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Abstract—We study the effect of channel fading in Wireless energising low-power devices in Internet-of-Things (lap-
Power Transfer (WPT) and show that fading enhances the RF- plications. The major challenge with WPT, and therefore any
to-DC conversion efficiency of nonlinear RF energy harvesters. wireless power-based system such as Simultaneous Wireless
We then develop a new form of signal design for WPT, denoted as . .

Transmit Diversity, that relies on multiple dumb antennas at the Informangn a.nd Power Transfer (SWIPT), erelessly Powered
transmitter to induce fast fluctuations of the wireless channel. Communication Network (WPCN) and Wirelessly Powered
Those fluctuations boost the RF-to-DC conversion efficiency Backscatter Communication (WPBC), is to find ways to in-
thanks to the energy harvester nonlinearity. In contrast with crease the end-to-end power transfer efficiency, or eqgrivigl
(energy) beamforming, Transmit Diversity does not rely on ina pC power level at the output of the rectenna for a given
Channel State Information at the Transmitter (CSIT) and does . o . i

not increase the average power at the energy harvester input, transmit power. To that end, the traditional line _of resbarp _
though it still enhances the overall end-to-end power transfer the RF literature has been devoted to the design of efficient
efficiency. Transmit Diversity is also combined with recently rectennas [2], [3], but a new line of research on commu-
developed (energy) waveform and modulation to provide further njcations and signals design for WPT has emerged recently
enhancements. The efficacy of the scheme is analyzed usinqn the communication literature [4]. Various signal stgi¢s

physics-based and curve fitting-based nonlinear models of the en-
ergy harvester and demonstrated using circuit simulations, pro- have been developed to boost the harvested DC power.

totyping and experimentation. Measurements with two transmit A first strategy is to design (energpeamformingso as
antennas reveal gains of 50% in harvested DC power over a single to increase the RF input power to the energy harvester or
transmit antenna setup. The work (again) highlights the crucial equivalently increase the RF-to-RF transmission effigienc
role _played by t_he harvester nonllnearlty_ a_md demonstrates that ext—et [4]. The simplest beamformer is obtained by Maximum
multiple transmit antennas can be beneficial to WPT even in the . o - .
absence of CSIT. Rath Transm|§S|on (MRT), S|m|Iar.Iy to \_Nlreless commu-
Index Terms—Fading, Transmit Diversity, Energy Modulation, ~ Nhications. Multi-antenna beamforming relies on CSIT, and

Energy Waveform, Energy Beamforming, Nonlinear Energy Har- therefore requires appropriate channel acquisition esjies

vesting, Wireless Power Transfer. specifically designed for WPT [5]. Alternative techniques to
multi-antenna beamforming, also enabling directionafgy
I. INTRODUCTION focusing transmission, consist in time-modulated arrays a

ADING and diversity have been studied for severdgtrodirective arrays [3] and time-reversal techniqugs [6

Fdecades in wireless communications and are at the hearfs Secondstrategy is to design (energyyaveformso as
of any modern wireless communication system design. Chdf- exploit the nonlinearity of the energy harvester and in-
nel fading is known to be a major challenge that affects tifgease the RF-to-DC conversion efficiengy_q. [7], [8]. A
performance of wireless communication systems. Diversigystematic design of waveform for WPT was first proposed
techniques have been designed to enhance the reliabiliheof in [8]. Waveforms can be designed with and without CSIT
transmission over fading channels by providing and comigini depending on the frequency selectivity of the channel. In
multiple independent replicas (in space, frequency or tiofe frequency-selective channels, a channel-adaptive wawefo
the transmit signal [1]. In modern communication system8Xploits jointly the channel frequency selectivity and the
spatial diversity is commonly exploited through the use @&nergy harvester nonlinearity so as to maxinize.¢ X ext—dc.
multiple antennas at the transmitter and the receiver. ®faveforms can also be designed for a multi-antenna trans-
particular interest, is transmit diversity that exploijsasal Mitter so as to additionally exploit a beamforming gain [8],
diversity at a multi-antenna transmitter without the need f[9]. Channel-adaptive waveforms rely on CSIT and therefore
any Channel State Information at the Transmitter (CSIT)s Threquire appropriate channel acquisition strategieseduiior
contrasts with transmit beamforming that relies on CSIT #9/PT with nonlinear energy harvesting [10]. Due to the
focus energy and provide an array/beamforming gain. harvester nonlinearity, the waveform design commonlyltesu

Wireless Power Transfer (WPT) via radio-frequency rdfom a non-convex optimization problem, which does not

diation is nowadays regarded as a feasible technology {8Rd itself easily to implementation. Strategies to deseea
the waveform design complexity have further appeared in
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also recently appeared, especially in the context of weselechannel. Those fluctuations are shown to boost the RF-to-
information and power transfer [13]. DC conversion efficiency and the harvested DC power thanks

A third strategy is to design (energgjodulationfor single- to the energy harvester nonlinearity. Transmit diversibes
carrier transmission so as to exploit the nonlinearity af ttmot rely on any form of CSIT and its performance analysis
energy harvester and increase the RF-to-DC conversion kighlights that multiple transmit antennas are useful ewven
ficiency e;s_qc [14], [15]. As explained in [13], modulated the absence of CSIT. We also show that transmit diversity can
and deterministic signals do not lead to the same RF-to-Of@ combined with the (energy) waveform and modulation to
conversion efficiency due to the energy harvester nonlityear provide further enhancements. The gain of transmit ditsersi
The design of modulation specifically aimed for WPT hais analyzed using the two aforementioned nonlinear models.
recently emerged. It was shown in [14], [15] that a real Third, the analysis and performance benefits are confirmed
Gaussian input leads to a higher harvested DC power thamsing realistic circuit simulations, prototyping and esipeen-
circularly symmetric complex Gaussian input. The best kmowation. Real-time over-the-air measurements reveal gafns
modulation for WPT, developed in [15], exhibits a low probaabout 50% to 100% in harvested DC power with a two-
bility of high amplitude signal, reminiscent of flash-sifjng. antenna transmit diversity strategy over single-anterataps
Modulation can also be combined with multi-antenna so aswithout any need for CSIT. Transmit diversity is well suited
benefit from an additional beamforming gain. for massive IoT for which CSIT acquisition is unpractical.

