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Abstract—Wireless Energy Transfer (WET) is emerging as a for a variety of low-power applications such as wireless sensor
potential solution for powering small energy-efficient devices. We networks (WSNs) and RF identification (RFID) networks'[3]
propose strategies that use multiple antennas at a power station, Three main transmit scenarios can be distinguished in
which wirelessly charges a large set of single-antenna devices. ;

Proposed strategies operate without Channel State Information RF'EH network$, namely erele_ss _Energy Transfer (WET)
(CSI) and we attain the distribution and main statistics of the [5], Wireless Powered Communication Network (WPCN) [6]
harvested energy under Rician fading channels with sensitivity and Simultaneous Wireless Information and Power Transfer
and saturation energy harvesting (EH) impairments. A switch- (SWIPT) [7]. In the first scenario a power transmitter transfers
ing antenna strategy, where a single antenna with full power 00y 1o EH receivers to charge their batteries, without any

transmits at a time, provides the most predictable energy source, . . .
and it is particularly suitable for powering sensor nodes with Information exchange, while WPCN refers to those cases

highly sensitive EH hardware operating under non-LOS (NLOS) Where the EH receiver uses the energy harvested in a first
conditions; while other WET schemes perform alike or better in  phase to transmit its information in a second phase. Finally, in
terms of the average harvested energy. Under NLOS switching the third scenario a hybrid transmitter is transferring wireless
antennas is the best, while when LOS increases transmitting energy and information signals using the same waveform to

simultaneously with equal power in all antennas is the most ltiol . M detail h of th -
beneficial. Moreover, spatial correlation is not beneficial unless multiple receivers. More details on each of these scenarios can

the power station transmits simultaneously through all antennas, Pe found in [8], along with a survey on energy beamforming
raising a trade-off between average and variance of the harvested (EB) techniques. In this work we focus on WET scenarios,

energy since both metrics increase with the spatial correlation. that also could be seen as an element of WPCN systems

Moreover, the performance gap between CSl-free and CSl-based \\ hije readers can refer to [9] for a review and discussion on
strategies decreases quickly as the number of devices increases. .
recent progress on SWIPT technologies.

I. INTRODUCTION A Related Work
, . . Related Wor
With the advent of the Internet of Things (loT) era, there is

an increasing interest in energy efficient technologies in orderMany recent works have considered specifically WET and
to pro|ong the ba’[tery life time of the devices. The receM/PCN setups in different contexts and scenarios. An overview
trends in energy harvesting (EH) techniques provide a funddf-the key networking structures and performance enhancing
mental efficient method that avoids replacing or rechargifgchniques to build an efficient WPCN is provided in [10],
batteries, which may be costly, inconvenient or hazardol¥hile authors also point out new and challenging research
e.g., in toxic environments, for sensors embedded in buildig§ections. A power beacon (PB) that constantly broadcasts
structures or inside the human body [1] Many types of EWireleSS energy in a cellular network for RF-EH was proposed
schemes, according to the energy source, have been conéidl1]. These PBs are deployed in conjunction with base
ered, based on solar, piezoelectric, wind, hydroelectric, afi@tions to provide power coverage and signal coverage in
wireless radio frequency (RF) signals [2]. While harvesting eff?€ network, while the deployment of this hybrid network
ergy from environmental sources is dependent on the preseHB8er an outage constraint on data links was designed using
of the corresponding energy source, RF-EH provides key béfochastic-geometry tools. In [12], a hybrid access point (AP)
efits in terms of being wireless, readily available in the for¥as proposed where the AP broadcasts wireless power in
of transmitted energy (TV/radio broadcasters, mobile bate downlink followed by data transmission using the har-
stations and handheld radios), low cost, and having small foM@sted energy in the uplink in a time-division duplex (TDD)

factor implementation. Hence, it becomes potentially suitable
In fact, commercial WET-enabled sensors and RFID tags are already
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manner. Also in TDD setups, works in [13]-[15] consider This paper addresses CSl-free WET with multiple trans-
the transmission of separately short energy and informationt antennas, while assuming practical characteristics of EH
packets (stringent delay constraints) in ultra-reliable WPChardware. The main contributions of this work can be listed

scenarios under different channel conditions, e.g., Rayleighaw follows:

Nakagami-m fading. Authors either analyze the performance,
of the information transmission phase [13], or optimize it
by using power [14] control or cooperative schemes [15].
Some scheduling strategies that allow a direct optimization
of the energy efficiency of the network are also proposed in
[16]. Additionally, an energy cooperation scheme that enables
energy cooperation in battery-free wireless networks with
WET is presented in [17].

Yet, WET requires shifts in the system architecture and
in its resource allocation strategies for optimizing the energy
supplying, thus, avoiding energy outages. In that regard, au-
thors in [18] study the probability density function (PDF),
the cumulative distribution function (CDF), and the average
of the energy harvested from signals transmitted by multiple
sources. Interestingly, such information allows to determine
the best strategies when operating under different channel
conditions. Additionally, multi-antenna EB, where the energy-
bearing signals are weighted at the multiple transmit antennas
before transmission, has been proposed very recently [19],
[20]. The average throughput performance of EB in a WPCN,
consisting of one hybrid AP with multiple antennas and a
single-antenna user, is investigated in [19]. The impact of

We present and analyze multiple antenna strategies at a
dedicated PB serving a large set of RF-EH devices with-
out any CSI. We do not consider any other information
related to devices such as topological deployment, battery
charge; although, such information could be crucial in
some setugds Our derivations are specifically relevant for
scenarios where it is difficult and/or not worth obtaining
such information, e.g., when powering a massive number
of low-power EH devices uniformly distributed in a
given area and possibly with null/limited feedback to the
PB. Additionally, the performance analysis considers the
harvested energy at the receiver, and comparisons with
ideal CSl-based schemes are carried out;

We attain the distribution and some main statistics of
the harvested energy in correlated Rician fading channels
under each WET scheme and ideal EH operation. These
results are extended to more practical scenarios where EH
sensitivity and saturation impairments come to play. The
Rician fading assumption is general enough to include a
class of channels, ranging from Rayleigh fading channel
without line of sight (LOS) to a fully deterministic LOS
channel, by varying the Rician facter,

various parameters, such as the AP transmit power, the energy \when powering a given sensor, we found that switching

harvesting time, and the number of antennas in the system
throughput is analyzed. In [20], authors propose an EB scheme
that maximizes the weighted sum of the harvested energy and
the information rate in multiple-input single-output (MISO)
WPCN. They show that their proposed scheme achieves the
highest performance compared to existing work. In practice,
the benefits of EB in WET crucially depend on the available ,
CSl at the transmitter. An efficient channel acquisition method
for a point-to-point multiple-input multiple-output (MIMO)
WET system is designed in [21] by exploiting channel reci-
procity. Authors provide useful insights on when channel
training should be employed to improve the transferred energy.
Meanwhile, the training design problem is studied in [22] for
MISO WET systems in frequency-selective channels.

B. Contributions and Organization of the Paper

The problem of CSI acquisition in WET systems is critical
and limits the practical significance of some previous work. ,
This is because WET systems are inherently energy-limited,
and part of the harvested energy would need to be used
for CSI acquiring purpose [23]. In fact, the required energy
resources to that end cannot be neglected when there ith
large number of antennas and/or if the estimation takes pl
at the EH side since it requires complex baseband sig

processing. Even when previous problems could be addres&gﬁ

in some particular scenarios, there is still the problem o
CSI acquisition in multi-user setups, specially in IoT us

could be exploited for powering a massive number of devices

antennas such that only one antenna with full power
transmits at a time, guarantees the lowest variance in
the harvested energy, thus providing the most predictable
energy source. This technique is particularly suitable
under highly sensitive EH hardware and when operating
under non LOS (NLOS) conditions;

While under NLOS it is better switching antennas, under
some LOS it is better transmitting simultaneously with
equal power by all antennas. Also, latter strategy provides
the greatest fairness when powering multiple sensors
when there is a large number of antennas since devices
are more likely to operate near or in saturation. Addi-
tionally, an increase in the spatial correlation is generally
prejudicial, except when transmitting simultaneously with
equal power by all antennas, for which there is a trade-
off between average and variance of the harvested energy
since both metrics increase with the spatial correlation;
Numerical results validate our analytical findings and
demonstrate the suitability of the CSl-free over the CSI-
based strategies as the number of devices increases.

Next, Section Il presents the system model, while Section Il
foduces the WET strategies under study. Their performance
der Rician fading is investigated in Section 1V, while
tion V presents numerical results. Finally, Section VI
cludes the paper.

