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

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

Abstract—Radio Frequency Wireless Energy Transfer (RF-
WET) is emerging as a potential green enabler for massive
Internet of Things (IoT). Herein, we analyze Channel State
Information (CSI)-free multi-antenna strategies for powering
wirelessly a large set of single-antenna IoT devices. The CSI-free
schemes areAA− SS (AA− IS), where all antennas transmit
the same (independent) signal(s), andSA, where just one antenna
transmits at a time such that all antennas are utilized during the
coherence block. We characterize the distribution of the provided
energy under correlated Rician fading for each scheme and find
out that while AA− IS and SA cannot take advantage of the
multiple antennas to improve the average provided energy, its
dispersion can be significantly reduced. Meanwhile,AA− SS
provides the greatest average energy, but also the greatest energy
dispersion, and the gains depend critically on the mean phase
shifts between the antenna elements. We find that consecutive
antennas must beπ phase-shifted for optimum average energy
performance under AA− SS. Our numerical results evidence
that correlation is beneficial under AA− SS, while a greater
line of sight (LOS) and/or number of antennas is not always
beneficial under such scheme. Meanwhile, bothAA− IS and SA
schemes benefit from small correlation, large LOS and/or large
number of antennas. Finally,AA− SS (SA and AA− IS) is (are)
preferable when devices are (are not) clustered in specific spatial
directions.

Index Terms—massive RF-WET, multiple antennas, IoT, CSI-
free, Rician fading, phase shifts

I. I NTRODUCTION

Internet of Things (IoT), where everything is practically
transformed into an information source, represents a major
technology trend that is revolutionizing the way we interact
with our surrounding environment so that we can make the
most of it. There are two general categories of IoT use cases
[1]: i) critical IoT, with stringent requirements on reliability,
availability, and low latency, e.g. in remote health care, traffic
safety and control, industrial applications and control, remote
manufacturing, surgery; and ii) massive IoT, where sensors
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typically report to the cloud, and the requirement is for
low-cost devices with low energy consumption and good
coverage. In such massive deployments, these IoT nodes are
not generally supposed to be transmitting continuously, but
they do require to operate for long periods of time without
batteries replacement, especially since many of them could be
placed in hazardous environments, building structures or the
human body. One important enabler under consideration is
Wireless Energy Transfer (WET). Notice that WET is a gen-
eral concept that includes several power transfer technologies
such as those employing for instance ultra-sound, inductive,
capacitive, or resonant coupling [2]. In this work we focus
on Radio Frequency (RF)-based WET which allows the IoT
nodes equipped with an energy harvesting (EH) circuitry to
harvest energy from incoming RF signals [3]–[6]. Hereinafter,
we refer to RF-WET just as WET.

WET holds vast potential for replacing batteries or in-
creasing their lifespans. In fact, RF-EH devices can become
self-sustaining with respect to the energy required for op-
eration, thereby obtaining an unlimited operating lifespan
while demanding negligible maintenance [7]. This is crucial
for the future society since the battery waste processing is
already a critical problem. The most effective approach for
reducing battery waste is to avoid using them, for which
WET is an attractive clean solution. Notice that with the
continuous advances on circuitry technology aiming at re-
ducing further the power consumption of low-cost devices1,
e.g. advances on Complementary Metal-Oxide-Semiconductor
(CMOS) and Micro-Electro-Mechanical Systems (MEMS)
technologies [10], energy-efficient Proportional to the Abso-
lute Temperature (PTAT) circuit implementations [11], and
printed sensors technology [12], an exponential growth on
WET-enabled IoT applications is expected.

