve around the underlying energy harvester model. &hre
E; /‘/ o~ ./'/ different energy harvester models have been presentealyam
2 101 / /,4/ the conventional linear model, the diode nonlinear model
= — and the saturation nonlinear model. Starting with singleru
M 054 A ,/l WIPT, we have shown how the rate-energy region differs for
/jf?"/ the three different models and have derived the correspgndi
0.0+ — i i i i i : transmitter and receiver architecture, waveform desigrdum
2 6 12 18 24 30 36 42 48 lation, beamforming and input distribution optimizatiomasd
Number of antennas resource allocation strategies. In particular, we havewvsho

that the fundamentals of PHY and MAC layer designs radically
change in WIPT compared to existing communication systems
because of the energy harvester nonlinearity. Moreovengso
of those nonlinearities, such as the diode nonlinearityaita
terized by the diode nonlinear model, are actually benéficia

.fo system performance and can be exploited to further emlarg

highly needed. A first research avenue that requires imrmed|%}1 . : .
T . L ! e rate-energy region. We then turned our attention toimult
attention is the experimental validation of the benefits of

the new modulation formats discussed in Section IlI-E [68 ;erleYlespe-l; 22&:&9?(';9?3%-323 tgs Ic())bsni\r/]a:;lor_lrshén%(;lei d:'?r
[144]. Another promising area would be experimenting the 9 ploy '

performance benefits of combining all those different slisgnamc the different energy harvester models and the resulting

experimented separately in Sections V-A, V-B and V-C [144§gnal (_jesigns were .discussed anq demonstrated usingt circu

That would offer the joint benefit of the beamforming gain an |muIat|o.ns, prototyping, and experlmentan.n. Throughpe

the modulation/waveform gain. Hybrid design of the ener manuscript, we have also provided extensive discussions on

harvesters using a reconfigurable rectifier, which Combir?érsomlsmg .rese‘?‘mh avenues. I 'S ho_p_ed that the technlques

serial and parallel configurations of multiple energy hatie presented in this article will help inspiring future resgain
S this exciting new area and pave the way for designing and

circuits, may also be needed so as to further extend the raril elementin officient WIPT svstems in the future

of applications. The serial configuration can impravefor P 9 Y '

low RF input power, whereas the parallel one aims to increase

es for high RF input power [152]. Moreover, the prototyping

and experimentation of multi-user WPT and validating the ca] J. R. Smith, “Wirelessly Powered Sensor Networks and Cdatjmnal

. . : : : RFID,” New York Springer 2013.
responding signal designs remains an important and umI]:ha‘r[tZ] S. Hemour and K. Wu, “Radio-Frequency Rectifier for Eleatagnetic

research area. Energy Harvesting: Development Path and Future Outlogkgc. of
When it comes to SWIPT, prototyping and experimentation 'EEE vol. 102, no. 11, Nov. 2014. —

. inf t ith . tal set curren J. G. Koomey, S. Berard, M. Sanchez, and H. Wong, “Implamagi of

IS gt an in anCY stage with no experlmen up cu ) Historical Trends in the Electrical Efficiency of Computth¢iEE Ann.

available to validate the R-E regions and the corresponding History Comput.vol. 33, no. 3, p. 46-54, Mar. 2011.

Fig. 19. End-to-end power transfer efficiency versus numbentennas for
a CW energy signal at 920 MHz and a transmit power of 79 mW penaate
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