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On CSI-free Multi-Antenna Schemes for Massive
RF Wireless Energy Transfer

Onel L. A. Lopez, Samuel Montejo-Sanchez, Richard D. Souza, Constantinos B. Papadias, Hirley Alves

Abstract—Radio Frequency Wireless Energy Transfer (RF- typically report to the cloud, and the requirement is for
WET) is emerging as a potential green enabler for massive |ow-cost devices with low energy consumption and good
Internet of Things (loT). Herein, we analyze Channel State ., erage. In such massive deployments, these 10T nodes are

Information (CSI)-free multi-antenna strategies for powering t I dto be t it fi v but
wirelessly a large set of single-antenna loT devices. The CSl-free not generally supposed 1o be transmitting continuously, bu

schemes areAA — SS (AA — IS), where all antennas transmit they do require to operate for long periods of time without

the same (independent) signal(s), anflA, where just one antenna batteries replacement, especially since many of them could be
transmits at a time such that all antennas are utilized during the placed in hazardous environments, building structures or the
coherence block. We characterize the distribution of the provided human body. One important enabler under consideration is

energy under correlated Rician fading for each scheme and find |, . . .
out that while AA —IS and SA cannot take advantage of the Wireless Energy Transfer (WET). Notice that WET is a gen-

multiple antennas to improve the average provided energy, its €ral concept that includes several power transfer technologies
dispersion can be significantly reduced. Meanwhile AA —SS such as those employing for instance ultra-sound, inductive,
provides the greatest average energy, but also the greatest energycapacitive, or resonant coupling [2]. In this work we focus
dispersion, and the gains depend critically on the mean phase on Radio Frequency (RF)-based WET which allows the loT

shifts between the antenna elements. We find that consecutive . . . oo
antennas must ber phase-shifted for optimum average energy nodes equipped with an energy harvesting (EH) circuitry to

performance under AA — SS. Our numerical results evidence harvest energy from incoming RF signals [3]-[6]. Hereinafter,
that correlation is beneficial under AA — SS, while a greater we refer to RF-WET just as WET.

line of sight (LOS) and/or number of antennas is not always  WET holds vast potential for replacing batteries or in-

beneficial under such scheme. Meanwhile, botAA — IS and SA creasing their lifespans. In fact, RF-EH devices can become
schemes benefit from small correlation, large LOS and/or large

number of antennas. Finally,AA — SS (SA and AA — IS) is (are) self—.sustaining with respect to the_ energy requ.ired .for op-
preferable when devices are (are not) clustered in specific spatial €ration, thereby obtaining an unlimited operating lifespan

directions. while demanding negligible maintenance [7]. This is crucial
Index Terms—massive RF-WET, multiple antennas, loT, CSI- for the future society since the battery waste processing is
free, Rician fading, phase shifts already a critical problem. The most effective approach for
reducing battery waste is to avoid using them, for which

. INTRODUCTION WET is an attractive clean solution. Notice that with the

Internet of Things (IoT), where evering is practically con_tinuous advances on circuitry t_echnology aiming at re-
transformed into an information source, represents a maﬂﬂc'”g further the power consumption of |9W'005t Qe\ﬁces
technology trend that is revolutionizing the way we intera&9- @dvances on Complementary Metal-Oxide-Semiconductor
with our surrounding environment so that we can make theMOS) and Micro-Electro-Mechanical Systems (MEMS)
most of it. There are two general categories of loT use cadg§hnologies [10], energy-efficient Proportional to the Abso-
[1]: i) critical 10T, with stringent requirements on reliability,'Uté Temperature (PTAT) circuit implementations [11], and
availability, and low latency, e.g. in remote health care, traffgfintéd sensors technology [12], an exponential growth on
safety and control, industrial applications and control, remoY4E T-enabled IoT applications is expected.
manufacturing, surgery; and ii) massive loT, where sensorsthe 10T paradigm intrinsically includes wireless informa-

tion transfer (WIT), thus WET appears naturally combined
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ii) Simultaneous Wireless Information and Power Transfer
(SWIPT), where WET and WIT occur simultaneously. Readers
can refer to [13] to review the recent progress on both
architectures, while herein the discussions will focus merely
on WPCN and pure WET setups. Notice that in most of
practical applications WET duration would be significantly
larger than WIT in order to harvest usable amounts of energy
[6]. Actually, some use cases require operating under WET
almost permanently while WIT happens sporadically, e.g. due
to event-driven traffic. Therefore, enabling efficient WET is
mandatory for realizing the 10T paradigm and constitutes the
scope of this work.

A. Related Work

Recent works have specifically considered WET and WPCN
setups in different contexts and scenarios. Key networking
structures and performance enhancing techniques to build an
efficient WPCN are discussed in [14], where authors also
point out challenging research directions. Departing from
the simple Harvest-then-Transmit (HTT) scheme [15]-{17]
several other protocols have been proposed over the past few
years to boost the WPCN performance such as the Harvest-
then-Cooperate (HTC) system studied in [18]-[20] and the
power control scheme relying on energy accumulation between
transmission rounds discussed in [21]. Authors either analyze
the performance of the information transmission phase, or,
optimize it by using power control or cooperative schemes.
Some scheduling strategies that allow a direct optimization
of the energy efficiency of the network are also proposed in
[22], [23]. Additionally, an energy cooperation scheme that
enables energy cooperation in battery-free wireless networks
with WET is presented in [24]. Meanwhile, the deployment of
single-antenna power beacons (PBs) for powering the mobiles
in an uplink cellular network is proposed in [25]. Therein,
authors investigate the network performance under an outage
constraint on data links using stochastic-geometry tools, while
they corroborate the effectiveness of relying on directed WET
instead of using isotropic antennas.

Yet, shifts in the system architecture and in the resource al-
location strategies for optimizing the energy supply to massive
loT deployments are still required. In [6] we discuss several
techniques that seem suitable for enabling WET as an efficient
solution for powering the future IoT networks. They are:

o Energy beamforming (EB), which allows the energy
signals at different antennas to be carefully weighted to
achieve constructive superposition at intended receivers.
The larger the number of antennas installed at the PB,

2

constitutes a serious limitation. This is due to the harsh
requirements in terms of energy and scheduling policies,
which become even more critical as the number of EH
devices increases;

Distributed Antenna Systems (DAS) which are capable

of eliminating blind spots while homogenizing the energy
provided to a given area and supporting ubiquitous en-
ergy accessibility. The placement optimization of single-
antenna energy and information access points in WPCNs
is investigated in [30], where authors focus on mini-
mizing the network deployment cost subject to energy
harvesting and communication performance constraints.
On the other hand, authors in [31] study the probability
density function (PDF), the cumulative distribution func-
tion (CDF), and the average of the energy harvested in
DAS, while they determine appropriate strategies when
operating under different channel conditions by using
such information. Although works in this regard have
avoided the use of multiple transmit antennas, we would
like to highlight the fact that multiple separate PBs, each
equipped with multiple transmit antennas, could alleviate
the issue of CSI acquisition when forming efficient energy
beams in multiple-users setups, since each PB may be
responsible for the CSI acquisition procedure of a smaller
set of EH devices;

CSl-limited/CSl-free schemesEven without accounting

for the considerable energy resources demanded by CSI
acquisition, the performance of CSl-based systems de-
cays quickly as the number of served devices increases.
Therefore, in massive deployment scenarios the broadcast
nature of wireless transmissions should be intelligently
exploited for powering simultaneously a massive number
of 10T devices with minimum or non CSI. For instance,
authors of [32] propose a method that relies on multiple
dumb antennas transmitting phase-shifted signals to in-
duce fast fluctuations on a slow-fading wireless channel
and attain transmit diversity. Also, we recently analyzed
in [33] several CSl-free multi-antenna schemes that a PB
may utilize to efficiently power a large set of nearby
EH devices, while we discussed their performance in
Rician correlated fading channels. We found out that
i) the switching antennaSQ) strategy, where a single
antenna transmits at a time with full power, provides
the most predictable energy source, and it is particularly
suitable for powering sensor nodes with highly sensitive
EH hardware operating under non line of sight (NLOS);
and ii) transmitting simultaneously the same signal with

the sharper the energy beams can be generated in some equal power in all antennag\@, but herein referred as

particular spatial directions. The EB benefits for WPCNs
have been investigated for instance in [26] in terms of
average throughput performance, while in [27] authors
propose an EB scheme that maximizes the weighted sum
of the harvested energy and the information rate in a
multiple-input single-output (MISO) system. However,
the benefits of EB in practice depend on the available
Channel State Information (CSIl) at the transmitter, and
although there has been some works proposing adequate
channel acquisition methods, e.g. [28], [29], this still