The IoT paradigm intrinsically includes wireless informa-
tion transfer (WIT), thus WET appears naturally combined
with WIT. In such case two main architectures can be dis-
tinguished in literature: i) Wireless Powered Communication
Network (WPCN), where WET occurs in the downlink in a
first phase and WIT takes place in the second phase; and

1Such current technological advances point to power consumption in the
order of nW andµW (or even less) in sleep and active modes, respectively.
Nowadays, there is available a wide-range of IoT devices that seem suitable for
relying on an RF-EH module as the main power supply due to their extremely
low power consumption profiles. For instance, accelerometer ADXL362
(∼ 40µW in active) and Light ISL29033 (∼ 100µW in active) [8]. In fact, the
first wireless battery-free bio-signal processing system on chip was introduced
by [9] and it is able of monitoring various bio-signals via electrocardiogram,
electromyogram, and electroencephalogram. The total size of the chip is
8.25mm2 and consumes 19µW to measure the heart rate.
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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 IoT 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
IoT 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:

• 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,
the sharper the energy beams can be generated in some
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 (CSI) at the transmitter, and
although there has been some works proposing adequate
channel acquisition methods, e.g. [28], [29], this still

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;

• CSI-limited/CSI-free schemes. Even without accounting
for the considerable energy resources demanded by CSI
acquisition, the performance of CSI-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 IoT 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 CSI-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 antenna (SA) 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
equal power in all antennas (AA, but herein referred as
AA− SS) is the most beneficial scheme when LOS in-
creases and it is the only scheme that benefits from spatial
correlation. Notice thatSA andAA− SS are respectively
special cases ofunitary anduniform queryschemes pro-
posed in the context of backscattering communications
[34]. In fact, the authors of [34], [35] show thatunitary
query can provide considerable performance gains with
respect touniform 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.

B. Contributions and Organization of the Paper

This paper builds on CSI-free WET with multiple transmit
antennas to power efficiently a large set of IoT 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 Signals(AA− 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
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 fromAA− IS. However,
those closer to the PB and more likely to operate near
saturation, benefit more fromAA− IS;

• We attain the distribution and some main statistics of the
RF energy at the EH receiver in correlated Rician fading
channels under each WET scheme. Notice that the Rician
fading assumption is general enough to include a class of
channels, ranging from Rayleigh fading channel without
LOS to a fully deterministic LOS channel, by varying the
Rician factorκ;

• While AA− IS and SA cannot take advantage of the
multiple antennas to improve the average statistics of
the incident RF power, the energy dispersion can be
significantly reduced, thus reducing the chances of energy
outage. Meanwhile, the gains attained byAA− SS in
terms of average RF energy delivery depend critically
on the mean phase shifts between the antenna elements.
In that regard, we show the considerable performance
gaps between the idealisticAA− SS analyzed in [33]
and this scheme when considering channels with different
mean phases. Even under such performance degradation,
AA− SS still provides the greatest average harvested
energy when compared toAA− IS and SA but its as-
sociated energy outage probability is generally the worst;

• We attained the optimum preventive phase shifting for
maximizing the average energy delivery or minimizing
its dispersion for each of the schemes. We found that
when transmitting the same signal simultaneously over
all the antennas (AA− SS, or equivalentlyAA in [33]),
consecutive antennas must beπ phase-shifted for opti-
mum performance. Meanwhile, under different schemes

there is no need of carrying out any preventive phase
shifting. Notice that all the analyzed CSI-free schemes,
in their non-optimized form, say without proactive phase
shifting, are special cases of theuniform (AA− SS) and
unitary queryschemes (AA− 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 underAA− 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
to decrease (increase) the diversity,AA− 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-
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.

Next, Section II presents the system model, while Section III
presents and discusses the CSI-free WET strategies. Their
performance under Rician fading is investigated in Sections IV
and V, while SectionVI presents numerical results. Finally,
Section VII concludes the paper.
Notation: Boldface lowercase letters denote column vectors,
while boldface uppercase letters denote matrices. For instance,
x = {xi}, wherexi is the i-th element of vectorx; while
X = {Xi,j}, whereXi,j is the i-th row j-th column element
of matrix X. By I we denote the identity matrix, and by1
we denote a vector of ones. Superscripts(·)T and(·)H denote
the transpose and conjugate transpose operations, whiledet(·)
is the determinant, and bydiag(x1, x2, · · · , xn) we denote
the diagonal matrix with elementsx1, x2, · · ·xn. C and R
are the set of complex and real numbers, respectively; while
i =