Note that, in contrast with the beamforming strategy, the As a main takeaway observation, results (again) highlight
waveform and modulation strategies are deeply rooted in ttie crucial role played by the harvester nonlinearity in WPT
nonlinearity of the energy harvester. The energy harvester signal/system design and demonstrate the previously uvmkno
linearity has now appeared to play a crucial role in WPT signgdct that multiple transmit antennas can be beneficial to WPT
and system design but also in various wireless informati@h aeven in the absence of CSIT. This opens the door to a re-
power transfer signal and system designs [16]. thinking of the role played by multiple antennas in wireless

In this paper, in view of the fundamental role played bpower-based network design.
fading and diversity in wireless communications, and the Organization:Section Il introduces the physics-based diode
key role played by nonlinearity in WPT, we ask ourselvesonlinear model, Section Il analyzes the impact of fading
the following questionsis fading beneficial or detrimental on harvested DC power, Section IV introduces the basic idea
to WPT? Can diversity play a role in WPT? Can multiplef transmit diversity for WPT and analyzes its performance,
transmit antennas be useful to WPT in the absence of CSIS€ction V shows that transmit diversity can be combined
At first, if we consider a naive way of modeling the energwith (energy) waveform and modulation to provide further
harvester using the so-called linear model, which assumepeaxformance benefits, Section VI revisits the impact ofrigdi
constant RF-to-DC conversion efficiency independent of tlead transmit diversity using a curve fitting-based nonlinea
harvester’s input signal (power and shape), maximizing timeodel, Section VII provides circuit simulation, prototggi
output DC power is equivalent to maximizing the average Rihd experimentation results, and Section VIII concludes th
input power to the energy harvester [4], [8]. Since fadingslowork and discusses future research directions.
not increase the average RF input power, we may be temptedNotations:In this paper, scalars are denoted by italic letters.
to answer that fading does not impact the harvested DC powBeldface lower- and upper-case letters denote vectors and
Similarly, since multiple transmit antennas do not incesti® matrices, respectively. denotes the imaginary unit, i.g? =
average RF input power in the absence of CSIT, we mayl. E[-] denotes statistical expectation aiid-} represents
be tempted to answer that multiple antennas are uselesghi@ real part of a complex number| and ||.|| refer to the
the absence of CSIT. Following the same line of thoughtgbsolute value of a scalar and the 2-norm of a vector. In
diversity would be useless either since fading would nothathe context of random variables, i.i.d. stands for indepeid
any impact on the harvested DC performance. In this papand identically distributed. The distribution of a Circija
we show thatpn the contraryas a consequence of the energgymmetric Complex Gaussian (CSCG) random variable with
harvester nonlinearity, fading is beneficial to the hamestzero-mean and varianc€® is denoted byCA (0, 0?); hence
DC power, multiple transmit antennas are useful even in thédth the reallimaginary part distributed a€(0,02%/2). The
absence of CSIT and diversity has a role to play in WPT. Thilistribution of an exponential random variable with paréane
is the first paper to make those observations. Specifichlly, t\ is denoted byEXPO()). ~ stands for “distributed as’log

N

contributions of this paper are summarized as follows. is in baser. < means approximately equal Asgrows large.
First, using two different models of the energy harvester
nonlinearity, namely the physics-based diode model of f#8] a 1. THE NONLINEAR RECTENNA MODEL

a curve fit_ting-based madel apF_’roaCh similar to [17]-[1% W \ye assume the same rectenna model as in [8]. The rectenna

study the impact of channel fading on the harvested DC POWET \a4e of an antenna and a rectifier. The antenna model

and h'gh"ghF that channel fading IS beneficial to W'.DT' reflects the power transfer from the antenna to the rectifier
Secondaside the three aforementioned beamforming, Wavigio gh the matching network. A lossless antenna is modeled

form and modulation strategies for WPT, we develop a ney. a voltage source () followed by a series resistanc@,.,
(and therefore afourth) WPT signal strategy, denoted aYFig. 1 left hand side). LeZ, = R, + jX; denote(the
transmit diversity, that relies on multiple dumb antennas a ' " " "

the transmitter to induce fast fluctuations of the wireless!Assumed real for simplicity. A more general model can be foundLif.[



Vg as studied in numerous works [2], [8], [11], [13], [17]. The

R NN Vout nonlinearity of the rectifier is characterized by the fouatid
o ig fout higher order terms [8]. Truncating the expansion to order 4
VST ° m v, T ==C R, (and therefore accounting for the nonlinearity), we cartewri
| iout A kfy + khRantE [y(t)?] + KyR2,E [y(t)*]. Following
T - [8], iout, and therefore?y,, are directly related to the quantity
non-linear low- — ’ 4
device filteiv:np;TcS;ad Fde _k2RdntE[ ( ) ] + k4Rdnt [ (t) ] (5)
Fo 1 Ant valent circut (left) and a single diadefier (right where k; (722 o i = 2,4%. Hence, any increase ing.
1g. 1. ntenna equivalent circulit (left) and a singie di mer (rg
[8]. The rectifier comprises a non-linear device (diode) ardvapass filter would Iead tO an increase ify,; and Fy.. Metric (5) (and
(consisting of a capacitor C and a loa@)R the truncation to the fourth order term) has been used and

validated by circuit simulations in [8], [11], [15]

input impedance of the rectifier and the matching network. Ill. EFFECT OFFADING ON HARVESTED ENERGY

Let y(t) also denote the RF signal impinging on the receive |n this section, we study the effect of fading eq.. To that
antenna. Assuming perfect matchinG;( = R..:., Xin = 0), end, we consider the simplest scenario of a transmitter avith
the available RF poweP;; is transferred to the rectifier andsingle antenna whose transmit signal at titrie given by an
absorbed byR;,, so thatP; = if‘}[yi(t)ﬂ :B[Uiin(t)z}/Rinr unmodulated continuous-wave

Vin (t) =v5(t) /2, andui, (1) = y(t) vV Rin = y(t) v/ Rang- We also o

aséu)me tr(wzt/ the anten(nz':\ no(is)e is too s(m)all to be harvested. () = V2P cos(wot) = V2PR{e/"0' }, (6)