AA — SS) is the most beneficial scheme when LOS in-
creases and it is the only scheme that benefits from spatial
correlation. Notice tha®A andAA — SS are respectively
special cases afnitary and uniform queryschemes pro-
posed in the context of backscattering communications
[34]. In fact, the authors of [34], [35] show thahitary
query can provide considerable performance gains with
respect tauniform query However, such analyses do not
consider the impact of the antenna array architecture on
the LOS component of the channels, which herein we
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show to be significant. Finally, the performance analyses
conducted in [33] were under the idealistic assumption
of channels sharing the same mean phase.

there is no need of carrying out any preventive phase
shifting. Notice that all the analyzed CSlI-free schemes,
in their non-optimized form, say without proactive phase
shifting, are special cases of thaiform (AA — SS) and
unitary queryschemesAA — IS andSA) in the context

of backscattering communications [34], however, they
differ conceptually (and also in terms of performance in
case ofAA — SS) when phase shifts are applied to the
signals;

Our numerical results corroborate that correlation is ben-
eficial underA A — SS, especially under poor LOS where
channels are more random. A very counter-intuitive result
is that a greater LOS and/or number of antennas is
not always beneficial when transmitting the same signal
simultaneously through all antennas. Meanwhile, since
correlation (LOS and number of antennas) is well-known

B. Contributions and Organization of the Paper

This paper builds on CSl-free WET with multiple transmit
antennas to power efficiently a large set of l1oT devices.
Different from our early work in [33], herein we do consider
the mean phase shifts between antenna elements, which is
a practical and unavoidable phenomenon. Based on such
modeling we arrive to conclusions that are similar in some
cases but different in others to those in [33]. Specifically, the
main contributions of this work can be listed as follows:

« We analyze the CSI-free multi-antenna strategies studied

in [33], e.g. AA — SS and SA, in addition to theAll
Antennas transmitting Independent Sign&sA — IS)

scheme, but under shifted mean phase channels. We do
not consider any other information related to devices
such as topological deployment, battery charge; although,
such information could be crucial in some setups. Our
derivations are specifically relevant for scenarios where

to decrease (increase) the diversiyA — IS and SA
schemes are affected by (benefited from) an increasing
correlation (LOS factor and number of antennas);

While most of the analytical derivations are obtained
under the assumption that devices’ positioning infor-

it is difficult and/or not worth obtaining such information,
e.g. when powering a massive number of low-power EH
devices with null/limited feedback to the PB;

« By considering the non-linearity of the EH receiver we
demonstrated that those devices far from the PB and
more likely to operate near their sensitivity level, benefit
more from theSA scheme than from A — IS. However,
those closer to the PB and more likely to operate near
saturation, benefit more froA — IS; Next, Section Il presents the system model, while Section IlI

« We attain the distribution and some main statistics of thgresents and discusses the CSl-free WET strategies. Their
RF energy at the EH receiver in correlated Rician fadingerformance under Rician fading is investigated in Sections IV
channels under each WET scheme. Notice that the Riciand V, while SectionVI presents numerical results. Finally,
fading assumption is general enough to include a class®é&ction VIl concludes the paper.
channels, ranging from Rayleigh fading channel withotMotation: Boldface lowercase letters denote column vectors,
LOS to a fully deterministic LOS channel, by varying thevhile boldface uppercase letters denote matrices. For instance,
Rician factors; x = {a;}, wherez; is thei-th element of vectox; while

« While AA —IS and SA cannot take advantage of theX = {X; ;}, whereX; ; is thei-th row j-th column element
multiple antennas to improve the average statistics of matrix X. By I we denote the identity matrix, and iy
the incident RF power, the energy dispersion can lvee denote a vector of ones. Superscrip$ and(-)? denote
significantly reduced, thus reducing the chances of enertine transpose and conjugate transpose operations, ahile
outage. Meanwhile, the gains attained A — SS in is the determinant, and bgtiag(z1, 22, -+ ,2,) We denote
terms of average RF energy delivery depend criticallhe diagonal matrix with elements;, zs,---x,. C and R
on the mean phase shifts between the antenna elemeats.the set of complex and real numbers, respectively; while
In that regard, we show the considerable performante= /—1 is the imaginary unit. Additionally;| andmod(a, b)
gaps between the idealistidA — SS analyzed in [33] are the absolute and modulo operations, respectively, while
and this scheme when considering channels with differelit|| denotes the euclidean norm af E[ -] and var[ - |
mean phases. Even under such performance degradatiemnote expectation and variance, respectively, whilpd] is
AA — SS still provides the greatest average harvestdate probability of evend. v ~ N (u, R) andw ~ CN(u, R)
energy when compared t&A — IS and SA but its as- are a Gaussian real random vector and a circularly-symmetric
sociated energy outage probability is generally the worgBaussian complex random vector, respectively, with mean vec-

« We attained the optimum preventive phase shifting faor p and covariance matriR. Additionally, py (y) denotes
maximizing the average energy delivery or minimizinghe PDF of random variable (RVY, while Z ~ x2(m,n)
its dispersion for each of the schemes. We found thigt a non-central chi-squared RV with degrees of freedom
when transmitting the same signal simultaneously ovand parameter.. Then, according to [36, Eq.(2-1-125)] the
all the antennasAA — SS, or equivalentlyAA in [33]), first two central moments are given (7] = m + n, and
consecutive antennas must bephase-shifted for opti- var[Z] = 2(m+2n). Finally, Jy(-) denotes the Bessel function
mum performance. Meanwhile, under different schemes first kind and ordeo [37, §10.2].

mation is not available and/or they are uniformly dis-
tributed in the area, we show how the analyzed schemes
can still be efficiently utilized to fairly power massive
deployments when such assumptions do not hold. For
instance AA — SS (SA andAA — IS) is (are) preferable
when devices are (are not) clustered in specific spatial
directions.
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Il. SYSTEM MODEL we could still use the topological information embedded in

Consider the scenario in which a PB equipped with (2), which tell us t.hat@t increases witht for a giveng, to .
antennas powers wirelessly a large &6} of single-antenna improve the_ statistics of the harve;ted energy. To expllore this,
sensor nodes located nearby. Since this work deals offfy US consider that the PB applies a preventive adjustment

R

with CSl-free WET schemes, and for such scenarios tR&the signal phase at the + 1)—th array element given by
1€ [0, 27], while without loss of generality we set, = 0.

characterization of one sensor is representative of the ove X ; .
performance, we focus our attention to the case of a geneﬂ&en’ the equivalent normalized channel vector seen at certain

nodesS. The fading channel coefficient between theth PB's  SENSOrS becomesh™ = Wh, where

antenna andS is denoted ash; € C, j € {1,---,M} U= di i1 g

’ I = diag(1,e"™",--- e ). 3
while h € CM*1 js a vector with all the antennas’ channel &l ) @)
coefficients. Now, departing from (1) we have that

* K ipg 1
A. Channel model h* = T st Yhyes + H—H‘I’hnlos
Quasi-static channels are assumed, where the fading process P ) ) T

is considered to be constant over the transmission of a block ~ 5 Hewo {1, el(Prtvn) . 761(%“1+W“1)} +

and independent and identically distributed (i.i.d) from block

to block. Without loss of generality we set the duration of a + /LCN(O,R), (4)
block to 1 so the terms energy and power can be indistinctly 1+k

used. Specifically, we consider channels undergoing RiCighere last line comes from simple algebraic operations and
fading, which is a very general assumption that allows mogsing the fact thath,jes ~ CN(0, PRY) ~ CN(0,R)
eling a wide variety of channels by tuning the Rician factafincew is diagonal with unit absolute values’ entries. Without
x> 0 [36, Ch.2], e.g. whens = 0 the channel envelope |oss of generality, by conveniently setting, = /4 [40] so

is Rayleigh distributed, while wher — oo there is a fully ,ivo — (1 + 1)/v/2 imposes the effect of LOS (constant)

deterministic LOS channel. Therefore, component on real and imaginary parts of the scattering
b F o, 1 W L (Rayleigh) componeri_inlos, we rewrite_(4)_ ah* = h,+1ih,,
= me los T4/ Tf 5 wlos (1) whereh, and h, are independently distributed as
is the normalized channel vector [38, Ch.5], whérg, = 1
[1,ei®1 ... ei®u-1]T js the deterministic LOS propagation hyy ~ 20k + 1)N(\/E“’r-,y’R)v ()

component such thad;, ¢t € {1,---,M — 1} is the mean
phase shift of the(t + 1)—th array element with respectwherew, , = [1, cos(®1+4)1) Fsin(@1+a)1), - -, cos(Prr—1+
to the first antenna. Additionallyp, accounts for an initial n : T

X X 1) Fsin(Par—1 + Yar—1)
phase shift, whiléh,,s ~ CN'(0, R) represents the scattering ) ( ]
(Rayleigh) component. We assume a real covariance matrix _
R ¢ RM*M for gaining in analytical tractability, which C. EH transfer function

means that real and imaginary parts lefi.s are i.i.d and  Ejpally, and after going through the channel, the RF energy
also with covarianc® [39]. Assume half-wavelength equally-is harvested at the receiver end. The EH circuitry is charac-
spaced antenna elements, e.g. as in a uniform linear arf@yzed by a non-decreasing functign R+ +— R+ modeling
(ULA), yielding the relation between the incident and harvested RF poater
O, — —trsing, ) S. With such a function in place, the power transfer efficiency