Notation: Boldface lowercase letters denote vectors, while
Boldface uppercase letters denote matrices. For instance,

cases where the broadcast nature of wireless transmissigng

{z;}, wherez; is the i-th element of vectox; while

S|mU|taneOUS|y' In such cases, effective CSl-free strategies argy, instance, the PB could prioritize those devices that are more distant

of vital importance.

and/or with low battery charge by focusing more energy on their directions.
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TABLE |
MAIN SYMBOLS

T,S8 Dedicated power station and set of sensor nodes M Number of antennas &t

S 7—th sensor nodej(-th element ofS) h Complex fading channel vector

a, 3 Real and imaginary parts df, respectively l Number of energy beams transmitted by

Wi k—th precoding vector for th&—th energy beam w1, w2 Sensitivity and saturation levels of the EH hardware

0j Path loss of the linkI" — S; times the overall transmif g Function that describes the relation between harvested en-
power of T' ergy and RF input power

glﬁf,gj Incident RF energy and harvested energySat n Energy conversion efficiency

56 Harvested energy under the ideal EH linear model K Rician fading factor

n Mean vector of real and imaginary parts lof R Normalized covariance matrix of elements @f 3

) Uniform spatial correlation coefficient T Exponential spatial correlation coefficient

1) General correlation parameter o Variance of the elements ef and 3

A Eigenvalue ofR A Diagonal matrix containing the values af

B Matrix with orthogonalized eigenvectors & e, P Non central chi-squared distribution parameters

&th Minimum amount of RF input power for whick KT, K5 ~ that maximizes the variance of the harvested
can operate energy under thé\A scheme an®A or AA—CSI

p1,p2,p3 Curve fitting parameters of benchmark EH model schemes, respectively

X = {z;;}, wherex, ; is thei-th row j-th column element setS = {S1,5,---,Ss} of single-antenna sensor nodes

of matrix X. By I we denote the identity matrix, and by
we denote a vector of ones. The supersctipt denotes the
transposedet(-) the determinant, and bPiag[xy,za,- - -]
we denote the diagonal matrix with elements, zs, - - -.
The ¢,—norm of vectorx is || x ||, = (Y, |xi|1”)1/p [24,
Eq.(3.2.13)].C is the set of complex numbers amg= /—1
is the imaginary unit. Meanwhile;* is the conjugate oft,

located nearby. Quasi-static channels are assumed, where the
fading process is considered to be constant over the transmis-
sion of a block and independent and identically distributed
(i.i.d) from block to block. The fading channel coefficient
between the-th antenna ofl" and thej—th sensor node);

is denoted a&; ; € C, while h; € CM*! is a vector with the
channel coefficients from the power station antenna$;to

and| - | is the absolute operation, or cardinality of the set, In general, during WET power statidh may transmit with

according to the cas&,[-] andVAR]|-] denote expectation and
variance, respectively, whilB[A] is the probability of event
A.y ~ N(u,R) is a Gaussian random vector withy| = p
and covarianc®, W ~ RIC(k) is a Rician random variable
(RV) with factor x [25, Ch.2], whileV ~ T'(m,a/m) is a
gamma random variable with PDF and CDF given by
fV(U) _ %vmlemv/a
T'(m,mv/a)
L(m)

v>0 (1)

) )

Fy(v)=1- v >0, 2
where I'(p) and I'(p, x)
gamma functions, respectively. Additionallg, ~ x2(, )

is a non-central chi-squared RV with degrees of freedom
and parametet, thus, its PDF and CDF are given by [25

Egs.(2-1-118) and (2-1-121)]

fz(2) :%e_(zw)p(%)wzllm[wz1(\/%), z>0, (3)
Fz(z) =1—Qup(V¥,V2), 220, (4)

up to! < M energy beams to broadcast energy to all sensors
in §. Then, the incident RF power at thie-th EH receiver is
given by’

l l
2
f W T . T
§ = Qj‘hj E wkzk‘ = 0j E ’hj W
k=1 k=1

wherew,, € CM>1 denotes the precoding vector for generat-
ing thek—th energy beam, andj is its energy-carrying signal.
Without loss of generality, we assume that eaghis taken
independently from an arbitrary distribution wih|z,|?] =

2

)

(6)

are the complete and incompletel 7 [12], [18], [21]. Additionally, we sed !, [[will2 =1,

while o; accounts for the path loss of the lidk— S; times

the overall transmit power of’. By considering negligible
noise energy, the harvested enéigy;, can be written as

a function of ¢} as¢; = g(¢') whereg : R — R is

a non-decreasing function of its argument. In generas
nonlineaf and mathematical analyses are cumbersome, but
starting from the linear model the accuracy can be significantly

SNotice that the EH receiver does not need to convert the received signal

where I,, is the n-th order modified Bessel function of thefrom the RF band to the baseband in order to harvest the carried energy.

first kind [25, Eq.(2-1-120)] an@ is the Marcum Q-function
[25, Eq.(2-1-122)]. According to [25, Eq.(2-1-125)]

E[Z] = ¢ + v, VAR[Z] = 2(¢ + 2¢). (5)

Nevertheless, thanks to the law of energy conservation, it can be assumed
that the total incident RF power (energy normalized by the baseband symbol
period) matches the power of the equivalent received baseband signal.

6We use the terms energy and power indistinctly, which can be interpreted
as if block duration is normalized.

Although in this work we just state the harvested energy as a function

Table | summarizes the main symbols used throughout thiSthe incident RF power, we would like to highlight that in practige

paper.

Il. SYSTEM MODEL

Consider the scenario in Fig. 1, in which a dedicated pow,

also depends on the modulation and incoming waveform [26], and some
approaches have been considered in the literature for exploiting this. For
instance [27]: energy waveform, which relies on deterministic multisine at
the transmitter so as to excite the rectifier in a periodic manner by sending
high energy pulses; and energy modulation, which relies on single-carrier
nsmission with inputs following a probability distribution that boosts the

stationT’ equipped with)M antennas, powers wirelessly a largeourth order term in the Taylor expansion of the diode characteristic function.
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2) All Antennas at OnceAA): The OA strategy does not
exploit multiple antennas, thus, it does not take advantage of
that degree of freedom. One obvious and simple alternative is

((( ))) i ,"72'_”17~ ..... transmitting with all antennas but with reduced power at each,

w1 = (1/V/M)1px1, thus®
0j M 2
é-jAA = g(_J Zhivj ) (9)
M =1

The OA and AA schemes are the extreme cases of a more

--->» WET general strategy wher& out of M antennas are selected
to power the sensors. As a consequence, Kh@ut-M’s
performance is limited by that of th@A and AA strategies.

3) Switching AntennasSA): Instead of transmitting with
all antennas at oncd, may transmit with full power by one
antenna at a time such that all antennas are used during a
improved by considering three main factors that limit stronglylock. Assuming equal-time allocation for each antenna, the
the performance of a WET receiver [3], [14], [28], [29] its system is equivalent to that in which each sub-block duration
sensitivityzo, which is the minimum RF input power requireds 1/M of the total block duration, and the total harvested
for energy harvesting(ii) its saturation leveko,, which is energy accounts for the sum of that of tiié sub-blocks.
the RF input power for which the diode starts working in th&hat is

Fig. 1. System model: dedicated power statioequipped withM antennas,
powers wirelessly a se® of single-antenna sensor nodes located nearby.

breakdown region, and from that point onwards the output DC M
power keeps practically constant; &fiij the energy efficiency Ejsa = — Z g(gj |hi7j|2). (10)
n € [0,1] in the intervalw; < gf < 1wy, which we assume M=
as constant. Therefore, we can wifleas Note thatw; in each sub-block is given as in tki@A strategy,
0, §§f < but the chosern is different in each sub-block.
&G=9EH=9q 0, wm<g<wm . () _
—— g;_f > o B. Benchmark WET Strategies

dFor the sake of describing some benchmark strategies,
erein we consider that full CSl is available’&t SensorsS
Iquld use a “small” amount of eneryyo send some pilot
symbols toT in order to acquire the CSI. This requires
ciprocal channels, thug, should be listening at the time of
transmission. Otherwisg, has to send the pilots and wait
or a feedback from the sensor(s) informing the CSI. Whatever
the case, it seems unsuitable in a setup where a large number of
energy constrained sensors require the powering service from
. ) . . T, specially if we also consider the multiple access problem.
First, in Subsection Ill-A we characterize the performancferefore, we present the following CS-based strategies only
of WET for three different strategies dt without any CSI, 55 penchmarks for those presented in the previous subsection.
while two alternative strategies that require full CSI arge a5sume thaf knows also the EH hardware characteristics,
presented as benchmarks in Subsection 1lI-B. e.g.,o01, w2, 1, of the EH sensors and the goal is to maximize
the overall energy harvested ks
A. WET Strategies without CSI 1) Best AntennaQA — CSI): This strategy is the counter-
Since no CSI is available and;, cannot depend on thepart for the previou®A scheme when full CSl is available.
channel coefficients]” does not form energy beams to reach this case, the antenna that provides the greatest amount
efficiently eachS;. Therefore, for these kind of strategies iof overall harvested energy is selected out of the overall set.
is only necessary focusing on the performance of an arbitrarperefore/ =1 and

Notice that the linear model assumed in most of the reIatﬁ
literature, e.g., [1], [8], [11]-[13], [15], [16], [19]-[23], [29],
does not take into account the sensitivity and saturati
phenomena, which is equivalent to operate with= 0 and
wy — 0o. Thus, taking these impairments into consideratid]
in the scenarios under discussion is an important contributi
from a practical perspective.