We consider for simplicity a rectifier composed of a singlevith wy the carrier frequency. The average transmit power
diode followed by a low-pass filter with a loadR{), as is fixed to P, namelyE [m(t)Q] = P. Denoting the wireless
illustrated in Fig. 1 (right hand side). We consider thisupet channel between the transmit and receive antenn&as2h
as it is the simplest rectifier configuration. Nevertheldss twith A the path loss and: the complex fading coefficient
model presented in this subsection is not limited to a singli varies very slowly over time, hence we omit the time
series diode but also holds for more general rectifiers wittependency), the received signal can be written as
many diodes as shown in [11]. Denote the voltage drop across —1/2, _jwot
the diode asiq(t) = vin(t) — vout (t) Wherewv;, (t) is the input y(t) = V2PR {A he } : @)
voltage to the diode and,. () is the output voltage across therhe RF power level at the energy harvester input is given by
load resistor. A tractable behavioral diode model is oledin

by Taylor series expansion of the diode characteristictfanc P =E[y(t)*] = A7 |h|*P. (8)
. L, va®) The average RF received power (average RF input power to
ia(t) = is(e™ —1), (1) the energy harvester), where the average is taken over the
with the reverse bias saturation curréptthe thermal voltage distribution of, is given by
v, the ideality factorn assumed to be equal 005, around Py =E, [Py =A'P, 9)

a quiescent operating poinfi(t) = a. We have . S )
where we assume that the fading coefficiénis normalized

_ f: K. (va(t) — a)’ @ such thatE [|r|?] = 1. Hence, fading does not change the RF
’ input power to the energy harvester on average.
. Let us plug (7) in the rectenna model (5). We first consider
wherek) = Z'S(eﬁ —1) andk} =i e™_i—1,...,00. the deterministic case wheredoes not change in time and

= s S
¢ il(nwy) is Qi 2 _ _A-1p _ i
Choosing a = Efva(t)] = —veu, We can write is given by_|h,_| =1, such thatP_ = A" P = P. Recalling
the analysis in [8], we can write

= Z k;’l}in Z k R;{I?Ey ‘ (3) ZdC,CW - kQRantPrf + k4Rant (10)

now consider the same unmodulated continuous-wave
transmission but over a fading channel, withmodeled as
CSCG withE [|h[?] = 1. According to [8], after taking the
ious = Efia(t)], Pye = igu Rr, (4) expectation over the fading process, we have

The DC current delivered to the load and the harvested
power are then given by

respectively. Note that the operatif-] takes the DC com- Zde,ew = B [2dc,ew] 5

ponent of the diode current(¢) but also averages over the — bR PE [W ]+ k R2 Uh|4]

potential randomness carried by the input sign@) [13]. - 2 ftant Tt B ’
The classical linear model is obtained by truncating to the = ko Rant Po + 31@4Rant i (12)

second order term. This is however inaccurate and inefficien
3Assumingis =51.A, a diode ideality facton,=1.05 andv, =25.86mV/,
2We here assume a steady-state response and an ideal reéotifiddte low typical values are given bys =0.0034 and k4 =0.3829 [8].
pass filter is ideal such that,,t(¢) is at constant DC leveboy,¢ (we drop 4As discussed in Remark 5 of [8], more investigations are netaladsess
the dependency of) and the output current is also at constant DC léygl.  the usefulness of higher order terms (beyond 4).



becauseR [|n|*] = 2. We note that the second order term o J(Wot 1, ()
has not changed between (10) and (11), while the fourth
order term in the fading case is twice as large as in the
deterministic case In other words, fading iseneficial in eI (Wot+m(t)) \L/M/[/\

WPT if the rectifier nonlinearity is modeled. This benefit Enerey
originates from the rectifier nonlinearity that leads to the VNNV > Recever

convexity of the expression of the diode current (3) with eI Wot+p(£)) /J\S\M

respect toy(t¢). According to Jensen’s inequality, this con-

vexity leads toE [y(¢)!] > (E [y(t)?])*> = P2% in (5), and

E [|n|*] = (E [|r[?])? in (11), and implies that fluctuations of

the signal due to fading at the input of the rectifier boost the

har.veSt.ed energy. This cqntrasts with communication WheFrS 2. General architecture of transmit diversity for WPThuit/ dumb

fading is known to bedetrimental[1]. Indeed, the ergodic antennas. Signai(t) is an energy modulation/waveform(¢) = 1 in (12)).

capacity of a fast fading channel is lower than the AWGN

capacity due to the concavity of theg in the rate expression. , hare

Expression (11) was obtained under the assumption of a M _

continuous wave (CW) as per (6). Nevertheless, if the CW is h(t) = Z hyned V) (14)

modulated using energy modulation or replaced by an energy m=1

waveform, the factor of 2 in the fourth order term originatinis the effective time-varying channel, whose rate of chaisge

from fading would still appear on top of an additional gaimietermined by the rate of change of the phages, (¢)},,,-

originating from the use of energy modulation/waveformisThFig. 2 illustrates the general architecture of transmittsity.

will be discussed in more details in Section V. In order to get some insights into the performance benefit
IV. BASIC TRANSMIT DIVERSITY of the transmit diversity strategy, we assume the phases

m(t)}y,, are uniformly distributed ove2r and are inde-

ndent. Moreover, we assufmi,, = 1 ¥m. We then write

E[h®P] 3, o sE[lR®)]
—ar §k4RantPrfT

—>

Energy transmitter with transmit diversity

Motivated by the above observation that fading is hel;i
ful to the harvested energy, we design a transmit diversi%?
scheme using dumb antennas to boost the harvested energy of
rectennas that are exposed to slow fading channels. We aiffic:td—cw
at inducing channel fluctuations and creating an effectast f _ 3 5 =9 M -1
fading channel by using multiple transmit antennas. Dudng = ko Rane Prt + §k4RantPrf (1 + M ) - (19)
given harvesting period, the rectenna will therefore seasé f

varying channel that will lead to a higher harvested energyhe quantityGiq = (1+ #71) is obtained from computirfg
E [|n(t)[*] /M? over the uniform distribution of the phases

A. Phase Sweeping Transmit Diversity {tm () }y,,- Gra can be viewed as the diversity gain offered
In its simplest form, the proposed transmit diversity foby the transmit diversity strategy. It ranges from 1 fdr= 1