(PTE) is given byy(z)/x. In most of the workg is assumed to
whereg € [0, 27] is the azimuth angle relative to the boresighbe linear for analytical tractability, e.g. [15]-[20], [22], [24]-
of the transmitting antenna array. Such angle depends on bf@0], which implies thay(x) = nx wheren is a PTE constant,
transmit and receive local conditions, e.g. antenna orientatidhys, independent of the input power. However, in practice the
node’s location, and consequently it is different for each send®TE actually depends on the input power and consequently,
S. Additionally, let use denote by the average RF power the relationship between the input power and the output power
available atS if the PB transmits with full power over a singleis nonlinear [13], [31], [33], [42]. In this work, we consider
antenna. Under such single-antenna setup, the available tR& following EH transfer function [42]
energy at the input of the EH circuitry is given ifh;-|?, b
where i* is the index of the active antenna. Notice tht - (Hie _ ) —ab

g(:l?) 9max — 1)e ) (6)

includes the effect of both path loss and transmit power. 14 eale=t)

which is known to describe accurately the non-linearity of EH

B. Preventive adjustment of mean phases circuits by properly fitting parameters b € R*, while gmax

. . , is the harvested power at saturation.
As mentioned earliery and consequentlyp, are different

for each S_ensor! which prevents us from_maklng any prevenuveln practice g also depends on the modulation and incoming waveform
phase adjustment based on an specificHowever, maybe [32], [41].
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[11. CSI-FREE MULTI-ANTENNA WET STRATEGIES For both, AA —SS and AA — IS, the signal power over

Herein we overview CSlI-free multiple-antenna WET stratéach antenna i3 /M of the total available transmit power.

gies for an efficient wireless powering, while discussing sonfidditionally, notice thatM/ RF chains are required since all
related practicalities. the antennas are simultaneously active. This is different from

the CSlI-free scheme discussed next.
A. All Antennas transmitting the Same Signal (AA-SS)

Under this scheme, the PB transmits the same signalC. Switching Antennas (SA)
simultaneously with all antennas and with equal power atinstead of transmitting with all antennas at once, the PB may
each. Such scheme (in its non-optimized form) is referréghnsmit the (same or different) signalwith full power by
to asuniform queryin the context of backscattering com-one antenna at a time such that all antennas are used during
munications [34], and a8\ A in [33]. Herein we refer to it a block. This is the SA scheme analyzed in [33], while it
as AA — SS to explicitly highlight its difference with respectalso constitutes a special case of tivétary querymethod in
to the AA — IS scheme (see next subsection). Under thisackscattering communications [34]. In this case just one RF
scheme, the RF signal at the receiver side and ignoring t€ain is required, hence, reducing circuit power consumption,
noise, whose energy is negligible for harvestinig given by hardware complexity and consequently the economic cost.

Z],\il %h;s, wheres is normalized such tha[s s] = 1. Assuming equal-time allocation for each antenna, the sys-
Thjen, the energy harvested Byis given by tem is equivalent to that in which each sub-block duration is
" 1/M of the total block duration, and the total harvested energy
§aa—ss = 9(&aa—ss), Where () accounts for the sum of th&/ sub-blocks. The RF signal at
M M ; ; ; ; ; ;
i [B ., \H [B . the receiver side during thg-th sub-block, and ignoring the
aa—ss = Ls {(Z thS) (Z ths)] noise, whose energy is negligible for harvesting, is given by
J=1 i=1 V/Bh}s, wheres is normalized such thé[s"s] = 1, then
M
[ B2 .n }
=E, [ —h%| s's 1 M
jz:; M boa = i Zg(fg,j)a where (11)
- B 2 B 2 ! H 2
== —ht " - — Th* T * * *
= [l B = @ e [(vBkgs) " (VBs)] = | VER[ s

is the available RF energy. Notice that the terms energy and = 5|h;‘|2Es [SHS] = 5|h;|2 (12)
power can be used indistinctly since the block duration 8 the incident RF power during thi-th sub-block.
normalized and the PB does not change its strategy over timeyjgtice that for the simple, but commonly adopted in liter-
. ) ature, linear EH model, both (9) and (11) match. However, in
B. All Antennas transmitting Independent Signals (AA-IS) practiceg(z) is non-linear, and consequently (9) may differ
Instead of transmitting the same signal over all antennas, #ignificantly from (11). We depart from (6) to write the second
PB may transmit signals; independently generated acrossglerivative ofg(x) as
the antennas. This is for alleviating the issue of destructive o 9 ax abrr ab  ax
. L : : d a’e® (1 + e®)(e* — e ) gmax
signal combination ats, and constitutes a special case of —9g(x) = - 5
the so-calledunitary queryin the context of backscattering dx (€9? 4 ea®)
communications [34]. We refer to this scheme as AA-IS, farhich allows us to conclude that is convex (concave) for
which the RF signal at the receiver side and ignoring the< b (z > b). Then, for certain channel vector realizatihn
noise, whose energy is negligible for harvesting, is giveand using Jensen’s inequality, we have that

,  (13)

M y . .
by > iy \/%hjsj, where eachs; is normalized such that | 1 % BIP), it by < & ¥
E[sfs;] =1, Vj. Then, the harvested energy is given by B N j:lg i) ilh =%V
of g(ﬁ Z 1Bl ) M ’
Guarte = 9(E1h ), where © TMEIT s b S g ). i b= b

Il
-

. M 6 H M 6 J
ggafis = ES [(Z \/ Mh’;sj) (Z V Mh’;sj):| ) S gsaa if max|hj|2 S é_g 14
Ig[:l j=1 faa—ls Z gsm if min|hj|2 Z E . ( )
' B
Es[z Vo
J=1

[h*||?. (10)

2 M
sfsj] = % Z |h;|2E[sfsj] Remark 1. Above result implies that devices far from the PB
j=1 and more likely to operate near their sensitivity level, benefit
more from theSA scheme than frol A — IS. However, those
closer to the PB and more likely to operate near saturation,
benefit more fromAA — IS.

3In WET setups, the performance depends on the available energy at the
input of the energy harvester, which requires to be significant, at least in the|y the following we analyze the statistics of the RF energy
order of subrW in case of high sensitive EH hardware. Therefore, the noise _. .
" 9 vailable atS for harvesting under th&a A — SS andAA — IS

impact is practically null, as widely recognized in the literature, e.g., [4], [13}",l
[15]-[21], [26]-[30], [33], [42]. schemes. For such schemes, the harvested energy comes from

_8
M
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mapping the RF energy through the EH transfer functjon
as shown in (7) and (9). F&A the mapping is much more
convoluted, especially because the available RF energy val
(although possibly correlationally) within the same coheren:
block as illustrated in (11). However, our analysis in th
previous paragraphs suggests that the statisticgof; and
&a Mmay be approximated, which is an issue we discu
numerically in detail in Section VI.

IV. RF AVAILABLE ENERGY UNDER AA-SS

Next, we characterize the distribution of the RF powef at
under theAA — SS scheme.

Theorem 1. Conditioned on the mean phase shifts of th
powering signals, the distribution of the RF power at the inpt
of the energy harvester under theA — SS operation is given
by

of BRy oy 26f(¢,9)

s ¥ ———=——x“ (2, ——— 15

b~ BT R) @)
where Ry = 1TR 1,

f(¢7¢) = U1(¢7¢)2 +U2(¢a¢)27 (16)
i, )= 1+ 3007 cos (1 + @) (17)

v (P, )= fifl sin (1/115 + (I)t) ’

and &, is given in(2) as a function ofp. ) _
Fig. 1. a) f(0, ) vs ¢ (top), andb) f (v, @) vs ¢ for ¢p according to (23)
Proof. See Appendix A. (bottom). We setM € {2, 4, 8}.

Notice that (15) matches [33, Eq.(25)] just in the specific

case of un-shifted mean phases, e:g- ® = 0. In such case different channel phase means. Specifically, we sti¢; ¢)
f(3, ) becomesM?. for different values of\/. Notice that the performance diverges

fast from the one claimed in [33] as moves away frond.