Ill. WET STRATEGIES

userS;, while also setting = 1. S| S|
. H 2
1) One Antenna (®A): Is the smp!est s_trategy becau_se § Eion_cst = z:IFaXME g(gj|hi,j| ), (12)
only one out of M antennas transmitting with full power is j=1 j=1

used for powering the devices. Then, using (6) we obtain since this timew; is a vector of zeros with entry in the

Eion = 9(05lhijI%), (8) selected antenna index. Of course, in a multi-user system

wherei € {1,2,---,M}. Notice that in this casev; is a 8Notice that any other power allocation is not advisable sificdoes not
vector of zeros with entryl in the i—th element. There is koW how the channels are behaving.
no difference whethef is equioped with onlv one or several Coming from a short phase whetg are first powered by one of the

) q. pp y previous CSl-free strategies, or even from some residual energy after previous
antennas when operating with tlEA strategy. rounds.
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where the nodes benefit from the WET phase simultaneousifhere the equality ina) is only whenM = 1. Thus, (18)
the best antenna is usually not the same for all users. Differéntatisfied. Now, for the second part of the proof we proceed
from (11), another possible implementation may be that from (14), (17) and (15) as follows.

which some users are optimized first and then the others, but

M2, M 2
in all these scenarios the complexity scales quickly with the Saa - 1 Zhi (S) 1 (Z \hz|>
number of users while reducing the overall performance. ne M =1 M im1
2) Best Transmit Beamforming\@ — CSI): This strategy Hh’ ’2 © M
is the counterpart for the previousA scheme when full CSI O L2 |nl|2 ® 3 |
is available. In this case, instead of transmitting with the same M j=1
power over each antenn@, precompensates through;, for o M2,
the channel and EH hardware effects before transmission such = o = no (21)
that the overall harvested energy&tis maximized. Hence, ] _ ) ]
5| 8| o where (a) comes from applying the triangular inequality and
. _ . T2 generalizing as shown in [31, Section 1.1.(#), follows from
263“7051 B ?vlvi)}f.z;g(gj ; [ w| )’ (12) using each time the,—norm notation, while(c) from the
Jj= Jj= =

] ] ) ] ] inequality between the arithmetic and quadratic mean.d
wherel is set toM since that is the maximum possible number

of energy beams. In case the system performance maximizes

with a smalleri, which may be the case whd| < M, : . .
: Herein we assume that channels undergo Rician fading,
then, some of the optimum beamformers are all-zeros vector%.. . . :
ich is a very general assumption that allows modeling a

Notice that theOA — CSI scheme is less sensitive to Csmde varietv of channels by tuning the Rician facior> 0
imperfections than thd A — CSI. This is because the former y y 9 =

only relies on the power gain of the channel, while the latt&rd: wheny: = 0 the channel envelope is Rayleigh distributed,

: A hile whenk — oo there is a fully deterministic LOS channel.
requires the full characterization, envelope and phase, of ﬁ%ce this work deals mainly with CSl-free WET schemes
channel coefficients. Y ’

and for such scenarios the characterization of one sensor
C. Comparison of the WET Strategies {6 = 1 and under IS representative of the overall performance, we focus our

IV. ANALYSIS UNDER RICIAN FADING

Ideal EH Linear Model attention to the case of a generic node, thus avoiding subindex
. S . j. Additionally, the performance gap between the CSl-free
Some useful insights come from settih§| =1 and using and CSl-based WET schemes is maximum f6f — 1

the ideal EH linear model such that; =0 and @y — c0. In . . . .
. . ~and analyzing such scenario when CSI is available allows
this case, we denot’ as the harvested energy at the unique

sensor node while we avoid using the subindexhen, (8), gett".]g analytical gxpre§3|o|ns ?Ion% with solme uds_efullbmgghtsf.
(9), (10), (11) and (12) can be rewritten as revious assumptions imply that the envelope distribution o
' ' h; is Rician distributed with factok, e.g., |h;| ~ RIC()

§%A = 77@|hi|2; (13) while the channels are Gaussian with independent real and
Mo, imaginary partsh = a + i with a, 3 ~ N(%M,O’QR),
0 ne . V2 .
§an = M‘ th‘ ; (14) where o?R and p are respectively the covariance matfix
i=1 and mean vector ofy, 3 [33]. Specifically,s? is the variance
M of eacha, 3;, hence|r; ;| <1, r;; =1, Vi, j.
8 = %ZWP, (15)  we assumeu = ,u[l]jijly e.g., equal mean over all the
=1 fading paths, while factok. is connected tq: ando? as
€oa-cst =ne,_max |hil?, (16) )
o > (22)

o
and normalizing the channel power gainiést 202 = 1 [33],

M
(a)
Eha—cst = nomax Wwi [P Z o) hl, (17)
=t e.g.E[|hi|?] = 1, we attain

where (a) comes from settingv; = h*/||h||2 which is the

optimum precoding vector for Maximum Ratio Transmission o2 — 1 - k (23)
(MRT) [30] in a MISO system. 2(1+ k) l1+r
Theorem 1. The following relations are satisfied: Even when in practicen = p[1]ax1 does not strictly
hold since the channel coefficienmts usually have different
Eda < Eda—cst < E8a_cs1 = M&a, (18)
ng < §2A os1 = Mng- (19) 1%Hence, we consider the spatial correlation phenomenon, which occurs

due to insufficient spacing between antenna elements, small angle spread,

Proof. According to (13) (16) (17) and (15) we have that €Xistence of few dominant scatterers, and the antenna geometry. The general
’ ’ concept of spatial correlation is usually linked only to a positive spatial

0 _ hi|? < max |h:|? = €2 correlation, even when the negative correlation is also physically possible

§OA 779| l| - ngi:l »»»»» M | Z| §OA_CSI mainly due to the use of decoupling networks and antenna geometry effects.

(@) M On the other hand, notice that correlation between the coeffickgntshighly
12 _ 40 . 0 probable in the kind of systems we are investigating here because of the short
< ne Z ’hz‘ = Ean—cst = Méga, (20) range transmissions [32]. Even though, by setidig= I we are also able of
=1 modeling completely independent fading realizations over all the antennas.
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phases on average, such assumption does not impact onwthere(a) comes from usingx = Zfﬁl o; and 3 = Zi]\il Bi
performance of theOA, SA, OA — CSI and AA — CSI and notice thaty, 3 are still Gaussian RVs [34] with mean
schemes. This is because under @&, SA andOA — CSI  ME[o;] = =My and variancer?§ with

. V2
schemedl” does not transmit through more than one antenna
simultaneously while the instantaneously phase of the signal v M
at the receiver does not affect the EH process. Meanwhile, 5= eriﬁ (26)
under theAA — CSI scheme the PB precompensates through '
a beamforming vector for both the channel gains and phases

such that the average transmission energy is maximized and jt . o
was shown according to (15) and (17) t68, ey = Mésa. Whl|?w(b) follows after variance normalization such tlfag} ~

_ " . ) _—
On the other hand, different mean phases do impact on t/IYe( 1). Finally, (c) comes from using the definition

V2o’
system performance under theA scheme since the energ

i=1 j=1

yof a non-central chi-squared RV [25, Ch.2], whilé) from

transmission takes place over all antennas simultaneously #58'9 (22) and (23). Notice that for the special case of
the phases of the signals coming from different antennas colffiformly spatial correlated fading such that the antenna
have either a constructive or destructive aggregation at fhgments are correlated between each other with coefficient
receiver side which can be more/less accentuated accordingi = #» Vi 7 j), we have that

to their mean values. It is possible to show analytically that

the performance of thaA scheme is maximized when the 0= M(1 + (M - 1)p). (27)
mean phases of channel coefficients are equal but a deeper

discussion is outside of our scope in this article. In andeitionally, in order to guarantee th& is positive definite

case, our performance results for ted scheme can be_an consequently a viable covariance matrix,is lower
considered as upper-bounds for the performance in practlsa nded by——— [35], thus—~— < p < 1 and 0 <
M—1 ’ = = =

setups, which can be accurate when the mean phases oféI<eM2 M-1

channel coefficients are similar. _

3) SA: From (15), we writed, as
A. Distribution of the Harvested Energy under Ideal EH
Linear Model