WPT induces fast fading by transmitting a continuous wave @ie. no gain) to 2 in the limit of larg@/ (which corresponds to

each antenna with an antenna dependent time-varying phase gain offered by CSCG fading in Section {lijs illustrated

¥m(t). ConsideringM transmit antennas and one receivin Fig. 3. For M = 2 and M = 4, the scheme boosts the

antenna, we can write the transmit signal on antennas fourth order term by a factor of 1.5 and 1.75, respectively.
op This is remarkable as it shows that multiple transmit arsésnn

Tm(t) = \/7COS(th + ¥ (1)),

= kQRant prf

are beneficial to WPT even in the absence of CSIT.
In a multi-user setup, transmit diversity benefits all ussrs
= /gﬁ{ej(wot+¢m,(t))}. (12) providing a diversity gain to all of them simultaneouslg.;.
M adding more energy receivers comes for free and does not
The average total transmit power is kept fixedRoDenoting compromise each user’s performance. This behavior was also
the wireless channel between antenma and the receive observed with energy waveforms in frequency flat channgls[8
antenna as\~'/?h,,, (it varies slowly over time, hence we It is important to recall that the transmit diversity gain is
omit the time dependency), the received signal is written asleeply rooted in the rectifier nonlinearity. If the nonliriga
op 4 modeled by the fourth order term is ignored, the transmit
£/ =—R {A‘l/zh(t)ej“’ﬂt}, (13) diversity gain disappears. With the linear model, thereds n
benefit in using transmit diversity since the second order

y(t) =

SHigher order terms in the Taylor expansion would lead to ternopqr-
tional to E [|2|7], i = 6,8, .... Since the moments of Gaussian distribution ’This assumption could be experienced in strong LoS situsfianinstance
are unbounded as the exponent goes to infinity, the harvestedyy would and is made for simplicity in the analysis and circuit simulagido highlight
scale to infinity if we account for all terms in the Taylor expanm. However, the role of the antenna dependent time-varying phases dadntiariversity
recall that the assumption behind the rectenna model is thatitiile operates to induce fast fluctuations of a slow-varying channel.
in the nonlinear region, as detailed in Section IlI-B and Reén#hof [8]. 8The derivations are pretty straightforward and similar @ ¢mes used to
SWe here assume for simplicity that the transmit power is unifgrspread compute the scaling laws in [8]. They are therefore not preditiere.
across antennas and the phases only are time-varying. We alsol imagine 9The diversity gain is larger when the channels on each aatkave similar
a strategy where both the amplitude and the phase on eactmantary over strengths (e.gh.,, = 1 Vm). If there is a severe imbalance between the
time. Note also that); (¢) can be set to 0 without loss of generality. channel magnitudegh.,, |, transmit diversity will have less benefit.



2 : fading in communications and in WPT, as well as contrast

19} 1 the proposed transmit diversity for WPT with various forms
18} 1 of diversity strategies used in communications.
17y 1 1) Fading: Channel fading inpoint-to-point (resp. multi-
_rer 7 usel) scenario is commonly viewed as a sourceiofeliability
o 15F B

(resp.randomizatiof in communications that has to hmeit-
igated (resp. exploited [20]. In contrast, channel fading for
both point-to-pointand multi-userscenarios can be viewed as
a source ofandomizationin WPT that has to bexploited

2) Time Diversity:In [21], a phase-rotated/sweeping trans-

141
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10° 10t 107 mit diversity strategy was proposed for point-to-pointnta
Number of transmit antennas M . . . . . . . . .
mission so as to convert spatial diversity into time divgrsi
Fig. 3. Transmit diversity gaiiGi;q as a function ofM. The effective SISO channel resulting from the addition of

multiple branches seen by the receiver fades over time, and

term in (15) is constant irrespective af in the absence of this selective fading can be exploited by channel codinghén
CSIT. In other words, the second order term can only hyroposed transmit diversity for WPT, there is no information
increased by the use of beamforming, which requires CSkransmission and therefore no channel coding. Time-seect
The fourth order term, on the other hand, can be enhancedfagling is also induced by a phase rotation/sweeping, but it i
beamforming, waveform, modulation and transmit diversitgxploited by the rectifier rather than channel coding.
with the last three schemes applicable in the absence of'€SIT 3) Multi-User Diversity: In [20], [22], multi-user diversity

Transmit diversity has a number of practical benefits legdinvas introduced as a new form of diversity at the system level
to low cost deployments. First, it relies on dumb antennds féhat leverages the independent time-varying channelssscro
with a low Peak-to-Average Power Ratio (PAPR) continuoube different users. By tracking the channel fluctuatioriagis
wave at a single carrier frequenay,. Second, it does not a limited channel feedback and selecting the best user iaea ti
require any form of synchronization among transmit antennéypically when its instantaneous channel is near its peak)
since a time-varying phase is applied to each of them. Thim@l, multi-user diversity gain is exploited that translatesoin
it can be applied to co-located and distributed antennaogiepla sum-rate scaling double logarithmically with the number
ments. Fourth, it is transparent to the energy receivergshwhof users at high SNR. By increasing the number of users,
eases the system implementation. Fifth, for deploymentis wihe sum-rate increases, though each user gets access to a
a massive number of devices, it provides a transmit diwersigmaller portion of the resources. Such a multi-user ditsersi
gain simultaneously to all users without any need for CSITstrategy can also be applied in multi-user WPT in the same