A. On the impact of different phase means Remark 2. The number of minima of (v, ) matchesM,
The impact of different phase means on the system perfdiiS, as)M increases the chances of operating close to a

mance is strictly determined bfi(s, ) in (15), and can be Minimum increase as well, which deteriorates significantly the

better understood by checking the main statistics, e.g. me¥§tém performance in terms of average incident RF power.

and variance, of the incident RF power, which can be easiEI?/ . .
obtained from (15) by using as . Preventive adjustment of mean phases

Herein, we discuss on how to set the veatofor optimizing

E[ef ] = 26% (2 + ;if(w, qb)) the system performance. For clarity, and using (17) followed
(“; ) = by some algebraic transformations, we rewrite (16) as follows
= ————(Rx +wf (¢, ), (18) M-1 2 M-l 2
M(’;jRé) . Flap, @) = <1+ 3 cos (¢t+wt)> + ( 3 sin (@tﬂbt))
of _ > Sk t=1 t=1
varl€li] = g (4 7/ 0) S
_ B’Ry =M+2 cos(Py + 1)+
- (k4 1)2M2 (RZ + 26 f (9, ¢)) (19) Mtj o
Therefore, both mean and variances increases ¥i(th, ¢). +2 Cos (@t + Py — Py — 1/11). (20)
Meanwhile, it is easy to check that(, ¢) is maximized t=1 I=t+1

— i — 2 . L .
for ¢ + @ = 0, for which f(s,¢) = M=, thus, the aggyme ¢ uniformly distributed in [0, 27])%, e.g. ps(p) =
entlrg analysis carried out in [33] on this AA—S_S schemg’ then the problem translates to optimize ovéfp) —
provides upper-bounds for both the mean and variance of tHe
harvested energy. However, different phase means cause fiThis fits scenarios where thiecorresponding to each sensor is unknown,
practice a degradation on the diversity order¢sf. Let us ©r alternatively, scenarios where there is a very large number of sensors
. di f h . homogeneously distributed in space such thg{¢) ~ % Although our
assume no preventive adjustment of mean phases Is Carteilsis here “holds specifically for such uniform angle distribution, our

out, e.g.vp = 0, to illustrate in Fig. 1la the impact of suchprocedures and ideas can be extended to other scenarios.

2327-4662 (c) 2020 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

Authorized licensed use limited to: Oulu University. Downloaded on June 18,2020 at 05:36:34 UTC from IEEE Xplore. Restrictions apply.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/JI0T.2020.3003114, IEEE
Internet of Things Journal

7

= OQ’Tf(w,gﬁ)dgb. Substituting (2) into (20) and integrating ot
over ¢ we attain

M—1 ok
fp)=M+2 Z Jo(tm) cos P+ “
t=1 —_ o
M—2 M—1 \i; 102F o

49 Z Z Jo((t — D)m) cos(¢pr — 1), (21)

t=1 l=t+1

otk —— AA [33] i
which comes from using the integral representation/gff) o _22{8 2 % i]]
[37, EQ.(10.9.1)]. Obviously, (18) and (19) still hold but usin i~ &4 TS s
f(®) instead off (v, ¢). W e e 1 m s wms ms sz
1) Average energy maximizatior8olving the problem of M

maximizing the average incident RF power is equivalent

) E?g. 2. f(xp) vs M.
solve arg max,, f(1). Now, since| cosa| < 1 we have that

M2 M-—1 . . . iy .
the incident RF power, and not preventive phase shifting is
S 3 el (22) b P P g

required in this case. This means that

f() Z f(0)

M-1
F@p)SM+2) | Jo(tm)|+2
t=1 t=1 l=t+H1

Using the fact that/y(¢7) is positive (negative) ift is even

(odd), we can easily observe that the upper bound in (22) can Mo i It QM_2 = Tol(t—1
be attained by setting; = 0 () for ¢ even (odd) in (21), e.g. =M ; otm) + ; l—zt-f:-l o((t = )m)
Yo = mod(t,2)m, te{0,1,---,M—1}. (23) 9 0.64 x M, (25)

Remark 3. Above results means that consecutive antennaéere(a) comes from standard curve-fitting.
must ber phase-shifted for optimum average energy perfoﬁemark 4. Results in(24) and (25) evidence that both
mance under thé\A — SS scheme. . .

max f(¢) and min f(¢)) share a polynomial dependence

Despite optimumyf(¢) as in (22) cannot be simplified, anon M. In case ofmin f(¢) such relation is linear, while
accurate approximation is max f () is roughly v'M times greater thamin f(v).

3) Validation: In Fig. 2 we showf() as a function of
M for i) the phase shifting in (23), which maximizes the
average incident RF power, iip = 0, e.g. no preventive

In Eig. 1b we show the impact of above preventive haghase shifting, which minimizes both the variance and average
9 P P P s?atistics, and iii) the scenario discussed in [33] which is

sr_uftlng on f(¢’¢).for d|fferent_ ?”g'ew- B_y companng  .,nstrained top = ® = 0. We utilized Matlab numerical
Fig. 1a (no preventive phase shifting) and Fig. 1b (preventive .~ .~ . S
o i : . ) optimization solvers for minimizing (¢), but such approach

phase shifting given in (23)), notice that the number of T
I . was efficient just forM < 32. For greaterM, Matlab solvers
minima keeps the samé;) the best performance occurs now . .
do not always converge and are extremely time-consuming.

for ¢ = +x/2, while the worst situation happens whe . . T
¢ = 0; andiii) there are considerable improvements in temri\éleanwhlle, notice thag = 0 indeed approaches extremely to

of area under the curves, which are expected to conduce™t§ Y I (%). Approglmathns n (24) and (25) are accurate.
; : . 4) On the optimization gainsBy using (18), (24) and (25),
considerable improvements when averaging aser L e .
2 E di . inimization tric of di . the dB gain in average incident RF energy with respect to
) ”‘?ggy trl]spers!on m|n_|rmh|za]:0 .srr]ne fico |s_pert5|on Ithe non preventive shifting scheme, which in turns minimizes
we consider Ihe vanance. 1neretore, nerein we aim 10 Soiyg, energy dispersion according to our discussion in Subsec-
arg min,, f(1); although notice that this in turns minimize

) tion 1V-B2, can be obtained as follows
the average available RF energy as well
Different from the maximization problem, the problem of (ﬁ(Rz + 0.85kM ") /B(RZ + 0.64nM))

minimizing f () is not such easy to handle. We resorted th ~ 101ogs M(k+1) M(k+1)
Ry + 0.85KM1'5)

f(ah) ~ 0.85 x M5, (24)

which comes from standard curve-fitting.

Matlab numerical solvers and realized that optimal solutions

diverge significantly for different values df/. However, we = 10logyo (m

found thatf(0) approximates extraordinarily to the optimum M = 0 85 JIT

function value. Thereforeyy = 0 minimizesthe variance of > 101logy, (+—’i),
M +0.64K

5t is easily verifiable that the phase shifting that satisfies min,, f(v), Where last line comes from the fact that the argument of the

minimizes thecoefficient of variatiorparameter, which is given b@, logarithm is a decreasing function & since0.85xM*> >
and constitutes probably a more suitable dispersion metric. 0.64xM for M > 2, and Ry < M?2.

(26)
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Now, we evaluate the costs in terms of the variance increg 25 210" ;
of such average energy maximization shifting. By using (19 | vl
(24) and (25) we have that wooeee M = 8
15 o SA [33]|
N Ry +2 x 0.85k M5 ;
Ovar 7~ 10101 ( Ry + 2 x 0.64kM ) =
a S
<§> 10logyg (2 X 0.85m/M) R
2 x 0.64k
= 5log;g M + 1.23, (27)
where (a) comes from using the lower-bound dis-, e.g.
Ry > 0. Above results imply for instance that the gain in the 15 - - . — — ~
average incident RF energy is above 3.47 dB when 10 and
M = 8, while the variance can increas&’5 dB maximum as 10 7407 :
well. //"*\\
8 Pt e
/B ------- =
V. RF AVAILABLE ENERGY UNDER AA-IS 6f o
2, p
Next, we characterize the distribution of the RF power % A P——
the receiver end under theA — IS scheme. = |, - B-¢ = argmax, f())
Theorem 2. Conditioned on the mean phase shifts of tt i
powering signals, the approximated distribution of the R o— —o— .
power available as input to the energy harvester under t
AA-1IS'is 2 \ \ \
2 4 8 16 32
M

26f (¢, ¢)

rf 6 2
acis Vs ——| R 2
aa—is 2M2(Ii+1>< =X ( ) Rz )+

MRy 2 (Q(M_1)72M(M—1)f<;f;(¢, o) )) ' (28)

Fig. 3. a) f(0,) vs ¢ for M € {2,4,8} (top), andb) f(v) vs M for
1 = 0 and+ = arg maxy, f(v) (bottom).