M
Now, we proceed to characterize the distribution of the §§A = 77—]\52 (af +ﬂf)
harvested energy when using each of the WET strategies i=1
analyzed in the previous section under the ideal EH linear = @(aTa+ng)_ (28)
model. M

1) OA: Obviously, the spatial correlation has no impact on N
the performance of th®A scheme since under that schefie Sincéa and g are i.i.d between each other we focus on the
selects only one antenna without using any information relatBgPduct o’ and the results are also valid fg@”3. Let
with the other antennas. From (13) we proceed as follows US definev = R™"/?*(a — —-p) /o which is distributed as

€oa = nolhil® = no(a® + %) N(0.1). then
(@) 20,2 | A2
noo (Oz +52) a:URl/QV_’_LN
), 9 9 M V2
~ 100X (2, 5) r oy, BT "
a o= (O’R 1y + —) (JR1/2V+ —)
@ _"ne x> (2, 2/<;), (24) V2 V2
2(1+ k) — (V+R—1/2L)TJ2R(V+R—1/2L), (29)
where (a) comes from normalizing the variance of and V20 V20
B such thaté, 3 ~ N(%lg, 1), (b) comes from the direct _ _ _
definition of a non-central chi-squared RV [25, Ch.2], dng Whgre last step comes from simple algebraic transformations.
follows after using (22) and (23). Notice that
2) AA: Now we focus on the performance of theA
scheme. Based on (14) we have that R = BAB”, (30)
0 0 | - o 2@ 00 L a2
§aa =7 Zai + 1261- = uet i8] which is the spectral decomposition Bf[36, Ch.21]. In (30),
=l =t ) A is a diagonal matrix containing the eigenvaluesRafand
® Mw + 119|2 = M(GQ + 192) B is a matrix whose column vectors are the orthogonalized
M2 9 9 M eigenvectors oR. In order to find the eigenvaluess, of R,
() 1eg 6X2 (27 M p ) we require solvinglet(R — AI) = 0 for \, which is analytical
M b0 ) intractable for a general matriR. However, for the special
(& __ ned X2( 2M ) (25) case of uniform spatial correlation with coefficientwe are
2M(1+ k) I able of proceeding as follows
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latter, the resulting vector i$l/v/M,1/v/M,--- ,1/v/M],

A p o p therefore
p 1=x - p
det (R—)\I) =det . .. . b11 b2 - buma
S :)\ bi,2 bao o bump2
1
vt ) B' = : Do : (35)
17?7;) bi,m—1 ba -1 o barm—1
=det | (1-A—p) | I+ 17&) [p: 0 p] Vo vm U v
e where>" Y b =0forj=1,---M —1.
17%,,3 Now, substituting (30) into (29) yields
(a) M 1-3—p
E@-A=p) |1 [ppo] | LT ,
: a’a=(v+(BABT) E-)o*BAB(v+(BABT) 5-)
17)1\7,; \/50’ \/50‘
®) M-1 @ (a7, A~tnT P L 2y (T, A-inT M
=(1-A— 1—-A+p(M—-1)), 31 = (B'v+A 2B'"—— ) ¢c“A(B'v+A 2B ——
( M p(M—1)) (31) ( \/50) ( \/50)
where (a) comes from using the Matrix determinant lemma (v (Q erLE)TJQA(Q N diﬁ)
[36], while (b) follows after some algebraic manipulations. N V20 V2o
Now, two different eigenvalues are easily obtained by match- M 1 5
ing (31) with 0. These are\ =1—p with multiplicity M —1 © o? Z Adi (gi + di—ﬁ) , (36)
and \=1+p(M —1) with multiplicity 1, thus =1 V2o
A = Diag [1 —p, 1= p 14 (M — 1)4_ (32) where (a) comes after some algebraic transformatiofts,
follows from taking Q = BTv ~ N(0,I) andd =
Meanwhile, the corresponding eigenvectersatisfyRe = A—>B7 x 1,1, for which using (35) and (32) yields
e, thus,
T
o for A =1— p we have ,
1 d— [0,07 0, /1+(ﬁf_1)p} 7 37)
p P ey el
pl - p eo eo
S, : =(1-p) : and finally (c) comes from setting; ~ A(0,1). Notice that
pp - 11 Lem em \; is thei-th eigenvalue oR. Using (36) into (28) yields
e1+p Z,ﬁz e; ] [ (1—-p)ex
pertestp Mg e; (1—p)ez 2 M 9 9
= . o (@100 | (s .Lﬁ) (1 .Lﬁ)
: : SA — M ZA11|:§z+dz\/§a + wz+d1\/§a
P M eiten L (1=p)enm =
i v » 77902 2(M—1)
gt ro M = _ 2 _
e 0 = {(1 ) S+ (1 + (M l)p) X
= =|. | — > e=0, (33 M ;
: Lo i=1 2 / M 2
PZ?i1ei— XZ(wi+ Y _ﬁ) :|
« and forA =1+ p(M — 1) we have i=1 2(1+ (M-1)p)
_ _ (c) ne 2
1p - e e PG — — —
bl o) & 2M(1 + 1) [(1 PN (200 = 1),0)+
Loy ] Lem ] Lew + (1+ (M —1)p)x (27 m)]a (38)
F S, (o= ex
pertertp M5 e (14+p(M~1))es where (a) comes from definingv; ~ A/(0,1) to use when
; = : evaluating the tern3” 3 in (28), which has the same form
L oMo G Mt ) given in (36), while(b) follows from using (37). In(b) we also
' M Lo =1) Jear ] regrouped similar terms, which allows writir(g) after using
”gg;lj [ 9%21 the direct definition of a non-central chi-square distribution
Pt P o = .=y (34) [25, Ch.2] along with (22) and (23).
& _pM5€M Under the assumption of uniform spatial correlation with
P2z e parameterp (r;; = p, Vi # j), (38) holds; however,

Thus, the eigenvectors associatedite= 1 — p satisfy (33), notice that for theAA scheme we were able of writing the
while the eigenvector associated o= (1 + p(M — 1)) distribution merely as a function of paramet&r which is
satisfies (34). After orthogonalization by using the Grammot linked to any specific kind of correlation; hence, we can
Schmidt process [37], and normalization, the resulting vectaegpect that the behavior under th& scheme depends, at least
still satisfy either (33) or (34) according to the case. For thapproximately, ord rather on the specific entries of matiix

0090-6778 (c) 2019 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.



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/TCOMM.2019.2928542, IEEE
Transactions on Communications

To explore this, we substituje= % coming from (27), | — e —h
into (38), such that we attain ——M=4,7=08
— M =16,7=0.2
——M=16,7=08
60 ~ no M2 - 6 2(2(M _ 1) 0) +6 2(2 2"<‘-‘M2 ) L Monte Carlo simulation (28)| |
SA 2M2 (1 + Ii) M-—1 X ’ X ’ 5 ’ 15 - - - - Monte Carlo simulation (39)

(39)

fg;‘A (2)

For validation purposes let us assume an exponential
relation matrix such that;; = 7!"=Jl where 7 is the
correlation coefficient of neighboring antenhashences =

M+ 25" M (M —i)7*. Fig. 2 shows Monte Carlo resulf
comparing the exact (28) and approximate (39) express
of the harvested energy distribution under fi¥e scheme. As

3.5 4
shown, they match accurately except when the setup is jo
characterized by very smadl and relatively largeM and ,
as it is the case of = 0, M = 16 andr = 0.8. In the other , ——M-4,7-02
r ——M=4,7=08 |

cases, (39) holds accurately, while matching exactly (28)
(38) under uniform spatial correlation. Notice that whes: 0
or 1, the system is under an extreme case of uniform sp 15l
correlation and (39) becomes exact; hence, for fixeshd M,

(39) has the least accurate convergence to the exact distrib
for some0 < 7* < 1. The value(s) of* could be seen as th
one(s) providing the greatest difference or distance betde:

and its equivalent uniform correlation matrix with coefficie

12 05
p.