√
−1 is the imaginary unit. Additionally,|·| andmod(a, b)

are the absolute and modulo operations, respectively, while
||x|| denotes the euclidean norm ofx. E[ · ] and var[ · ]
denote expectation and variance, respectively, whilePr[A] is
the probability of eventA. v ∼ N (µ,R) andw ∼ CN (µ,R)
are a Gaussian real random vector and a circularly-symmetric
Gaussian complex random vector, respectively, with mean vec-
tor µ and covariance matrixR. Additionally, pY (y) denotes
the PDF of random variable (RV)Y , while Z ∼ χ2(m,n)
is a non-central chi-squared RV withm degrees of freedom
and parametern. Then, according to [36, Eq.(2-1-125)] the
first two central moments are given byE[Z] = m + n, and
var[Z] = 2(m+2n). Finally,J0(·) denotes the Bessel function
of first kind and order0 [37, §10.2].
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I I. SYSTEM MODEL

Consider the scenario in which a PB equipped withM
antennas powers wirelessly a large set{Si} of single-antenna
sensor nodes located nearby. Since this work deals only
with CSI-free WET schemes, and for such scenarios the
characterization of one sensor is representative of the overall
performance, we focus our attention to the case of a generic
nodeS. The fading channel coefficient between thej−th PB’s
antenna andS is denoted ashj ∈ C, j ∈ {1, · · · ,M},
while h ∈ CM×1 is a vector with all the antennas’ channel
coefficients.

A. Channel model

Quasi-static channels are assumed, where the fading process
is considered to be constant over the transmission of a block
and independent and identically distributed (i.i.d) from block
to block. Without loss of generality we set the duration of a
block to 1 so the terms energy and power can be indistinctly
used. Specifically, we consider channels undergoing Rician
fading, which is a very general assumption that allows mod-
eling a wide variety of channels by tuning the Rician factor
κ ≥ 0 [36, Ch.2], e.g. whenκ = 0 the channel envelope
is Rayleigh distributed, while whenκ → ∞ there is a fully
deterministic LOS channel. Therefore,

h =

√

κ

1 + κ
eiϕ0hlos +

√

1

1 + κ
hnlos (1)

is the normalized channel vector [38, Ch.5], wherehlos =
[1, eiΦ1 , · · · , eiΦM−1 ]T is the deterministic LOS propagation
component such thatΦt, t ∈ {1, · · · ,M − 1} is the mean
phase shift of the(t + 1)−th array element with respect
to the first antenna. Additionally,ϕ0 accounts for an initial
phase shift, whilehnlos ∼ CN (0,R) represents the scattering
(Rayleigh) component. We assume a real covariance matrix
R ∈ RM×M for gaining in analytical tractability, which
means that real and imaginary parts ofhnlos are i.i.d and
also with covarianceR [39]. Assume half-wavelength equally-
spaced antenna elements, e.g. as in a uniform linear array
(ULA), yielding

Φt = −tπ sinφ, (2)

whereφ ∈ [0, 2π] is the azimuth angle relative to the boresight
of the transmitting antenna array. Such angle depends on both
transmit and receive local conditions, e.g. antenna orientation,
node’s location, and consequently it is different for each sensor
S. Additionally, let use denote byβ the average RF power
available atS if the PB transmits with full power over a single
antenna. Under such single-antenna setup, the available RF
energy at the input of the EH circuitry is given byβ|hi∗ |2,
where i∗ is the index of the active antenna. Notice thatβ
includes the effect of both path loss and transmit power.

B. Preventive adjustment of mean phases

As mentioned earlier,φ and consequentlyΦ, are different
for each sensor, which prevents us from making any preventive
phase adjustment based on an specificφ. However, maybe

we could still use the topological information embedded in
(2), which tell us thatΦt increases witht for a givenφ, to
improve the statistics of the harvested energy. To explore this,
let us consider that the PB applies a preventive adjustment
of the signal phase at the(t + 1)−th array element given by
ψt ∈ [0, 2π], while without loss of generality we setψ0 = 0.
Then, the equivalent normalized channel vector seen at certain
sensorS becomesh∗ = Ψh, where

Ψ = diag(1, eiψ1 , · · · , eiψM−1). (3)