M=1 M? = Ry checking the average statistics &jf,_,, as follows
where " N 3 M? — Ry
M1 ) M1 E[ aa—is] ~ 2M2(I€+ 1) < M—1 (2(M_ 1)+
O(1h, ) =M —1+42 — ( cos (Y + Py )+ -
; iG+1) hMZﬁ.H o +2M(]\]([42 1)?(¢,¢>)+R2<2+ 2nf];¢,¢>))>
M—-1 M-1 — Ry -
+ €08 (11 + Py — 1y — By)—j cos (s + Parj)+ _ B 3 .
i:]bfz—j—i-l l:tZJrl t t ! ’ - M2(k+1) (M2 Ry + M"W('lba ¢)+
M-1
i Y cosliarg b)) (29) ~ + R+ wf(,0))
t=M—j+1 wf (. ¢)
=pB(1+ ; (30)
Proof. See Appendix B. ( M?(k + 1))

where f (1, ¢) = f(4, ¢) + M0(2, $) — M>. Notice that the
For ¢ + & = 0, (28) matches [33, Eq.(39)] However, largerf(¢,¢), the greate[¢1] ;. |. However,f (¢, ¢) << 1
when mean phase shifts between antenna elements increi@gigpendently of the value af as shown in Fig. 3a for the
both expressions diverge. case where no preventive adjustment of mean phases is carried
out, e.g.xp = 0.

Remark 5. Therefore, channel mean phase shifts do not
strictly bias the average harvested energy, which is intuitively
It is not completely clear from (28) whether phase shiféxpected since transmitted signals are independent to each
are advantageous or not under this scheme. Let us startajer. Meanwhile, such result is very different from what
happened under thA A — SS scheme for which mean phase

SNotice that [33, Eq.(39)] describes the distribution of the RF incidertNifts always influenced (negatively) on such metric.
power under un-shifted mean phases and the SA operation considering th -, . . .
whole block time. Therefore, both (28) and [33, Eq.(39)] must match when %ddltlonally, notice that WhenRZ IS maximum (perfect

& = 0 according to our discussions in Subsection IlI-C. correlation), AA — SS could provide up toM times more

A. On the impact of different mean phases
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energy on average thahA — IS, whose average statistics ardRF power depends strictly on such ratio. Results evidence that
not affected in any way byRs-. Previous statement holds asalthough the performance gap is large in relative terms, it is not
long as there is not a strong LOS component; however, asn absolute values. That is, not even the optimum preventive
takes greater values, which is typical of WET systems due phase shifting allows increasinf(v)/M? significantly, e.g.

the short range characteristic(y, ¢) and f (1, ¢) become f(v)/M? ~ 0.

more rele_vant, .Wh'Ch favors FhﬁA -5 schemg. Remark 6. Then, and based 0f30), the average incident RF
Let us investigate now the impact on the variance as follows . . i
power is approximatelys. Therefore, this scheme cannot take

rf 62 < (M2 — RZ)2

advantage of the multiple antennas to improve the average
aafis] ~ 2M4(,‘€+ 1)2

var({ (M —1)2 <2(M -+ statistics of the incident RF power in any way.
AM(M —1)k5(sh, &) , 4k f (1, 9) 2) Energy dispersion minimizatiorAs in Subsection IV-B2
+ + R 2+

we consider the variance of the incident RF power as the

2 _
M= — Ry > dispersion measure. Then, we have that
~ 52 3 2 . rf
~ M3(M—1)(k+1)2 (M (1+2“)+Rz+ argn};n var[&,, i
72MRZ(1+H)+2nM(RZfM)f(¢,(,b)), (31) _ [ argming f(¢), if Ry > M
argmaxy, f(v), if Ry <M
where last line comes from taking advantage f¢t), ¢) + b ~0 if Ry > M
Mo, ¢) — M? % 0 = D(,6) ~ M~ f(3,6)/M to write = { b= mod(t, 2, if Ry <M 0 33

var[¢t _, ] just as a function of (1, ¢). Sincef (v, ¢) > 0, it

is obvious that just whe > Ry, e.g. negative correlation of where last line comes from using directly our previous results

some antennas, the system performance benefits from haJfhgSubsection IV-B. In addition, notice thatar(¢y, ] is
different mean phases. not a function of f(¢)) when Ry. = M (see (31)), thus, a

preventive phase shifting is not necessary as it does not make

. . any difference.
B. Preventive adjustment of mean phases Y

Herein, we discuss on how to set the veatoior optimizing Rémark 7. Since the average incident RF energy is not
the system performance. Agai, is taken randomly and affected by any phase shifting, we can conclude (33)
uniformly from [0, 2] as in Subsection IV-B. provides the optimum preventive phase shifting. Thls means

1) Average energy maximizatioms shown in Fig. 3a, that phase §h|ft|ng is not required whéty- > M, as in most
channel mean phase shifts do not impact significantly on tREthe practical systems.
average incident RF power. Then, it is intuitively expected that on the other hand, observe from (31) that the variance
none preventive phase shifting would improve such averaggcreases with\/, thus, although theAA — IS is not more

statigticg To corroborate this we require computjfi@) = advantageous than single antenna transmissions in terms of
3= Jo f(h,$)de, for which the provided average RF energy, it benefits significantly from
o o , 2m the multiple antennas to reduce the energy dispersion.
oy 1 M [ M= f Finally, based on Subsection III-C it is expected that the
W) =5 /f(¢,¢)d¢+% /U(q’b’ D)o — 5o / dé phase shifting given in (33) approaches the optimum for the
0 Mt 0 Mt 0 SA scheme as well, hence we adopt it in such scenario.
4
- fw)iMjLZ iG+1) ( Z Jo(t) cos et VI. NUMERICAL RESULTS
j=1 t=M—j+1
M—1 M-1 Herein we present simulation results on the performance
+ Z Z JO(([ _ t)ﬁ) cos(v; — )+ of the discussed CSI-free multiple-antenna schemes under the
t=M—jt1i=t+1 non-linear EH model given in (6). We evaluate the average
M-1 harvested enerdyand energy outage probability, which refers
—j Z Jo((t = M + j)m) cos(¥ar—;j — )+ 10 the probability that the RF energy falls below an energy
t=M—j+1 thresholds,, thus, interrupting the devices’ operatfoiNotice

the energy outage probability is highly related with both mean
= jJo((M —j)r) COSipM—j)v (32) and variance statistics. The EH hardware parameters agree
with the EH circuitry experimental data at45GHz in [43].
where f (1) is given in (21) and last line comes from integrat- \ye take ¢ uniformly and randomly from[0, 2], while
ing 0%, ¢) over¢ by using the integral representationf:)  comparing the corresponding results to those with equal mean
[37, Eq.(10.9.1)]. Due to the extreme non-linearity of (32)hases = 0, which are not attainable in practice and are
we resort to exhaustive search optimization solvers of Matlab
to find argmax, f(¢)) and compare its performance with “Notice that the average PTE is just a scaled version of such average

; T ; harvested energy for a fixed transmit power, and therefore its corresponding
the non preventive phase Shlf‘tlng scheme for thlﬂ:h: 0. curves follow the same trends. Similarly the PDF and CDF of the harvested

Specificallyl we show in Fig. 3b th_eir associated pe.rfor_manGRergy can be easily extrapolated to the statistics of the instantaneous PTE.
in terms of f (1) normalized byM? since the average incident 8¢, must be obviously not smaller than the EH sensitivity.
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TABLE | TABLE Il
CSI-FREE SCHEMES AND CORRESPONDING PREVENTIVE PHASE SHIFTING SIMULATION PARAMETERS
Schemes Pt Parameter Value
AA —SShaxE mod(t, 2)7 Jmax 2 mW
AA — SSiin var 0 (a, b) (0.56, 3.5)
AA — 1S 0 & —2 dBm
SA 0 ¢ uniformly random in[0, 27]
"scheme” ¢ = 0) [33] (unrealistic) 0 (¢ = 0) K 5
T 0.3
M 8

just presented as benchmark. For clarity we summarize the
schemes under consideration in Table I. Notice that in case
AA — IS andSA we just consider the preventive phase shiftin
given in the first line of (33) since we assume positive spati
correlation, e.gRy- > M. Specifically, we assume exponentia
spatial correlation with coefficient such thatR; ; = 71*=7!,
hence,

PDF

N N—27(1—7M
Ry=M+2 Z(Mz')#M(lTO)_QT)gl )

where last step comes from using a geometric series comg
representation. Such model is physically reasonable since ¢
relation decreases with increasing distance between anten
Unless stated otherwise we set the system parametersas sk._....
in Table Il. Notice thatx = 5 and 7 = 0.3 to account

, (34)

03

for certain LOS and correlation, while we assume the P AA — SSuin var ,”‘
) . : ——AA —SSuux b
is equipped with a moderate-to-small number of antenn 025~ — AA—SS (6=0) I
1
M = 8. L |
1

A. On the distribution of the harvested energy

In Fig. 4 we illustrate the PDF of the energy harveste
under each of the schemes. Specifically, Fig. 4a shows 1
PDF for two different path-loss profiles, while considerin
AA — IS and SA schemes. We observe that undek the
harvested energy under large path loss presents slightly be N— . . 1= = .
statistics than undeXA — IS, while AA — IS is superior when '25 2 e ¢ (dBﬁS N 0
operating under better average channel statistics. Therefore, we
corroborate our statements in Remark 1: devices far from thg. 4. PDF of the harvested energy under AA — IS and SA for 8 €
PB indeed benefit more fror8A than fromAA — IS, while {-2,8} dBm (top), andb) underAA — SS for 3 = —2 dBm (bottom).
those closer to the PB benefit more from the latter. We also
show that the statistics improve by considering the channel .