Remark 1:It is worth contrasting with (energy) beamform-way as communications, as investigated in [23]. The proagose
ing, waveform and modulation. Note that the transmit diégrs transmit diversity however differs from multi-user divitysas
gain G4 is obtained without any CSIT. This contrasts with # does not rely on independent channels across users asd doe
(energy) beamforming approach for WPT that always relie®t require any form of tracking and scheduling. Moreover,
on CSIT in order to beam energy in the channel directioall users do not have access to a portion of the resources but
The philosophy behind transmit diversity is also differfntm  rather benefit simultaneously from the channel fluctuations
energy waveform [8] and energy modulation [15] that trarismT herefore adding more users comes for free and does not
specific signal with suitable characteristics. Energy i@ve compromise each user’s harvested DC power.
in [8] relies on deterministic multisine at the transmittdrose The proposed transmit diversity for WPT also has some
amplitudes and phases are carefully selected (as a functimilarities with multi-user diversity. Indeed, the muliser
of the wireless channel in general settings) so as to excitwersity gain is known to increase with the dynamic range
the rectifier in a periodic manner by sending high energyf the fluctuations. This may naturally occur in fast fading
pulses. Energy modulation in [13]-[15] relies on singleries conditions. However, in deployments subject to Line-ajfi
transmission but whose input follows a probability diattibn  (LoS) and/or slow fading, multiple transmit antennas with
that boosts the fourth order term in the Taylor expansion tifme-varying phases and magnitudes can be used to induce
the diode. One of such distribution, proposed in [15] anldrge and fast channel fluctuations, which are then expuloite
reminiscent of flash signaling, exhibits a low probability oby channel tracking and scheduling [20]. Similarly, in threp
high amplitude transmit signals. In contrast, transmiedsity posed transmit diversity for WPT, large channel fluctuations
is designed to generate amplitude fluctuations of the vaseléoost the harvested DC power and multiple transmit antennas
channel, not amplitude fluctuations of the transmit signal. with time-varying phases (and potentially magnitudes) are

used to generate those channel fluctuations.

B. Comparisons with Fading/Diversity in Communications

The notion of fading and diversity has a long history in V. TRANSMIT DIVERSITY WITH ENERGY
communications. It is interesting to compare the effect of MODULATION/WAVEFORM
10extra performance benefits are nevertheless obtained withi B&ed- Energy modulation and energy waveform are two different

waveform design in frequency selective channels, as deltail [8]. techniques to also boost the amount of DC power at the



output of the rectenna. Similarly to transmit diversitygyh "

both exploit the nonlinearity of the energy harvester. Heave k)
in contrast to transmit diversity, both create large ampkt "
fluctuations of the transmit signal. Energy waveform in [7], ® g - T T
[8] relies on deterministic multisine at the transmitterasoto *

excite the rectifier in a periodic manner by sending highgyer
pulses. Energy modulation in [13]-[15] relies on singleriea

transmission with inputs following a probability distritoon o

that boosts the fourth order term in the diode Taylor expansi Fig- 4. Rectenna used for circuit simulations.

In this section, we show that transmit diversity can be ) ) o
combined with energy modulation/waveform so as to jointl{}f(o’ 1) and GmO_d = 12 for the ﬂf"‘Sh signaling dlgtr|but|on
generate amplitude fluctuations of the wireless channel affl1>] characterized by = rel? with the phase uniformly
amplitude fluctuations of the transmit signal. This comtinedistributed ovef0, 2r) and the amplitude distributed according
effect leads to a joint diversity and modulation/wavefordP the following probability mass function (with> 1)

C
it Pt

SMS-7630

gain and can be leveraged in practice to balance the cost 1-1 ,—p
of the power amplifiers (PA) versus the number of antennas. pr(r)=3<7, " 17 (19)
Indeed, one extreme consists in using one single transmit = reb

antenna to generate energy waveform/modulation. Thatdvoul Hence, transmit diversity with energy modulation brings a
require an expensive PA to cope with the high PAPR transnidital gain in the fourth order term equal to the product of the
signal and would not benefit from a transmit diversity gaindiversity gainG.q and the modulation gait:
Another extreme would consist in using transmit diversity
W|th_mult|ple dumb_ antennas with cheap PAs gnd low PAP . Transmit Diversity with Energy Waveform
continuous wave signal. That would not benefit from a mod-

ulation/waveform gain. In between those two extremes, welnstead of using an energy modulated single-carrier signal
can use of mixture of transmit diversity and energy modulde can use a deterministic in-phase multisine waveform with
tion/waveform and partially trade the transmit diversiirg Uniform power allocation on each antefhan such a case,
with the modulation/waveform gain so as to balance the cddf) still holds bUtS(t]% is replaced by the baseband multisine
of the PAs and the number of transmit antennas. waveform s(t) = > Fee/m et with Ay = 2mA¢ the
inter-carrier frequency spacing. Assuming a frequendy-fla
channel, the received signal writes as in (17). Following [8

we can then compute
Rather than transmitting an unmodulated continuous wave

mod -

A. Transmit Diversity with Energy Modulation

3 2

with a time-varying phase on each antenna, we can modulate  Zgc tq—wt = k2 Rant Pet + §k4RantPffthwa (20)
the carrier using a suitable input distribution. The traitism
signal on antenna: can be written as where G, = 201 %" 2
w 3 3 -
op ' Hence, transmit diversity with energy waveform brings a
o (t) =\ 3R {S(t)ej(“’o”wm”))} (16) total gain in the fourth order term equal to the product of the

diversity gainGq and the waveform gaidr..
where s(t) is the complex energy symbol drawn from a

given distribution withE [|s()|?] = 1 and transmitted on VI
all antennass(t) can be drawn for instance from a CSCG
distribution, real distribution or any other distributiomith

. PERFORMANCEANALYSIS WITH CURVE
FITTING-BASED NONLINEAR RECTENNA MODEL

high energy content [15]. The received signal becomes The previous sections were based on a diode nonlinear
model driven by the physics of the rectenna. We here study

2P —1/2 jwot another rectenna nonlinear model that is based on fitting dat

y(t) = M %{A h(t)s(t)e }’ (17) using a polynomial. We use this model to assess the impact

with A(t) given in (14). In order to analyze the performanc@f fading on the harvested DC power and the potential gain of
gain, let us again assune, — 1. Following [13], we can transmit diversity. Observations made in this section confi

then compute those made in previous sections. Hence, despite the numerou
differences between the physics-based model and the curve
Zde,td—mod = ko Rant PieE {|h(t)*} E {|s(t)|*} fitting-based model [13], [16], both approaches lead to the
3. o = 4 4 same conclusion that fading and transmit diversity enhance
+ §k4RantPrfE{|h(t)| FE{ls@)I"} the RF-to-DC conversion efficiency. This confirms that the
benefits of fading and transmit diversity for WPT originate
from the nonlinearity of the harvester and are not an artefac
of the underlying nonlinear model.