—  M=16,7=02
—— M=16,7=08

Monte Carlo simulation (28) | |
- - - - Monte Carlo simulation (39)

fgg\ (=)

Remark 1. Therefore,£3, is approximately distributed as | ‘
linear combination of a chi-square RV and a non-central ¢ 0 05 1 15 2 25 3 35 4
square RV, witl2(M — 1) and 2 degrees of freedom, respe
tively. U.nfortunately’ .It S(.aems intractable finding ac!osed-formg. 2. PDF of¢), based on Monte Carlo simulation of exact (28) and
expression for the distribution @, even when using39), approximate (39) éxpressions. We sgt — 1 and useM € {4,16} and
except for 7 € {0.2,0.8}; while (a) x = 0 (top), and(b) x = 3 (bottom).
o § =0, for which¢, ~ 2(—1\4_771371—%%)(2(2(1\4*1)’0)*11%-
The latter term resglts from the fact that whénr- 0 the
PDF of 6x?(2, 222 is 1 at2M«, and 0 otherwise;

« & = M, for which&d, ~

4) OA — CSI: According to (16) finding the distribution
f €3a_cqr is equivalent to the problem of finding the
QM?ngrn) [XQ (2(M - 1), 0) +  distribution of the Signal-to-Noise Ratio in a correlated Rician
X2(2,2M k)| ~ 5728 2(2M,2M ), which can be single-input multiple-output (SIMO) channel scenario, where
2T X the receiver with)\/ antennas uses Selection Combining (SC).
easily verified by using the direct definition of a non- 9
central chi-squared RV: We first analyze the case of uniform spatial correlation with
e 6= M2, for whichel, ~ 2({749%) X2 (2, 2k). c;)etfflmentp, for which we can directly use [39, Eq.(21)] to
state
Remark 2. For full positive correlation, e.g.§y = M?, the s 2(1+k)x
performance of th&A scheme matches that of tkeA. This FggAiw nozx) /[1 Q ,/ T
0

is an expected result since even by switching antennas the

energy harvested af keeps the same. n
x eIy (2 —)dt, (40)

11This model is physically reasonable since the correlation decreases with P
increasing distance between antennas [35]. Still, simulation results that are f ( ) d ( ) M(l“"‘ﬁ) —%—% %

not included in this paper evidence that the trends and accuracy of our results £ _cs: z dx 50A ost\ T e

(1-
under such exponential correlation model remain valid independently of the 779 p

correlation profile. 7 . 2(1+k)x
12There are many similarity metrics and concepts of distance between /e_fﬂl()( [1 Q
matrices in the literature, such as thg—norm distances, the trace distance, 779 1 P

the correlation matrix distance [38], just to name a few. Each of them has been

shown to be appropriate under different goals. However, in the context of our 9 t(l +,‘€)JI
work it is not clear which one fits better for finding", and even having such % [0( P )dﬁ_ (41)
information, the following analyses are expected to be cumbersome. For this 1-p noe

reason, we have carried out extensive simulations and found-thiatunique

and increases very SlOWIy with/ such that forM =3 — 7* = 0.75 while Now and as done in the prev|ous Subsectlon we ut”lze
for M = 32 — 7 =~ 0.85. Therefore, notice that our results are expected S—M

be accurate in most of practical scenarios where also a non-negligible L%@ transformatiory = M 1) Wh|c_h hOpefuIIy allows
parameter influences positively on the accuracy of (39), as shown in Fig. g@nverting (40) and (41) into expressions valid for systems
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08 i —ii—u2] 2(1 + k)|hi|* where Z ~ x?(2,2k). Now,

07Ft —M=4,7=08 || d d 2(1+K,)ZE M

— M =16,7=02 _ — I S
o6l —— M =16,7=10.38| | fg%A—CSI (x) - dnggA—CSI (x) T dx FZ( no )
Monte Carlo simulation (16) I—
05l - - - - Approximation (42) i (g) 2(1+K’)MFZ(2(1+H) ZC) M }Z (2(1+K‘) x)7 (44)
3; ne no no
el | where (a) comes from using the chain rule. Notice that
= oaf 1 fz(xz) and Fz(x) are given respectively in (3) and (4)
ol | with ¢ = 2 and = 2k.
' ; o « For fully correlated channels, for which = M?, the
01f 1 performance under th@A — CSI scheme matches that of
r e strategy since the fading behaves instantaneous
o ‘ ‘ ‘ ‘ the OA strategy the fading beh tant ly
0 1 2 3 4 5 6 7 8 equal over all the antennas.
# Finally, notice that when correlation is the minimuén=
08 ‘ ‘ 0, the performance gain of this scheme over that of the
—J\\ﬁjj ng'ﬁ OA strategy should be the maximum.
orr — M=167=02] | 5) AA — CSL: For the AA — CSI scheme the characteri-
06} MR TR0 zation is much easier sing® , g = MEQ, according to
sl T peesimation (42) (16)‘7 (21), thus, by using (39) we attain
N
Zoal ERa—cst
< 10 M?-§ 2( ol 26 M2
~ oal ~ 2M—1,0) 5 (2, )

03 2M(1+n)[M1X (M—=1).0)+0x7(2,—5

02t 1 (45)

01l ] otice that the analysis in Remar can be extended to this
Notice that th | R k1 b tended to th
case straightforwardly.

0 ‘ ‘

0 1 2 3 4 5 s 7 8 6) Comparisons and RemarkSince the distribution of the

harvested energy is related in all the cases with the non-central
Fig. 3. PDF OfggA—CSI based on Monte Carlo simulation of (16) andChI_squa‘_red distribution but for tf@A—C_SI_scheme, v_ve are
numerical evaluation of approximation given in (42). We get= 1 and use able to find the mean and variance statistics accordl_ng to (5).
M € {4,16} andT € {0.2,0.8}; while (a) x = 0 (top), and(b) « = 3 Under uncorrelated channels= M, we can also provide an

(bottom). upper bound for the mean ¢f_ by using [40, The. 2.1]
such that
with any kind of correlation. By doing so, the PDF for instanceE 8 , _ ] 1 & 5 M—1
becomes the one shown in (42) at the top of the next page. no < M Z]E“hi| I+ M X
i=1

Similar to our approach in the previous subsection, herein
we validate (42) by comparing it with the distribution of the M M s 1 M 2
harvested energy using Monte Carlo simulation in scenarios X ZVAR[|hZ—|2}+Z]E[|hi|Q] *M<ZE[|’%|2])
with exponential correlated fading. Results in Fig. 3 evidence i=1 i=1 i=1
the same behavior as discussed in Fig. 2 and corroborate 0 () 2

. . < ) _ 12
accuracy of (42), which is only affected when a very small HE&OA‘CSI] = e (E“h%' |+ V(M — VAR[ ki ])
and relatively largel/ andr, coincide together. () (1+2k) (M —-1)

For two specific setups it is even possible to get simplified - 779(1 + 1+k )

expressions as follows . ,
P - ated channels. for whishe M. the chanmel where (a) comes from using_ ™ | E[h,|?] = ME[h,|?] and
* TOF Uncorrefated Channess, tor whi » e channe Z{1VAR[|hi|2} = MVAR[hs|?], while (b) follows after
coefficients are i.i.d, thus, ! . - o
using (5). Notice that forM = 1 the equality is satisfied

(46)

o (nox) = P[EdA_cg1 < oz as expected. Regarding the variance, it is shown in [41, The.
€8st [€0a-cst : ] 3.1] that the best upper bound f&fAR[ max |h;|*] is
:IP’[( max_ |h] <x} i=1,...,M
=1,...M MVAR([|h1|?]. However, that result is not tight for the fading
@ B2 M distribution of our interest here, and we dispense with that
Lnf* <2 result

© Plz < 2(1+ k)x

=Fz(2(1+ ﬁ)x)M

M
] In Table Il we summarize the statistics of the energy

(43) harvested under the operation of each of the WET schemes.

We also include the CDF expressions, which can be easily
where in(a) we take advantage of the i.i.d property obbtained by usingFz(z) in (4) in most cases. When it was
the channel realizations arftl) comes from making = impossible a full characterization for all the valuesdpfwe

)
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oo

:MQ(M 7 1)(1 + H) = m]\/{s(iz\/fw—l)i(1+rc)1v1(1v1—1)z/eitAI(AI—l) HM(M _ l)t)
0

(AZ—s) 7=
fg‘(})A—CSI(x) o0 —3) no(M M2-5 ], (2 P

) {1—9( ﬁg\(z;]\?t’\/Q(lZ&%(M;M)}M1[O<M225\/(5—M)M(z\fm— 1)t(1+n)x>dt. “2)

provide the results for the case of i.i.d channel realizatiohave that

whered = M. Some remarks follow next. 9
(1+k)">1+4+2k

Remark 3. For the AA scheme, both the mean and variance of A+26 <1

the harvested energy, increase with the correlation parameter (1+r)2

d. Thus, the greatest gain in the mean harvested energy occurs 1+2k (M—-1)<M-1

when channels are fully positive correlated, for whick: 1/2. (14 k)? -

In fact, when channels are fully positive correlatgdarvests (1+2k)(M—-1)

M times more energy under theA scheme than when using 1+k SVM-1l<M-1

the OA strategy, but with a dispersiof/? times greater. This IE[
can be easily corroborated also from the very definition of