Let us analyze now the CDF curves, which are shown
mean phases, therefore, the performance of these schemes

iS. : .
better in a practical setup than the foreseen by [33].Someth|lrr1] l§|g. 5 for § = 2 dBn?. Notice that, although with

different occurs undeAA — SS as shown in Fig. 4b. As we gt%ater variance AA — SSmax _performs superidf than

. . . . AA — SSin var- In fact, this holds in most scenarios, which
discussed in Section IV, the un-shifted mean phase assump. . hts the need of ar—phase shifting in consecutive
tion is the most optimistic under the operation oA — SS, gnilg P g

) . . antennas when using th& A — SS scheme as foreseen in
and notice that the performance gains with respect to w . . : . .
. . . emark 3. Meanwhile, the greatest diversity order is attained
can be attained in practice, e.g. under th& — SS,.in var

and AA — SS,...  discussed in this work, are extremelyby AA — IS and SA schemes, which perform similarly. In

notorious. Regardingh A — SSyax & VS AA — SSimin var, WE this caseAA — IS performs slightly superior but thIS depends_
L naatly on the path loss according to our discussions in
can observe the performance gains in terms of average z%w

variance of the harvested energy, respectively, of one with resiy this and most of the subsequent figures we adépt 2 dBm to
spect to the other. We must say that althodgh — SSp,i, var  llustrate the performance in the desired operation range, e.g. above/below
provides less disperse harvested energy values, they c itivity/saturation, since for an incident RF poweRaBm (1.6 mW) the

. arvested power becomes5.5 dBm (0.28 mW).
be extremely small compared to the ones achievable un &0y, this context a superior performance means that the corresponding CDF

AA — SS,.x E. curve is below.
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=
A g
© . AA — SSuin var / ' ) AA =SSy var
07 AA — SSpa i ’ E M ——AA — SSuux E
- - AA-SS(¢=0) ) - = AA—SS (¢ =0)|]
AA-TS ’ AA—TS
10 AA—1S (¢ = 0) 1 E AA-IS (¢ =0) []
I ] SA
——SA A . ——
- - SA ($=0) : i - - SA(6=0)
10-5 T T L L I -16 L L L L 1 L Il Il I
-25 -20 -15 -10 5 0 -6 -3 0 3 6 9 12 15 18 21 24
£ (dBm)

Fig. 5. CDF of the harvested energy fr= 2 dBm.

previous paragraph. Notice that these two schemes guaran
for instance, chances abow®% of harvesting more than
—8 dBm of power, compared to jusi0% and 40% when

var[¢] (dB)

USiNgAA — SSax £ aNdAA — SS,uin var, Fespectively. Once '60*_)(_22 - 22 F | 1
again, the gaps with respect to the performance under Wl - AA—SS (52 0) \ |
shifted mean phases are evidenced, and are shown to ii:g -0 |
enormous especially when transmitting the same signal sim 1001 _g GA - : 1
taneously by all antennas. - -SA(¢=0) \

120-6 ‘3 é :‘i f; é 1‘2 1‘5 1‘8 2‘1 24

B. On the impact of the channel

Fig. 6 shows the average (Fig. 6a) and variance (Fig. 6
of the harvested energy, and the energy outage probabil
(Fig. 6¢), as a function of the path loss. In general, both tt
average and variance of the incident RF power increases w
G for all schemes. However, the saturation phenomenon ce

Pl¢T < &

tured by (6) makes that the average harvested energy satur: AA — SSuin var

at some point, while obviously the variance would decrea: __"__ﬁﬁjgg"‘@io)
from that point onward. These phenomena are observed AA-TS

Fig. 6a and Fig. 6b. Notice thaAA — SS,..x £ achieves _a_fs*ﬁ’ls (¢=0)|3
considerable gains in terms of average harvested energy cc - - SA(p=0)
pared toAA — SS.in var it In fact, the performance curve of O T T s s e 1 15 15 a1
AA — SS,..x £ lies approximately in the middle between the f (dBm)

curves OfAA — SSmin var and the idealistid A — S8 (¢ = 0). 6. a) Average harvested energy (top),variance of the harvested energy

. . . . Fig.
Meanwhile, in terms of variance and energy outage prObab”@?iddle), andc) energy outage probability (bottom), as a functiondof
they do not differ significantly. Regardin§A — IS and SA,

we can observe that they even outperfofh — SS,in var'S
performance, whileAA — SSp. g is strictly superior in the for 5 < 4 dBm. Discussions on this were carried out already
region of large path loss. Therefore, far devices are the m@stsubsections 111-C and VI-A.
benefited fromAA — SS,,.x . Meanwhile, since the variance  As we already demonstrated and verified the necessity of
of the incident RF energy (and also harvested energy @nsidering the mean phase shifts in the analysis, from now
observed in Fig. 6b) is the lowest undam — IS and SA,  on we just focus on showing the performance results under
they are capable of providing a more stable energy suppl¥ndom mean phase shifts, e.g. we dispense of “scheme” (
which when operating near (or in) saturation makes thg performance curves.
devices to harvest more energy on average when comparefl, rig. 7 we show the statistics (average in Fig. 7a and
t0 AA — SSax &- That is why the average harvested energy,iance in Fig. 7b) of the harvested energy, and the energy
under AA —IS and SA is the greatest among the practicah,age probability (Fig. 7c), as a function of the exponential
schemes fop3 > 6 dBm. Specifically,AA — IS performs the .,rejation coefficient for two LOS profiles. As evidenced, a
best in that region, whilSA is slightly better thamA — 1S greater correlation is beneficial under the\ — SS schemes,
11Based on Remark 4 statement, specifically on (24) and (25), and (l§§peC|ally under_poqr_ LOS Whelje channels ar.e more random.
very counter-intuitive result is that LOS is not always

AA — SSiax E provides~ %(0.85\/M — 0.64) more energy units than S - ) )
AA — SSpin var ON average. beneficial when transmitting the same signal simultaneously
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Fig. 7. a) Average harvested energy (top),variance of the harvested energyFig. 8. a) Average harvested energy (top),variance of the harvested energy
(middle), andc) energy outage probability (bottom), as a functionrofor ~ (Middle), andc) energy outage probability (bottom), as a function/df for
x ={0,10} dB and3 = 2 dBm. 7=1{0.2,0.8} and 8 = 2 dBm.

through all antennas. In fact, the energy outage probabih(f‘y' On the impact of the number of antennas

under such schemes is lower o= 0 dB than forx = 10 dB, Herein we investigate the impact of the number of transmit
which also holds in case of the average harvested energy whatennas on the system performance. Fig. 8 show the average
preventive phase shifting is not used, eA¢\ — SS..in var, @and  (Fig. 8a) and variance (Fig. 8b) of the harvested energy, and
for 7 > 0.35 in case of AA — SSh.« . Meanwhile, since the energy outage probability (Fig. 8c) fer= {0.2,0.8}. As
correlation (LOS) is well-known to decrease (increase) tlaxpected, the average harvested energy udder IS and
diversity, AA — IS andSA schemes are affected by (benefiteBA remains constant a&/ increases, while the variance and
from) an increasing- (k) as shown in Fig. 7b and Fig. 7c.consequently the energy outage probability decrease. The latter
Notice however that as claimed in Remark 6 the averageproves ag decreases as commented in previous subsection.
statistics of the energy harvested under such schemes is Metinwhile, it is observed that a greatef not always allows
affected in any way by the correlation, and only a bit by thgnprovements on the system performance when transmitting
LOS factor due to the non-linearity of the energy harvestéhe same signal simultaneously through all antennas. Interest-
In general,AA — SS,..x £ is the clear winner in terms of ingly, as the correlation increases a greater number of antennas
maximum average harvested energy, whild — IS andSA is advisable, which does not occur for small

schemes offer better performance in terms of energy outage.Results in Fig. 8 evidence that there is an optimum number
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9(@), Eq.(6) I
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‘s 5-f=8dBm S b o C N 25%
= g \_.PB / 95%
kY o\ .
= 8 L\ ,
R . 8/&antennas S .%
_ 6= 2 dBm min E[¢]: 0 mw Imw 2 mw
L == AASS
10 : : : ‘ ‘ s s 7’ —shifted N I 17%
1 2 4 8 %3 32 64 128 256 /’+-rotat'ion : Ny
ﬂg SN 45%
Fig. 9. Average harvested energy as a functiodbfor 3 = {—2,8} dBm. s ’ . ’PB_ " y; 70%
Non-linear EH model vs linear EH model with = 20%. § “vl. /) Rotation(+207) /)
2 " o 2/8 ar;ten(n/as -
i . . \\\ ,// Optimum
of transmit antennad/*. For instance, in terms of average ’ -
harvested energyM* = 4 (8) and M* = 256 (16) for 2 ingesriom 4 TAmss min E[E] 0 mw Tmw 2mw
7 = 0.2 and T = 0.8, respectively, and under the operatiol S;;j?“{ 2 Ino shifts.
of AA — SSpin var (AA — SSpax g)- Such phenomenon is I 0 A/8 antenfas I 14%
mostly due to the fact that a8/ increases, the chances Q oo by 15%
of operating close to the minima of(¢,0) increase fora 5 | 0. o Y o 1%
randomé (see Remark 2), while the maximums can not b § VAASS S RN S
_ - . - A i —shifted K
fully _e_pr0|ted due to the no_n-llnearlty of the EH circuitry, 478 antennas -
specifically due to the saturation phenomenon. To deepen tl . -optimum
we show in Fig. 9 the average harvested energy as a funct il Ple——
of M for two different path loss profiles, while comparing Legend
the performance under the non-linear EH function to the ol I - 55 oo e
i i i 2
attained under the ideal linear EH model with% of PTE2. I o 55 oo s [