_ 3 _
= k2RantPrf + §k4R2 PerthGmod- (18)

ant

where Giq = (1+2=1) and Groa = E {[s(t)|*}. Gmoa

varies depenQing on the input distribution, namély,.q = 2 11Recall from [8] that allocating power uniformly across afisivaves leads
for a CSCG inputs(t) ~ CN(0,1), Gimoa = 3 for s(t) ~ to performance very close to the optimum in frequency flat catmn



A. A Curve Fitting-based Nonlinear Rectenna Model B. Effect of Fading on Harvested Energy

Since a curve fitting-based model requires actual data, weSimilarly to Section I1I, we here assess the impact of fading
designed, optimized and simulated the rectenna circuiigf Fon harvested DC power. We assume that the fading coefficient
4. We used a conventional single series rectifier circuit th4 is modeled as CSCG witf [|2?] = 1. With a fading
consists of a rectifying diode, impedance matching Circuﬁhannel,Prf fluctuates as a function of around its mean
and low pass filter. The Schottky diode Skyworks SMS763@:- As a consequencey. also fluctuates as a function bf
[24] is chosen for the rectifying diode because it requirdzor @ given realization ok, P, relates toFy. through (21).
low biasing voltage level, which is suitable for low powePefining the average DC power d%. = Ej, [Fy], with the
rectifier. The impedance matching and low pass filter ciscuigXpectation taken over the channel distribution, and ngakin
are designed for an in-phase 4-torfé & 4) multisine input Use of the nonlinear model (21) with = |h[* Py, we write
signal centered around 2.45GHz with an RF input power 055 _E [epdc)dB] _E [ea(log(lhlzpﬁ))2+blog(thQPrf)+c:|
-20dBm and with 2.5MHz inter-carrier frequency spacing.” ¢ — ~" h '

The load impedance R2 is chosen #&K(2 in order to = Pic no fading Cfading (25)
reach maximum RF-to-DC conversion efficiency with the 4-
tone multisine waveform. The matching network capacitor there

inductor L1 and output capacitor C2 values are optimizedP,. ,, ading = Pt ap TbPr ante, (26)
(using an iterative process) to maximize the output DC power

under a given load impedance and for the given multisinetinpu Cfading = En |€

waveform at -20dBm RF input power. The chosen values age - 2 h h D = ith
given by 0.4pF for C1, 8.8nH for L1, and 1nF for C2. Th %cordlng to (25), the average harvested DC poiier wit

§ading can be written as the product of the harvested DC power
antenna impedance is setlas = R,,; = 5012 and the voltage 9 P b

. - B Pac no fading Without fading and a fading gaims,qing that
sourceV1 is expressed a¥1 = vs(t) = 2y(t)v Ran. characterizes the impact of channel fading on the harvested

_Using PSpice circuit simulations, we evaluate in Fig._5 arigc power. Interestingly, (25) can be equivalently written a
Fig. 6 the DC powelP;. harvested at the load as a function of

a(log(|h|?))* +(2aPrs,ap+b) log(\h\z)i . @7)

the RF input powerP,; for a continuous wave and multisine Pac,no fading
(IV = 8) input RF signals, respectively. Based on the collected Pic = Pt exf—de Cfading,

data, we can then choose a model that fits the data. We fit the

. . . = Irf €rf—dc €fading (28)
data (in a least-squares sense) using a polynomial as ®llow N —
€rf—dc
Pacan = aPi gp + bPitap + ¢ 1) Where ext_ac = Piono tading/ Pt is the conventional RF-
with to-DC conversion efficiency (with e.g. continuous wave or
multisine excitation) in the absence of fading afg 4. =
Pyc.ap = log (Pac), (22)  p,./P. is the RF-to-DC conversion efficiency in the presence
Pritap = log (Py) = log (|h|*) + Prt,as, (23) of fading. Interestingly, the RF-to-DC conversion effiagrin
prf,dB — log (Prf)- (24) the presence of fading,s_q. can be split into two contri-

butions: the conventional RF-to-DC conversion efficienay i
The coefficientsa, b and ¢ of the polynomials are given for the absence of fading,¢—q. and a fading gaireaqing that
two different RF input power ranges in the legends of Figiccounts for the impact of fading on the harvester nonlitear
5 and Fig. 6, for continuous waveV( = 1) and multisine  Defining d = 2aP,;4s + b and X = |h|?, and noting that
(N = 8) excitations, respectively. Note that, similarly to [19]X ~ EXPO(1), the fading gaires.qing Can be expressed as

the fitting is performed in the log-log scale instead of using B a(log(X))?+d log(X)

a linear scale. Using a sigmoid or a polynomial to fit data in efading = Ex [e i ;

the linear scale, as in [17] and [18] respectively, may lead t —Ex |:Xd+alog(X):|

severe inaccuracies in the low power regime as highlighied i - ’

[16]. We note that a second degree polynomial fits the data :/ pa+alog(@) .~z g (29)
relatively well, especially whenever fitted to the low input 0

power regimé -40 dBm to -5 dBm, as per subfigures (b)Numerical integration can be used to compute the last iategr
Subfigures (c) illustrate the RF-to-DC conversion efficlencThe fading gaineg.qin, is illustrated in Fig. 7 for continuous
Second degree fitting in the low power regime (-40 dBm to \gave ('Continuous wave (N=1)") and multisine ('Multisine
dBm) appears relatively accurate, though RF-to-DC comers (N=8)") excitations using the fitting parameters taken from
efficiency is in general sensitive to any discrepancy in tlﬂmg. 5 and Fig. 6, respectively. It appears that,, is larger
curve flttlng since it describes the ratio bet\NeEQ andPrf. than one for most input power, especia"y in the low input
We also note that multisine excitation leads to hlgher retedk power regime, Suggesting that fading is beneficial to energy
DC power and RF-to-DC conversion efficiency compared t@arvesting. This confirms observations made in Section IIl.
continuous wave [7], [8], [11]. The gain can be explained again by the convexity of Fhe

12We are interested in the non-diode breakdown region, ilevbesdBm Prt re!ationship in the low power regime.. The faging g.ain leads
for the considered circuit, for the reasons discussed in ReSaf [13]. to an increase of the RF-to-DC conversion efficiency in the lo
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Fig. 5. Circuit evaluations of harvested DC powey,. versus RF input power Fig. 6. Circuit evaluations of harvested DC powgj. versus RF input
P,¢ for acontinuous wavéN = 1) excitation and corresponding curve fitting power P,¢ for a multisine(/N = 8) excitation and corresponding curve fitting
model for the rectenna in Fig. 4. model for the rectenna in Fig. 4.