2 2
. (a) 2
xa SmceﬁﬁA—M‘ ij\ilhi‘ é%‘M’u‘ =noM|hi|" =

£da_csi) (1+2K)(M —1) <M

=1
+ T+ r <

)

- M
noMEQ », where(a) comes from the fact that far = M2 all
the channel coefficients are the same, eig.= h,,, Vi,n =
1 M.

which agrees with(18) of Theorem 1. We have ignored the
impact of§ in the exact expression &£}, _ ;] since there
is no closed form, instead we used the upper bound given in

0 2
(46) for the case of = M. Finally, EE;A] = ML < =
For the particular values = 0, the dispersion of the g I LGN
harvested energy becom@sthus in such situationg” pro- =M—

ne
vides a stable, non-random, energy supplySpsuch that (19)
Mk H ..
€aa = . This setup guarantees the exact prediction ¢femark 6. For « > 0, the average harvested energy under

the harvested energy, which grows linearly with in LOS  {he operation of the\ A scheme is an increasing function of
channels. However, under Rayleigh conditions the harvestgqcediE[EgA} > 0. For OA. SA and AA — CSI schemes
energy becomes, which is because of cancellation of thene ayerage harvested energy does not depend on the LOS
multiple path signals at the sensor. parameter. Meanwhile, the variance of the harvested energy

decreases withk whenOA is used, while it has a maximum
Remark 4. The average energy harvested under $1& onxj =1 %, x5 = % whenAA and, SA or
and AA — CSI schemes is constant, while the variance igA — CSI, are utilized, respective|y_ This is because

a convex function of the spatial correlation parameter d

g ey

holds sinceM > 1, and agrees with

which can be easily corroborated by checking that the second — VAR [ggAfCSI] <0,
derivative of VAR [¢2,] and VAR[€8 4 _cg;] With respect to dr ot
d is non negative. The minimum variance for a given LOS iVAR[{XA] 21 0,
parameter occurs whed = M (1 — min (k(M — 1),1)), dr w>w
which comes from setting the first derivative WAR[£§, | d VAR ¢ <>“2 0
or VAR[£] 4 _cg1] to 0 and solving ford, while using also dk (€] ST
the restrictiond > 0. Therefore, for increasing/decreasing d R<rb
5 above/below M (1 — min (k(M — 1),1)), the variance %VAR[EXA—CSI] 2.0
increases. ’

Remark 7. The average harvested energy under the CSI-

Additionally, notice that the variance of the harvesteflased WET schemes overcomes the CSi-free counterparts. But,
energy under th&A scheme is interestingly, for i.i.d channels and/ > 2, T manages to
harvest more energy on average under thd scheme than
when using theOA — CSI scheme, even without consider-
ing the energy cost associated to the CSI acquisition, when

> 1425 This is because under such condition ang M,

0] ) o)
Bal _ apane gy VORI  Elbacn] o
Previous condition can also be written as> 1AL

. % for § = M, which is inversely proportional to

trleQnumber of antennas;
. %ﬁgf“) for § = M?, which is independent of the |

number of antennas;

Remark 5. Notice thatE[¢2,] < E[¢ds_csi] < noM = In many cases not only a high average of harvested energy is
E[&a_csi] = ME[¢3,], since forM > 1 andx > 0 we desirable but also a low variance. Let us assume for instance
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Scheme|  E[¢°]/(no) |  VAR[E]/(10?) | Feo (noz)
OA 1 ETIE 1— 91 (V2,21 + K)z)
AA S oo 1- o) (M3, | /BI0ERE)
SA 1 Q2 20t Lo § =M= 1- Qu(v2M#,\/2M(1 + r)2)
on0st | Tty e | ([ ey, ot | € ] [0y B | AR
"y 0 Bleha_cal’) | xho(2y/Z2E0)ar’ = (101 (van aTE2) |
AA—CSI M R T 5= M — 1 Qu (Valin, J/2(1 £ )2

that the sensor requires a reliable energy supply each
that it harvests energy froffi transmissions, and that exce«
the valuegy,. The value of¢, may be seen as the minimt
amount of energy for whicl$ can operate, which in genei
satisfieséy, > nwo1. In such cases a question aris@ghat is
the more suitable WET strategyhe probability of energ
outage is the performance metric to be evaluated in this
and it is defined a®[¢® < n&w] = Feo(ném). The more
reliable scheme would have the lowest probability of en
outage.

Remark 8. The SA strategy provides WET rounds with t
lowest variance in the harvested energy, thus, it is n
predictable. Additionally, it is the only strategy for whi
the variance of the harvested energy over multiple rot
decreases by increasing the number of antenh&gor § <
M?. Therefore, this scheme can provide a deterministic
random) source of energy wheéd — oo, e.g9.,£3, = no.

Remark 9. For WET strategies without CSI and under i.
Rician channels, notice that
« whenk — 0, e.g., Rayleigh fading, the energy harves
under theOA and AA schemes follows the same dis
bution, hence no diversity (no gain) is attained from us
all antennas at once. For that scenario, tB& schem
performs best, since although with the same ave
harvested energy as the others, its variance is the lo
and decreases with/;
« whenx > 0, the average harvested energy under

18

12

[N

Jeoo(2)

o°

T e — -

~----"°"

> M=4,16 8
--------------- >M=16v

T
——O0A, AA
——SA 4
——OA-CsI
AA-CSI B

e Monte Carlo
¢ Mean i
+ Upper Bound of the Mean

M=4

feo(2)

AA scheme is the greatest among all WET schemes, and

increases linearly with\/. However, it is also more di

linearly with M.

. . . . and
persed because of its higher variance that also increase

S

Figs. 4 and 5 show the PDF of the harvested energy
normalized bynp, which allows validating the analytical from increasing the number of antennas, thus, in such cases
results by Monte Carlo simulations. Specifically, for Fig. 4 wéhe SA scheme is the best alternative if no CSI information is
consider uncorrelated channels while settinge {0,3} and available. Notice that by increasiny, the PDF of¢l, gets

M € {4,16}, and notice that the upper bound 8[¢2  _ ;]

—OA
—AA
—SA

- - -=0A-CSI
AA-CSI
Monte Carlo
Mean i
Upper Bound of the Mean

+ oo

- Fig. 4. PDF ofé® forne =1, R =T and M € {4,16}, (a) x = 0 (top),
(b) k = 3 (bottom).

narrower around its mean, thus, providing a more predictable

provided in (46) is also validated, and it is shown to be legnergy supply. This situation holds far > 0, and among

tight whenM increases. As expected, the CSl-based schentks CSI-free schemes the average harvested energy under the
outperform their counterparts that do not take advantage of ala. scheme is the greatest and increases Withwhich is a
information. When there is NLOS:(= 0), it is shown that the very attractive characteristic. Meanwhile, in Fig. 5 the PDF
AA andOA schemes perform the same and without any gaof the harvested energy is shown when using each of the
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Fig. 5. PDF of¢? forno =1, M = 8, x € {0, 3} and exponential correlation with € {0,0.6,1}. (a) AA, (b) SA, (¢) OA — CSI and (d) AA — CSL

WET scheme$ with M = 8, k € {0,3} and exponential correlation parameter and M € {4,16}. The OA scheme
correlation withr € {0,0.6,1} — § € {8,24.626,64}. Notice does not appear since it is always outperformed by efAeor
that correlation impacts negatively on the performance of bothA strategy. Notice tha® A benefits less from a greater LOS
CSl-based schemes. Indeed, the greater the correlation pheameter and/or a greater energy threshold and/or greater
lesser the gains of operating with CSI, and the performansgatial correlation. Finally, the number of antennas does not
under each CSl-based scheme matches that of its CSI-fiepact strongly on delimiting the regions for which one
counterpart for- = 1. Additionally, comments in Remarks 2, 3scheme outperforms the other in terms of the energy outage
and 4 are corroborated, while results also validate the parobability.
vided analytical approximations and complement our analysis
around Fig. 2 and 3. o o

Fig. 6a shows the energy outage performance for a seﬁp Stat!stlcs of the Harvested Energy under Sensitivity and
with M = 8 andx = 1. Notice that for relatively smal,,, the Saturation Phenomena

schemes can be ordered according to a performance decreasine statistics of the harvested energy under the ideal EH
order asAA —CSI > OA —-CSI > SA > AA > OA. Jinear model, for which the harvested energy is always propor-
Thus, theSA scheme performs the best among the CSI-freé@nal to the incident RF power with factgr was investigated
strategies, while for relatively largé, the AA scheme is in the previous subsection. In practice, the sensitivity and
superior, and it could even reach a performance greater thajturation phenomena limit also the EH performance. Incident
that achieved byOA — CSI. The very idealisticAA — CSI  signal powers below the sensitivity level cannot be harvested,
scheme is the clear winner in this regard also. A more detail@ghile power levels in the saturation region cannot be fully
analysis of the energy outage is presented in Fig. 6b, whesgploited. Therefore, systems with high variance in the RF
the regions where each CSl-free WET strategy performs tigident power, e.g., all the CSl-based and the AA scheme,
best are shown for a wide range of valuesrofexponential are more sensitive to these phenomena. In this subsection
we depart from ideal results in Subsection IV-A to attain the