Notice that the performance grows unbounded under Suuni
ideal model, which also happens when analyzing the average
incident RF power. However, under the non-linearities of ttfg. 10. Devices’ minimum harvested energy for three difierecenarios:
energy harvester that is not Ionger the case. Since fer—6 A) devices dlstnbute_d unlf_ormly in t_he area, B) devices dlstr_lbuted in two

. L . . _clusters, and C) devices distributed in three clusters. The optimum powering
dBm the device is likely to be operating close to saturatioBsneme s illustrated together with each scenario. The shown radiation patterns
the optimum number of antennas is small, é\j: =1 or 2,

are by no means exhaustive and are included for reference only.
but under greater path loss, such number goes ugte= 16.

D. Exploiting positioning information are i) Scenario A: distributed uniformly in the area, ii)

Throughout the paper we have assumed that the EH devigsenario B: qistributed_ in two cl_usters on opposite sides of
are distributed uniformly around the PB, either because théj¢ PB, and iii) Scenario C: distributed in three C“_JSterso: two
locations are unknown, or their deployment distribution i§luSters as in Scenario B plus another cluster shifted0
nearly homogeneous. Herein, we show that even when s)f! respect to the previous. Finally, we model the average
assumptions do not hold we can still benefit from the analyz&f Power available at certain distandefrom the PB as
CSl-free powering schemes. As performance metric we adoptdBm) = 30 — 27,log10 d(m), which may correspond to
the devices’ minimum average harvested energy, e.g., worstuPs where the PB's total transmit power is 1W, and channels
node’s performance, hence, we aim to reveal the max-nfff subject to log-distance path losses with exponent 2.7.

fairest scheme for wirelessly powering the three exampleAs evidenced by Scenario ASA constitutes the fairest
scenarios depicted in Fig. 10. For all them, we assume a BEheme when the nodes are distributed over the whole area,
serving al0m—radius circular area where 80 EH devites e g., without obvious clustering patterns. Notice that although
» _ 5 _ AA — IS attains a similar performanc®A is preferable since
L,nstead of the maximum PTE we utiized a more conservative value. jt fayors the farthest devices with EH hardware operating close
Notice that WET is usually practical at a scale of a few meters to tens pof h e . M hileA A d
meters, thus, d0m—radius area is a valid assumption. Also, the projection the sensitivity _reglon. _eanW leAA — SSmin var an_
towards 6G point to challenging scenarios with up@adevicesin? [44], [45], AA — SS,ax E are in clear disadvantage because of their per-

thus, the considered0 deployec_i EH devices do not constitute a ve‘ry |arg$ormance minima at different angular directions as illustrated
number compared to the what is expected 10 years from now. Obviously, the

larger the number of EH devices is, the more beneficial the analyzed CSI—fllQeF'g' 1. C_onversely, if the dev!ces are deployed as in Scenario
schemes are when compared to the traditional CSl-based schemes [33]. B, the optimum strategy requires to rotate the PB’s antenna
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array'* 20° counter-clockwise and then useA — SS...x . Statistics of the incident RF power, the energy dispersion
Notice that this is more convenient than for instance rotatirmgn be significantly reduced. Meanwhile, the gains in terms
the antenna array0° clockwise and usingAA — SS.i, var  Of average RF energy depend critically on the mean phase
since this scheme provides narrower beams and thus poweshgts between the antenna elements when ugiAg- SS. In
more dispersed clusters becomes less efficient. Also, justhat regard, we show the considerable performance gaps be-
(consecutive) out of the 8 available antennas are utilized sugfeen the idealistid A — SS studied in [33] and this scheme
that the side-beams are sufficiently wide to efficiently cover althen considering channels with different mean phases. Even
the EH devices. By doing so, the worst performing device camder such performance degradatidih — SS still provides
harvest up to 1.5 dB more energy than under§Aescheme. the greatest average RF energy when comparefiAo- IS
Similarly, the optimum strategy in Scenario C demand9$a andSA, although its associated energy outage probability is
clockwise rotation of the PB’s antenna array. Meanwhile, singenerally the worst. Those trade-offs maké — IS and SA
the devices are now grouped into clusters~at)®, ~ 90° schemes suitable for powering devices under harvest-then-
and ~ 180°, 2 independent signals can generate the requirgensmit/cooperate -like protocols, whideA — SS seems more
beams to power them, as illustrated in Fig. 10. Each signaldppropriate for scenarios where the I0T devices are allowed
transmitted with equal power over 4 (consecutive) out of thte accumulate energy.
8 antennas. The signals are transmitted respectively accordingdditionally, we attained the preventive phase shifting that
to the schemed A — SSynin var aNAAA — SS,,.« g Such that the power station could utilize for maximizing the average
all the clusters can be efficiently reached. By doing so, tl@ergy delivery or minimizing its dispersion for each of
worst performing device can harvest up to 2 dB more energye schemes. Specifically, consecutive antennas must be
than under th&SA scheme. phase-shifted for optimum average energy performance under
All WET schemes analyzed in this paper aim at poweringA — SS, while under other optimization criteria and/or differ-
massive deployments of EH devices without costly CSI acquint schemes, there is no need of carrying out any preventive
sition overheads. Results suggest that: phase shifting. Numerical results evidenced that correlation
« SA and AA — IS are preferable when the devices’ deis beneficial undeAA — SS, while a very counter-intuitive
ployments are not clustered, e.g., for powering den§gding was that a greater LOS and/or number of antennas was
deployments of sensors and RFIDs in warehouse’s st@t always beneficial under such WET scheme. Meanwhile,
age areas. As highlighted in Remark 1 and discussedliithAA — IS andSA schemes benefit from small correlation,
previous sections, the specific choice depends on the BAd large number of antennas and LOS. Finally, we showed
operation region of the critical EH devices, e.g. devicdfat AA —SS (SA and AA —IS) is (are) the fairest when
farthest from the PB or those with more stringent enerdlgvices are (are not) clustered in specific spatial directions. Al
demands; these are fundamental results that can be used when designing
« AA —SS is preferable when devices are clustered iBractical WET systems.
specific spatial directions; e.g., for powering parking lot

sensors. APPENDIXA
PROOF OFTHEOREM 1

VII. CoNcLUSIO . . :
NCLUSION Departing from (8) and using (5), the RF power available

In this paper, we analyzed CSl-free schemes that a degl input to the energy harvester obeys
cated multi-antenna power station can utilize when powering

wirelessly a large set of single-antenna devices. Dif'ferentl)é;;_SS _ ﬂ,lThI i ﬁlThy]2

from our early work [33], such CSlI-free schemes were stud- M

ied in a more practical setup that takes into account the _ ﬂ[(lThI)QJr (1Th )2}

mean phase shifts between antenna elements. In addition to M Y

AA — SS (All Antennas transmitting the Same Signal) W @ _ BRy (02 + 62)

(Switching Antennas) [33] schemes, we analyzedAtle— IS 2(k+1)M Y

(All Antennas transmitting Independe_nt Signals) scheme as (®) BRx 2(2 25(U1(¢7¢)2+U2(¢7¢)2)) -
well. We demonstrated that those devices far from the Power 2(k+1)M ) Ry )

Beacon (PB) and more likely to operate near their sensitivity

level, benefit more from th6A scheme than fromhA —IS. WwhereRy. = 17R 1, while v, andv, are given in (13). Notice
However, those closer to the PB and more likely to operaffeat (a) comes from setting? , = 25+ (17h, )", where

. . >
near saturation, benefit more fromA — IS. . L .
| S Oy ~ N( [ == (v £ g, 1) snce1”h, , is still a Gaussian
We characterized the distribution of the RF energy at the EFi"Y > (V1 i

receiver in correlated Rician fading channels under each WY Where the mean is equal to the sum of the means of each
scheme. and found out that whiteA — IS andSA cannot take €lement of vectoh, ,, while the variance equals the sum of