input power regime as illustrated in Fig. 8. We also note in Remark 2:Circuit simulations have not been conducted
Fig. 7 that the fading gain with a multisine is smaller thathwi below -40dBm because such a power level is likely too low
a continuous wave for high RF input power levels and largéws be harvested due to the limited sensitivity of the rectifie
for low RF input power levels. The behavior is again observdddeed, we note in Fig. 5(c) and 6(c) that the RF-to-DC
because of the convexity at low input power and concavity abnversion efficiency is close to 0 at around -40dBm. Though
high input powers of theP,.-P,¢ relationship. As it appears the polynomial-based fitting (21) was done using the avkilab
from Fig. 8,e,s_q. Without fading increases more rapidly withdata in the range -40dBm to 20dBm, we assumed that the same
a multisine than with a continuous wave at low input powepolynomial can be used for power levels below -40dBm to
but decreases more rapidly at high input power levels. compute the fading gain in (29) (and transmit diversity gain
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Fig. 8. ModeledRF-to-DC conversion efficiency without fadirgs_4. and  Fig. 10. ModeledRF-to-DC conversion efficiency with one transmit antenna

with fading &, _q. for a continuous waveN = 1) and multisine (V = 8)  without fadinge,¢_q. and with two antenna-transmit diversitys _qc tq for

excitation in the average RF input pow#}; range of -40dBm to -5dBm. a continuous wavelN = 1) and multisine {V = 8) in the average RF input

Second degree polynomial fitting parameters taken from Figj, B(b). power P¢ range of -40dBm to -5dBm. Second degree polynomial fitting
parameters taken from Fig. 5(b), 6(b).

in (33)). As in [19], [25], we can improve the analysis by ) ] ,

accounting for the limited sensitivity of the rectifier ineth 27- The effectlve2channel can be written Ag) = /1 (") 4

very low power regime by stating V2 and [h(t)|" = 2(1 + cos (¢1(t) — ¢a(t))). Defining
the random variablel/ = 1 (t) — v2(t), also uniformly

(21), Pt > Prtmin, (30) distributed over, and equally splitting the transmit power

0, otherwise, among the two antenna®(2 on each antenna), the effect of

L . transmit diversity on the harvested DC power can be computed
where Pyt min refers to the sensitivity threshold below Whlc?) Y P P

Pyc,aB =

= ) . o ollowing the same steps as in Subsection VI-B by replacin
the rectifier does not turn on. Doing so, the fading gain in (2 2 witr? 1+ cos (U) Fgllowing (28), we therefore )\:vritep 9
can be adjusted as follows ' '

P(lc,no fading

o0
_ d+al - _ —
Cfading = / attelosDedz, (31) Pacta = Prt €xi—dc €tds
Tmin _
where Zin = Pifmin/Pi. As illustrated in Fig. 7, when =t Gfrde ©d (32)
the rectifier sensitivity is taken into account, the fadirajng erf—de,td

decreases in the very low power regimefasin increases. where the transmit diversity gaing is obtained by replacing
X in (29) by 1 + cos (U), such that
C. Effect of Transmit Diversity on Harvested Energy

(10g(1+cos(U)))2+d10g(1+cos(U)):|
Similarly to Subsection IV-A, we here assess the benefits of ’

€td = ]EU {ea

transmit diversity on the harvested DC power with the curve —E, {(1 1 cos (U))d+a1°g(1+°°S(U))} 7
fitting-based nonlinear model. Let us consider the simplest o

case of two transmit antennad/(= 2) with h,, =1 and the — / (1 + cos (u))d+alog(1+cos(u)) idu. (33)
phases); and), independent and uniformly distributed over 0 27
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power P, range of -40dBm to 20dBm.

Numerical integration can be used to compute the last iategr

The transmit diversity gaire.q is illustrated in Fig. 9 for than 150 times in order to average out over a sufficient number
continuous wave and multisine excitations using the fittag Of realizations of the phase.

rameters taken from Fig. 5 and Fig. 6, respectively. It appea We chose a transmit diversity phase change rate of 2.5 MHz
that eq is larger than one for most input power, especially ifiough we also considered several phase change rates betwee
the low input power regime, suggesting that transmit diters 1 MHz and 10 MHz. The periods of those phase changes range
is beneficial to energy harvesting. This is also inline witfom 0.1usto 1,s. As stated in Subsection VI-A, the rectenna
observations made in Subsection IV-A and Section V. THE&S been optimized for a 4-tone multisine input wavefornwit
transmit diversity gaire.q leads to an RF-to-DC conversion@n inter-carrier frequency spacingy; = 2.5 MHz. Such a
efficiency with transmit diversity,;_q. .4 larger than the RF- Waveform generates large peaks with a periodicity of\; =
to-DC conversion efficiency achieved with a single transnit4 1s. The RC constant of the low pass filterliSK(2x InF =
antennae,;_q., as illustrated in Fig. 10. Following Remark 2,10us. The period of the phase change is therefore smaller than

accounting for the limited rectifier sensitivity would legsia the rectenna’s RC constant. We did not observe significant
decrease of.q in the very low power regime. performance gap between different phase change rates. We