Now, departing from (1) we have that

h∗ =

√

κ

1 + κ
eiϕ0Ψhlos +

√

1

1 + κ
Ψhnlos

∼
√

κ

1 + κ
eiϕ0

[

1, ei(Φ1+ψ1), · · · , ei(ΦM−1+ψM−1)
]T

+

+

√

1

1 + κ
CN (0,R), (4)

where last line comes from simple algebraic operations and
using the fact thatΨhnlos ∼ CN (0,ΨRΨH) ∼ CN (0,R)
sinceΨ is diagonal with unit absolute values’ entries. Without
loss of generality, by conveniently settingϕ0 = π/4 [40] so
eiϕ0 = (1 + i)/

√
2 imposes the effect of LOS (constant)

component on real and imaginary parts of the scattering
(Rayleigh) componenthnlos, we rewrite (4) ash∗ = hx+ihy,
wherehx andhy are independently distributed as

hx,y ∼
√

1

2(κ+ 1)
N
(√
κωx,y,R

)

, (5)

whereωx,y=
[

1, cos(Φ1+ψ1)∓sin(Φ1+ψ1), · · · , cos(ΦM−1+

ψM−1)∓ sin(ΦM−1 + ψM−1)
]T

.

C. EH transfer function

Finally, and after going through the channel, the RF energy
is harvested at the receiver end. The EH circuitry is charac-
terized by a non-decreasing functiong : R+ 7→ R+ modeling
the relation between the incident and harvested RF power2 at
S. With such a function in place, the power transfer efficiency
(PTE) is given byg(x)/x. In most of the worksg is assumed to
be linear for analytical tractability, e.g. [15]–[20], [22], [24]–
[30], which implies thatg(x) = ηx whereη is a PTE constant,
thus, independent of the input power. However, in practice the
PTE actually depends on the input power and consequently,
the relationship between the input power and the output power
is nonlinear [13], [31], [33], [42]. In this work, we consider
the following EH transfer function [42]

g(x) = gmax

( 1 + eab

1 + e−a(x−b)
− 1
)

e−ab, (6)

which is known to describe accurately the non-linearity of EH
circuits by properly fitting parametersa, b ∈ R+, while gmax

is the harvested power at saturation.

2In practice g also depends on the modulation and incoming waveform
[32], [41].

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



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.

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/JIOT.2020.3003114, IEEE
Internet of Things Journal

5

I II. CSI-FREE MULTI-ANTENNA WET STRATEGIES

Herein we overview CSI-free multiple-antenna WET strate-
gies for an efficient wireless powering, while discussing some
related practicalities.

A. All Antennas transmitting the Same Signal (AA-SS)

Under this scheme, the PB transmits the same signals
simultaneously with all antennas and with equal power at
each. Such scheme (in its non-optimized form) is referred
to as uniform query in the context of backscattering com-
munications [34], and asAA in [33]. Herein we refer to it
asAA− SS to explicitly highlight its difference with respect
to the AA− IS scheme (see next subsection). Under this
scheme, the RF signal at the receiver side and ignoring the
noise, whose energy is negligible for harvesting3, is given by
∑M

j=1

√

β
M h∗js, wheres is normalized such thatE[sHs] = 1.

Then, the energy harvested byS is given by

ξaa−ss = g(ξrfaa−ss), where (7)

ξrfaa−ss = Es

[

(

M
∑

j=1

√

β

M
h∗js
)H( M

∑

j=1

√

β

M
h∗js
)

]

= Es

[

∣

∣

∣

M
∑

j=1

√

β

M
h∗j

∣

∣

∣

2

sHs

]

=
∣

∣

∣

M
∑

j=1

√

β

M
h∗j

∣

∣

∣

2

E[sHs] =
β

M

∣

∣1Th∗∣
∣

2
(8)

is the available RF energy. Notice that the terms energy and
power can be used indistinctly since the block duration is
normalized and the PB does not change its strategy over time.