; 1
advantage of the multiple antennas to improve the averaj§ €léments of covariance matr ;R [46]. Therefore,

. R
the mean and variances avﬁ#(vl Fug) and 52—

. S . . . 2(k+1 2(k+1)"?
14This may be possible in static setups, where the task is committed to ivelv. Th b ]EF"JF ) . he defi (f{.+ ) f
the technician/user, or in slow-varying environments, where the PB itself ri@specuve Y. en( ) comes from using the definition o

equipped with rotary-motor skills and it is capable of adjusting its orientatio@ non-central chi-squared RV [36, Cap.2] along with simple
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algebraic transformations. Finally, after using (16) we attain Now, by substitutingR = QAQ” into (38) while setting
(15). O (ey=2(k+1)hI h,, yields

Co = (zx,y+\/E(QAQT)7%wz_’y)TQ AQTx
x (zz,y+\/E(QAQ7)7%wI7y)
= (QTzz,ﬁ\/ﬁA—%QTwm,y)TAx
X (QTZz,y+\/EA7%QTwI7y)
(Pz,y + \/Euw,y)TA(Pw,y n \/guw)

© M 2
=3 N (Cj + \/E%yj) :
j=1

APPENDIX B
PROOF OFTHEOREM 2

Based on (10), the RF energy available Stunder the
AA — IS operation is given by

B (b
1 (36) o)

€aie = 77 (hhe + hyhy),

for which we analyze its distribution as follows. Let us (42)

definez, , = /2(k + R ~1/2 (hw,y— ﬁww) which
is distributed as\/(0,1), then where (a) comes after some algebraic transformatiofis,
follows from takingP, , = Q”z,,, ~ N'(0,I) and
1 K
h,, = ———R'?z, ——w, 37 -1
Y \/ 2(% —+ 1) z v + 2(’1 + 1>w Y ( ) ux,y = A 2QT&)z,y
B \/LE(WJVI*WI) ]
ﬁ(Qwa1—w1—wM)
h! h,, 7 (Bena—wr =i w))
1 1/2 T 1/2 N \/41W (4“)]\/173700172]1'\4:]&172 wj)
= W(R Zoy +VEwsy) (RY 20y + Viws ) =A% , (43)
1 -
= 1) e RV kw, ) R(2ey + RV A R, ), T (M=2wa=in =), ;)
K y
(38) S (M= = =50 )
1 M
L ViT 2i=19 d
where last step comes from simple algebraic transformations. JOM =113 o Wt for j<M-—1
Notice thatR = QAQT is the spectral decomposition of Usy ;= ViG+DN; ’ - , (44)

R [47, Ch.21], whereA is a diagonal matrix containing the M
eigenvalues ofR, and Q is a matrix whose column vectors
are the orthogonalized eigenvectorsRf In order to find the
eigenvalues{);}, of R, we require solvinglet(R — AI) = 0
for A\, which is analytical intractable for a general matRx =Y " "
However, there is analytical tractability for the special caglistribution of&z,

of uniform spatial correlation. Notice that for the special case B

1 M .
Vit 2= @ for g=

which come from using (40) and (41); whi(e) follows after
taking ¢; ~ N (0,1).

By incorporating these results into (36) we obtain the
as follows

of uniformly spatial correlated fading such that the antennataa—is ~ m@m +Gy)
elements are correlated between each other with coeffipient 3 M
(Ri; = p, Vi # j), we have that -~ (. N2 (s 2
j ZM(HH);AJ((CJWE%) + (7 + Viu,)”)
Ry =M(1+ (M —1)p). (39) B . 2 (201 1 2k0(2, @)
~ o\ AX ( (M—1), = )+

Also, in order to guarantee th& is positive semidefinite and wf (b, 6)
consequently a viable covariance matrixis lower bounded + (1+(M-1)p)x* (2, —’)) (45)
by — 57— [48], thus— 7 < p < 1and 0 < Ry < M2 M (1+(M=1)p)

Then, under such correlation model we have that [33, ECI-(3%}]1ceéj ~ N(0,1),

(40) o w%ﬁ((i%y N (i“ytf)
t= t=

thus, matrixR is characterized by two different eigenvalues: 9 9
1 — p, which is independent of the number of antennas but has (vi(e, @) —va2(¥, 9)) + (v1(, ) +v2(1h, 9))
multiplicity M — 1, and1 + (M —1)p, whose multiplicity isl M (14 (M —1)p)

but increases linearly with/. Then, matrixQ” can be written 2f (1, ¢)

as shown at the top of the next page. Such representation can - M(l + (M - 1>p) ’ (46)
be verified for anyM by using specialized software for matrix
processing such as Matlab or Wolfram.

A =diag(1—p,---,1—p,1+ (M —1)p),

while 0 = 1 zj‘i;l Aj (w3 + %), which appears expanded
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v, 0 0 0 0 0 L 7
1 2 1
BRVCrE: 0 0 0 0 Vors ~Vax3
1 0 0 0 3 | __1
V/3x4 3X4 V3x2 V3xX4
1 4 1 1 1
T T Vaxs 0 0 iX5 T Vaxs RV T Vaxs
Q = : : : . : : : : : (41)
_ N 0 M-2 t G _ B _ B _ B
V(M=2)(M—1) (M—2)(M—1) (M—2)(M—1) (M—2)(M—1) (M—2)(M—1) (M—2)(M—1)
_ 1 M-—1 _ 1 _ 1 _ 1 _ 1 _ 1
V(M—-1)M V(M -1)M VM-1nm V(M —-1)M V(M—-1)M V(M-1)M V(M-1)M
1 1 1 1 1 1 1
- VM VM VM VM VM VM VM -
M—1 M M
- (a) 1 . 2 . 2
(¢, ¢) = 5 i1 G+ 1) ((]WszjﬁLl — Wzl — Z wu) + (]wnyjH — Wy — Z wyt>
j=1 I t=M—j+2 t=M—j+2
M—1 M M
) 1 .2 2 2 2 2 '
= 255G+ 1) <J (Wodr—j+1 +wypr_jpr) +2+ ( > wwt) + ( > wyt) = 25 (wWenr—j41 + Wynr_ i)+
j=1 t=M—j+2 t=M—j+2
M M M
e Yt 3 )42 D (eacten)
t=M—j+2 t=M—j+2 t=M—j+2
( )M—l 1 M—1 5 M—1 5
c . .2 .
= Z m(( Z cos (1/)t+<I>t)) + ( Z sin (thr(I)t)) +7°+1—2jcos (Q/JM,j+<I>M,]~)+
j=1 IV t=M—j+1 t=M—j+1
M—1 M-1 M—1
~2j (cos (Vnij + @arj) > cos (i + @) +sin (Yarj+ Pary) > sin (i + <1>t)) +2 ) cos (¥ + @t)). (47)
t=M—j+1 t=M—j+1 t=M—j+1

as a function ofy and ® in (47) at the top of the page (belowthe distribution directly from (36). We utilize the histogram
(41)) and it is obtained bya) using (44),(b) expanding formulation for estimatingp; and p2. Specifically, we es-
the quadratic binomials, an@:) performing some algebraictimate p1 = {p1}i=1,....m (With >, 51, = 1) and
simplifications by taking advantage efn*a + cos?a = 1. Pa = {2 }iz1,....m With 37" pa; = 1), wherem is the
Then, we attain (29) by regrouping terms and perforrmumber of histogram bins. Then, Bhattacharyya coefficient is
ing further algebraic simplifications by taking advantage afalculated as [49]
cosacosb+ sinasinb = cos(a — b).

Notice that (45) holds under the assumption of uniform o L
spatial correlation; however, given that for tieA scheme cp(P1, Pz2) = Z V P1,iP2i- (49)
we were able of writing the distribution merely as a function =1
of parameterrty;, which is not linked to any specific kind of By substituting (49) into (48) we calculate the similarity
correlation, we can expect that the behavior undefthe— IS

. between distributions. Note that according to (28) we have
scheme depends, at least approximatelyRgnrather on the thatd s ) € [0, 5), where corresponds to the case when
specific entries of matriR. In fact, such hypothesis has been 73 P1,p2 o P
shown to be accurate under the scenario of LOS componeﬁisf b2.

with equal mean phases studied in [33]. To explore this, WeFig' 1la_ shows the average Bhattacharyya distadge,
Ry~ M as a function ofx and ¢ for M € {4,8}, ¥ = 0 (no

substitute = s7z7—; coming from (39), into (45), such thatpreventive phase shifting) angltaken uniformly random from
we attain (28). O M1 . . .
[0, 27] to account for different possible preventive phase
o shiftings. We generated 1000 random correlation matrices and
A. Velidation averaged over the Bhattacharyya distance for the distributions
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tacharyya distance metric [49], which measures the similariggmples and set» = 240, while the histogram edges were
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