set the phase change rate to 2.5 MHz as mentioned above
because it is applicable for the simulations and the prptaty
Fig. 11 illustrates the simulated gain of transmit diversit
Previous sections highlighted the benefit of transmit divewith two transmit antennasM = 2). Hence, in Fig. 9 and
sity in WPT with both continuous wave or more complicateffig. 11, e;q refers to the transmit diversity gain obtained
modulation/waveform. The gains were predicted from tHgom analysis/modeling and simulations, respectivelg. A2
analysis using two different nonlinear models of the energlisplays the simulated RF-to-DC conversion efficiency (in
harvester. We here evaluate the performance benefits f tragpntrast to the modeled one in Fig. 10) with and without
mit diversity using circuit simulations and real-time ovke- transmit diversity. A performance gain of transmit divéeyrsi
air experimentation, and contrast the results with theyasial with a continuous wavenput is observed in circuit simula-
tions, therefore validating the prediction from the analys
Though a transmit diversity gain with a continuous wave is
observed in both analysis (Fig. 9) and simulations (Fig, 11)
We consider a two-antennalf( = 2) transmit diversity the general behavior is not the same in both figures. Indeed,
system over a deterministic channel with, = 1 (similarly while the analysis highlights a decreasing gain as the input
to the analysis). Using Matlab, we generate the input veltagower level increases, the simulations display larger gain
source V1 to the realistic rectenna of Fig. 4. This is done by the practical RF input power level range of -20dBm to -
generating the transmit signalt), using either a continuous 10dBm. Recall that the rectenna of Fig. 4 was designed for an
wave (CW) or multisine § = 8), passing it through the two- RF input power of -20dBm and that the limited sensitivity
antenna transmit diversity strategy whose phase is randorof the rectifier was not modeled in the very low power
swept at a 2.5 MHz rate, and converting the received sigrmragime in Fig. 9, which partly explain why the simulated
y(t) (assumingh,, = 1) to the input voltage source V1. Wetransmit diversity gain is higher (than the modeled one) at
then feed the input voltage source V1 into the PSpice circuBOdBm RF input power level and lower at -40dBm. The
simulator. The duration of the generated signal was detesthi circuit simulations suggest that the limited rectifier stwvis/
to be long enough (about 7@s) for the rectifier to be in a isindeed observed at very low power levels since the siradlat
steady state response mode. For each input power levehgandgransmit diversity gain displays a severe drop similar te th
from -40dBm to 20dBm, we repeat the same process for maree illustrated in Fig. 7 (fotP min = 3e~7). On the other

VIlI. PERFORMANCEEVALUATIONS

A. Circuit Simulations
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Fig. 13. Rectenna used in the experiment.

hand, transmit diversity appears less beneficial when uggg 14- Experimental setup with the SDR (PXle-7966R and NI15%)
. . . . .. implementing the transmit diversity strategy, the two PAséithko Tx antenna
in conjunction with multisine waveform. Recall from the 1 anq 2 and the Rx antenna connected to the rectifier.
analysis in subsection V-B and from Figs. 9 and 10 that
transmit diversity was expected to provide an additionah ga
on top of the multisine waveform gain. It seems from circuijut different Tx-Rx distances of 2.5m and 5m. The received
simulations that this additional gain is rather negligibléis DC voltage measurement is carried out five times, and each
is partially due to the rectifier design. Since the rectifisedi measurement, non-continuous in time, is one minute long.
in the simulations has been optimized for a 4-tone inp¥inal results are averaged value of 5 minutes total for each
signal, its has a limited ability to exploit the large fludioas case. Fig. 14 is a picture of the overall experimental setup.
induced by transmit diversity with an 8-tone waveform. If Fig. 15 jllustrates the harvested DC power measured at the
we could adjust the rectifier (and its load) as a functiogad of the rectifier for various transmit strategies, namel
of the input signal, we could see more gain of combining single antenna with continuous wave (CW), a two-antenna
multisine and transmit diversity. Nevertheless, it is soim&t  transmit diversity (TD) with continuous wave, a single amta
intuitive that, in praCtice, we observe a dImInIShIng ratof multisine (]\/' — 8) and a two-antenna transmit diversity with
combining transmit diversity and multisine waveform. lade multisine (V = 8). Two different distances of 2.5 m and 5
the multisine waveform already significantly boosts thet®F- m from the transmitter are considered, corresponding to a
DC conversion efficiency as evidenced by Fig. 12, therefofg|atively high and low input power to the energy harvester,
leaving less room for improvement for transmit diversity.  respectively. We observe that measurements are inline with
B. Prototyping and Experimentation fcheory_ and_ circuit simullations, with transmit Qiyersitwpid-
) ) ing gain with both continuous wave and multisine waveforms,

Leveraging the early WPT prototype reported in [26], Wgyough larger with continuous wave and at a moderate distanc
have implemented a two-antenna transmit diversity pre®ty of 2 5 . |n Fig. 16, we plot the same results but in a different
to verify that transmit diversity provides in real world abn way to highlight the relative gain over the DC power harvéste
tions the performance benefits predicted from the analysis gyjih the single antenna continuous wave. TD with CW offers
simulation results. The prototype is divided into two parts, gain over CW of about 8% and 45%, at 5 m and 2.5 m,
Tx and Rx, respectively. Rx part is a simple rectenna. Thgspectively. By combining TD with multisine, a combined
rectifier prlr_wted circuit board (PCB) is fabricated with\d4  {ransmit diversity and multisineN = 8) waveform gain is
length of microstrip, 1005 (1.0 mm x 0.5 mm lumped elemenfyserved of about 58% and 105% over a single antenna CW.
package size) passive elements padstfanatching network, Recall that those gains are obtained without any need for
and followed by a Schottky diode rectifier circuit. The samgg|T and that, in a multi-user deployment, each device would
diode and low pass filter circuit as the rectenna used for thgnefit from this performance enhancement, irrespectigély
circuit simulations in Fig. 4 are implemented in the prop#ty the number of devices. It is also worth reminding that the
The values of the matching network components are mOdiﬁBF’ototype relies on two transmit antennas. The gain growls wi

to fit the real fabricated PCB. We use universal 2.4 GHz baigk humber of antennas. as discussed in Subsection IV-A.
WiFi antennas with 3dBi gain. Fig. 13 illustrates the citcui

diagram of the prototype rectenna used in the experiment.
Tx part is an RF signal generator with 2.45GHz center
frequency implemented using a software defined radio (SDR)This work sheds some new light on the role of fading and
relying on NI FlexRIO PXle-7966R and NI 5791R transceivediversity in WPT. Thanks to the energy harvester nonlingarit
module. Tx signal generator continuously generates the $ading and diversity are found beneficial to boost the RF-to-
lected signal type such as CW (continuous wave), multisii®C conversion efficiency. We developed a new form of signal
(N = 8), TD-CW (transmit diversity with CW), and TD- design for WPT relying on phase sweeping transmit diversity.
multisine (transmit diversity with multisine). The expaentis Transmit diversity relies on multiple antennas to inducst fa
carried out at two different locations. The Rx antenna liocest fluctuations of the wireless channel and does not rely on any
are fixed and Tx antennas are moved to the test locatiofm of CSIT. The effect of fading and transmit diversity bav
Both locations exhibit line-of-sight (LoS) between Tx and, R been analyzed using two different types of energy harvester

VIIl. CONCLUSIONS ANDFUTURE WORKS
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