13Since analytical approximations for the distribution of the energy hars. . . . . .. .
vested under theSA and AA — CSI schemes were only obtained for distribution and main statistics of the harvested energy in more

8 € {M,M?} — 7 € {0, 1}, the expressions were validated through Montgractical setups.
Carlo for the case of = 0.6.
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which is satisfied with equality for all the schemes but3dr.
Using (48) and (7) it is straightforward attaining (47). O

Notice that fore; = 0, ws — oo and each WET scheme,
(47) matches exactly the CDF of the harvested energy given
in the previous subsection. On the other hand, previously we
have also attained the average and variance of the harvested
energy, and consequently for the RF incident power too. As
commented, the variance analysis allows explaining the energy
1 outage performance in conjunction with the CDF curves.
Henceforth, we focus only on the average harvested energy
when considering the sensitivity and saturation phenomena.
: " The following lemma provides an analytical result that is
I useful for the average harvested energy characterization given
right after in Theorem 3.

ool Fy (60) < Fa () | Lemma 1. Let qi(p,¢) = Elg(¢Z1)] and g¢2(¢,¢) =
- Elg(¢Z2)], whereZ, ~ x*(¢,0)

0.8

2n Y W P o
0.7 F|——8&m=02,M=4 4 , — F(l =, _) _ F(l =, _)
(o[G08 M= \\-\ 0 (e, 9) T'(p/2) <¢ + 27 2¢ ¢ + 22 +
- +

—O0A

3| |——AA

—SA
——OA-CsI
AA-CSI

® Monte Carlo

10"

107 10°

— & =02,M =16 B
- ==& =08,M =16

0.4 S

03f N 1 a2, ¢) ~ oo [W (F(er Lo

_____ N I(m)

0.2 -- B
Yo . mtog moog
011 Fy (6n) < Fey, (€u) ! \‘ 1 g (”” Lot ))+er (m’ S(+2)
10 1t where g is the function defined if7) and m = (¥/2 +
. 1)?/(4 +1).

Fig. 6. (a) Probability of energy outage as a function of the minimum amourProof. According to (3) and (4), the distribution &f; can be
of energy required for the sensor operation &d=1, M = 8 andx = 1 simplified as follows

(top). (b) Region for whichFy, , (2) 2 F¢, , (2) (bottom). We set) = o = 1.
1 ©/4=1/2,-2/2 Jip Igo/271(vwz)

102 107 0

J2(z) = 2” 0 he/A=1/2
Theorem 2. The energy harvested under each of the schemes 1 1 =
when|S| = 1 is distributed as @ 2 e/a-1/2,-2/2 (_)
2 [(p/2) \4
FEO(nwl)v 0 <& <nw (b) 1 2\ p/2—-1
/ s —z/2
Fe©) = Fald), nm<t<nw ., (47) Yroma) e 1)
1) € Z nwa T 2. 2/9
FZ1(Z):1_Q@/2(07\/2):1_M7 (52)

which is only an approximation when using tB& scheme. T(¢/2)

The PDF of¢ can be easily derived frort47) where (¢) comes from finding the limit by using I'Hopital

Proof. We have that¢'f = ¢°/5. Then, for theOA and rule successively antb) follows after simple algebraic trans-
AA schemes¢ = g(¢f) = ¢(¢°/n) is satisfied accord- formations. For getting (52), it is required evaluati@), v/72)

ing to (8) and (9). Additionally, notice that since is by using its definition and performing some limit operations
a non-decreasing function which saturates at some poiff,equivalently one may use the result in (51) for finding the
argmax,—1.__ g(o|hi|2) may have several solutions, but defCDF; in any case the result matches (52). Now, using (51) and
initely one of them is alwayargmax;—;._ s o|h:|2. There- (52) along with (7) to calculaté&[g(¢Z:)] we obtain

fore, oa—cst = g(€34_cg1/n) is also satisfied. Similarly, ws /b 00

for the AA — CSI scheme we have thatg maxy, |h"w;|?  Elg(¢Z1)] = no z2fz,(z)dz + mm/ fz.(2)

is at least one of the optimum beamformers that maxi- @1/ o w2/

mizes g(o/hTw1|?), thus, éaa—cst = 9(Ea_cgi/n)- For __n Vg s _ w2

the Szﬁr scheme the situati%? is different since in general CT(p/2) =1 (2) ¢ dz+77w2(1 Fz, ( & ))

a7 i1 9(lhil?) # g(47 222, [hil?), however it could be no w2/

used as an approximation that becomes tighter mereases. = (o)) (—20(1+¢/2,2/2)) +

Therefore, v =1/$
£=g(&/n), (48) I'(p/2) 7
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and (49) follows after some simple algebraic transformati
Continuing with the second part of the proof, the PDF4!
can be simplified according to (3) as follows

fz,(2) = %ef(zw)/%(\/%),

which is the power distribution under Rician fading chat
with x = /2 and average power) + 2) [25]. Unfortunately
to the best of our knowledge computing fz,(z)dz is not
analytically tractable, thus, we were not able of finding
exact closed form expression. However we can take adva
of the fact that form = (k + 1)?/(2x + 1), the Riciar
distribution approximates the Nakagami-m [42], thBp ~
F(<W2+1)2 (1”*2)(1”1)) approximately. Now,

(54)

P10 (9/2+1)2
w2/¢

o0

Elg(¢Z2)] = no P fz,(2)dz

(a) i K

(-1 e P2

’“W{(wm) T'(m) dz-+1s (1 o % )
w1 /P

® 1o +2)
=TT arm) r(m+1

2fz,(2)dz 4+ news /
w2 /b

mz )‘wz/qﬁ
"+ 2/ /e
F(m’ ¢Tu—z22))

I'(m) » (59)

+ nws

14

90

o Data from [43] .
80 - |—— Linear EH model with Sensitivity and Saturation g
Non Linear EH model [44]

10

& (uW)

Fig. 7. A comparison between the harvested powerifiothg utilized model
taking into account sensitivity and saturation phenomeinathe non-linear
EH model in [44], andi{i) the measurement data from a practical EH circuit
[43]. Configuration parameters arez; = —22 dBm, wp = —4.8 dBm,

n = 25%, while through curve fitting we attaim; = 0.015, po = 140 and

p3 = 84.

ideal linear EH model, thus, neither here. Finally, sigeds
given approximately in (50), the analytical characterizations
of the average harvested energy provided in Theorem 3 are
approximations given they all depend @B; hence, they
approximate also their counterparts in the previous subsection

where(a) comes from using (1) ang) follows from solving whenw; = 0 andwy — co.
the integral and using (2). Then, after some simple algebraic

transformations we attain (50). O

V. NUMERICAL RESULTS AND DISCUSSION

Theorem 3. The average harvested energy under sensitivity |, yig section we investigate the performance of the WET
and saturation phenomena, and for each of the WET scherigSegies under Rician fading and exponential correlation.

(but for OA — CSI) when|S| = 1, is given by

EKOA] = Q2 (2/1, 2(17?’_,%)), (56)
2’{
Blean) = o (5 i) 57)
2 _
E[ésa] = 1 (2(M -1), QMQ((E— 1()5()f+ ,i))jL
2k M? do
(=5 2M2(1 +n))’ (58)
2 _
Eléaa—csi| = @1 (2(M —-1), 2M((]\A44 1)6()19+ K))""
2k M? do
(=5 M1 +n))' 9)

Proof. According to (24) we have thated,/n ~
s X(2,26), then, using (48) yieldsE[oa] =
E[g(¢84/n)], and using the results in Lemma 1 we

Based on the experimental data in [43], we assume sensors
equipped with EH hardware characteristies = —22 dBm,

e = —4.8 dBm andn = 25%**. In Fig. 7 we show how our
model fits the experimental data; while we also consider the
non-linear harvesting model proposed in [44] which is based

on a logistic function. Specifically, the non-linear model is

. P1P2
given byg = P3 (m — 1)/6171172’ Wherepla b2, P3

can be easily found by a standard curve fitting tool. Notice that
the non-linear model fits more accurately the data in almost
the entire region of input powers than our EH linear model;
however, it fails in modeling the sensitivity phenomenon since
if, and only if, &f =0 — ¢ = 0.

Next, we consider a setup witl¥| = 1 and show in Fig. 8
the average harvested energy as a functiom whder the non-
linear EH model [44], and the ideal and non ideal EH linear
models considered in this work; while for short, we do not
present the performance results of & scheme. Obviously,

altalihe average harvested energy performance is an increasing

(56). Similarly, using (25), (39) and (45) along with (48)¢nction of o, which is related to the average RF signal power.

2
we have thatiay = €3, /n ~ QMffﬂ)XQ 2,205 ), Lgp &

&Bu/n ~ sapbemy | M (200 -1),0) +6x3 (2, 242 )]

and éaa—cst = MEJ,/n, respectively, and after using

Lemma 1 we attain (57), (58) and (59). O

Notice that a closed-form expression for the average h%f)’erating with such conversion efficiency is viable for many other EH devices

Notice that for the ideal EH linear model the average harvested
energy increases linearly, but when operating under the non-
ideal linear and non-linear EH models that is not longer the

14Rather than the maximum efficiency, we assume a more conservative
value that allows fitting better the entire experimental data. Notice also that

vested energy undedA — CSI was not tractable using theas reported in [3].
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Fig. 8. Average harvested energy as a functiorpainder ideal and non ideal EH linear model, and non-linear model of [44]Mok= 8, x = 3 and
7 =0.4. (a) AA, (b) SA, (¢) OA — CSI and(d) AA — CSIL

case. The ideal EH model overestimates heavily the averadso in Fig. 8. The gap between simulation and analytical
harvested energy whep is small or large, thus, it is only results come from the fact that functiap in Theorem 3
suitable for a finite range o0f. This range depends on theis approximated according to (50), however, in all the cases
system setup and on the utilized WET scheme. For instanaealytical results capture well the impact of sensitivity and
the performance of the three EH models are similar wheaturation impairments.
0 € [-50,—35] dB for theSA andOA — CSI schemes, while . o . .
the range is approximately shifted to the laftlog, (M) Given the validation of our non-ideal EH linear model,
dB when utilizing theAA and AA — CSI schemes. This is We use it next for analyzing the system performance when
because under the ideal EH linear modely andAA — CSI  powering multiple sensors, e.ds$| > 1. To that end, we
schemes share similar average harvested energy performag@gsider that sensois are uniformly distributed in the disk
and approximatelyM times greater than the performancéegion of radiuskR = 10m [9], [10] aroundT’ thus, the
attained undeSA and OA — CSI schemes. Notice that ourdistance betweef; andT’, denoted as;, is distributed with
non-ideal linear EH model, which explicitly considers thd;(z) = 2z/R?, = < R. We assume thap; = «;°/50,
sensitivity and saturation phenomena, succeeds in matchigich may model practical scenarios with path-loss exponent
the performance of the non-linear EH model proposed in [44] transmit power of40 dBm, and27 dB of average signal
when Operating under medium to h|gh average input powé}gwer attenuation at a reference distancel iof [42] AlSO,
for which this model was proven to be accurate. In fact, atge LOS factors and correlation coefficients are expected
because of the sensitivity phenomenon, our non-ideal lind8rdecrease with the distance in practical setups, hence we
model predicts an abrupt decay in the average harvested end@f§ this into consideration and assume an exponential decay
when o decreases to very small values: what does not hapgMen by r; = 10 x e™/2, 7; = e~%/3. For example,
under the non-linear model that does not take strictly inffis means that atm— «; ~ 6.07, 7 ~ 0.72, while at
account this phenomenon, hence, for smathe accuracy of the disk edge these values drop #p ~ 0.07, 7 =~ 0.04.
our model is foreseen to be tight to practice. AdditionallyNotice that, under the CSi-free schemes, the performance
analytical expressions provided in Theorem 3 are corroboraf®@trics such as average harvested energy per user and average
energy outage per user, can be easily computed by departing
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W’j//— in Fig. 6. This means that in order to get the advantages
= ? i = = .E ¥ of the diversity order and low-variance of tt#&A scheme,
g sensors have to be able of operating at very low power levels
2 4 .. . . oy
Voo OA and requiring uninterrupted operation. Additionally, the CSI-
up . .
a —AA based schemes outperform their CSI-free counterparts in both
B —gf; sl metrics and the gap is significant when powering a relatively
" AA — CSI | small number of sensors. However,|&%$ increases (and even
— ——— | —Monte Caro for |S| = 1) the CSI acquisition procedures and associated
© Analytical Expressions energy expenditures become a problem and limit the practical

10 I I I I I I I

0 5 10 15 20 2 30 3 40 benefits of these schemes. In fact, according to the analyses
151 in Subsection IV-A the performance gap between Al¥e and
Fig. 9. (a) Average harvested energy per user (top) érdaverage energy AA - C_SI schemes is even eXp¢Cted to decrease I_f an_y of
outage per user (bottom), as a function|&f for M = 8. M, k, T increases. Moreover, notice that the approximations
obtained in Subsection IV-B fdS| = 1 hold for any value of
|S| when using the CSl-free schemes, and as shown in Fig. 9,

from results in Section IV and performing integration ovel’® €xpressions are particularly accurate for @he and AA
f,.(z). For the CSl-based schemes, which are used only g@emes, while not for thBA strategy for the reasons given
benchmarks, mathematical analyses in multi-user setups dhd "eorems 2.and 3. _ _ _

under sensitivity and saturation phenomena are cumbersomEinally, s a metric of faimess in the wireless powering we
and we resort to Monte Carlo methods and global optimizatiGR©W in Fig. 10 the standard deviation of the harvested energy
solvers when finding optimum energy beamformings. Noti@'0SS t|m§ (channel rea_llzatlon) and space (sensor location)
that this may be impossible to implement in practice and i@ @ function of)M. Herein we focus only on the CSl-free
performance gains should decrease with the cardinalitg.of SChémeS’, hence, the results are independent of the number
These are some of the main reasons for using the CSI-fde>ensors. Notice that for the considered system setuphe

WET strategies and the scope of this work. scheme is not only the more reliable (as shown in Fig. 9b)

Fia. 9 shows the average harvested enerav and outa ebutr also the fairest for relatively small number of antennas
9. 9 gy 9 while asM increases the\A scheme becomes the clear

user as a function of the number of sensors. Since the averagé . .
V\ﬁnner. The latter is because more sensors are induced to work
performance of the CSl-free schemes does not depend on

. . X . ar or in the saturation region, hence, outperforming all the
|S|, it appears as straight lines, while the performance g .
. other CSl-free schemes in terms of average harvested energy,
the CSl-based schemes gets asymptotically worse {#th

. : : utage and fairness. Finally, as tie\ scheme utilizes onl
The latter is because asS| increases, selecting the besf - 29 y y

one antenna, its performance is independent/fof
antenna under th®A — CSI scheme converges to select any P P

random antenna, e.gQA, while for the AA — CSI scheme,

the chances of creating sharp and strong beams capable of V1. CONCLUSION AND FUTURE WORK

reaching all the users, decreases. Observe thatshscheme  In this paper, we analyzed three WET strategies that a

outperforms theOA strategy in terms of average harvestefledicated power station equipped with multiple antennas can

energy under sensitivity and saturation phenomena, whichtigize when powering a large set of single-antenna devices.

different from the ideal case discussed in Subsection IV-A. . , -
Notice that schemes based on CSI can be designed for optimizing the

Also, this scheme pe'.‘forms the best in terms of energy OUI%%Iess powering fairness instead of the total harvested energy which is the
because of the relatively small values g@fo; as discussed goal of the CSl-based schemes utilized in this work as benchmarks.
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These strategies operate without any CSI, which is a vgmng] O. L. A. Lépez, H. Alves, R. D. Souza, and E. M. G. Fernandez, “Ul-

practical assumption since it is very challenging to acquire

CSl at the transmit side in low-power WET systems with largey

trareliable short-packet communications with wireless energy transfer,”
IEEE Sig. Proces. Leftvol. 24, no. 4, pp. 387-391, 2017.
O. L. A. Lopez, E. M. G. Fernandez, R. D. Souza, and H. Alves, “Wire-

number of users. The distribution of the harvested energy when less powered communications with finite battery and finite blocklength,”

using each of the multi-antenna schemes is attained supposin

Rician fading channels under sensitivity and saturation E[I1=F

IEEE Trans. on Communvol. 66, no. 4, pp. 1803-1816, 2018.
“Ultra-reliable cooperative short-packet communications with
wireless energy transferJEEE Sensors J.vol. 18, no. 5, pp. 2161—

phenomena and compared to other two CSl-based benchmark 2177, 2018.

strategies. We investigated the impact of spatial correlati6§
among the antenna elements evidencing its benefits only

when transmitting simultaneously with equal power by all

antennas, while under the operation of the other schent&d
the system performance may reduce considerably when the
spatial correlation increases. When powering a given sengos]

we found that: the switching antennas strategy, where only
one antenna with full power transmits at a time, guarant
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