B. All Antennas transmitting Independent Signals (AA-IS)

Instead of transmitting the same signal over all antennas, the
PB may transmit signalssj independently generated across
the antennas. This is for alleviating the issue of destructive
signal combination ats, and constitutes a special case of
the so-calledunitary query in the context of backscattering
communications [34]. We refer to this scheme as AA-IS, for
which the RF signal at the receiver side and ignoring the
noise, whose energy is negligible for harvesting, is given

by
∑M

j=1

√

β
M h∗jsj , where eachsj is normalized such that

E[sHj sj ] = 1, ∀j. Then, the harvested energy is given by

ξaa−is = g(ξrfaa−is), where (9)

ξrfaa−is = Es

[

(

M
∑

j=1

√

β

M
h∗jsj

)H( M
∑

j=1

√

β

M
h∗jsj

)

]

= Es

[ M
∑

j=1

∣

∣

∣

√

β

M
h∗j

∣

∣

∣

2

sHj sj

]

=
β

M

M
∑

j=1

∣

∣h∗j
∣

∣

2
E[sHj sj ]

=
β

M
||h∗||2. (10)

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
order of sub-µW in case of high sensitive EH hardware. Therefore, the noise
impact is practically null, as widely recognized in the literature, e.g., [4], [13],
[15]–[21], [26]–[30], [33], [42].

For both,AA− SS and AA− IS, the signal power over
each antenna is1/M of the total available transmit power.
Additionally, notice thatM RF chains are required since all
the antennas are simultaneously active. This is different from
the CSI-free scheme discussed next.

C. Switching Antennas (SA)

Instead of transmitting with all antennas at once, the PB may
transmit the (same or different) signals with full power by
one antenna at a time such that all antennas are used during
a block. This is the SA scheme analyzed in [33], while it
also constitutes a special case of theunitary querymethod in
backscattering communications [34]. In this case just one RF
chain is required, hence, reducing circuit power consumption,
hardware complexity and consequently the economic cost.

Assuming equal-time allocation for each antenna, the sys-
tem is equivalent to that in which each sub-block duration is
1/M of the total block duration, and the total harvested energy
accounts for the sum of theM sub-blocks. The RF signal at
the receiver side during thej−th sub-block, and ignoring the
noise, whose energy is negligible for harvesting, is given by√
βh∗js, wheres is normalized such thatE[sHs] = 1, then

ξsa =
1

M

M
∑

j=1

g(ξrfsa,j), where (11)

ξrfsa,j = Es

[(

√

βh∗js
)H(√

βh∗js
)]

= Es

[
∣

∣

∣

√

βh∗j

∣

∣

∣

2

sHs
]

= β|h∗j |2Es
[

sHs
]

= β|h∗j |2 (12)

is the incident RF power during thej−th sub-block.
Notice that for the simple, but commonly adopted in liter-

ature, linear EH model, both (9) and (11) match. However, in
practiceg(x) is non-linear, and consequently (9) may differ
significantly from (11). We depart from (6) to write the second
derivative ofg(x) as

d2

dx2
g(x) =

a2eax(1 + eab)(eab − eax)gmax

(eab + eax)3
, (13)

which allows us to conclude thatg is convex (concave) for
x ≤ b (x ≥ b). Then, for certain channel vector realizationh
and using Jensen’s inequality, we have that

g
( β

M

M
∑

j=1

|hj |2
)















≤ 1
M

M
∑

j=1

g
(

β|hj |2
)

, if |hj |2 ≤ b
β ∀j

≥ 1
M

M
∑

j=1

g
(

β|hj |2
)

, if |hj |2 ≥ b
β ∀j

,

ξaa−is

{

≤ ξsa, if max |hj |2 ≤ b
β

≥ ξsa, if min |hj |2 ≥ b
β

. (14)

Remark 1. Above result implies that devices far from the PB
and more likely to operate near their sensitivity level, benefit
more from theSA scheme than fromAA− IS. However, those
closer to the PB and more likely to operate near saturation,
benefit more fromAA− IS.

In the following we analyze the statistics of the RF energy
available atS for harvesting under theAA− SS andAA− IS
schemes. For such schemes, the harvested energy comes from
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mapping the RF energy through the EH transfer functiong,
as shown in (7) and (9). ForSA the mapping is much more
convoluted, especially because the available RF energy varies
(although possibly correlationally) within the same coherence
block as illustrated in (11). However, our analysis in the
previous paragraphs suggests that the statistics ofξaa−is and
ξsa may be approximated, which is an issue we discuss
numerically in detail in Section VI.

IV. RF AVAILABLE ENERGY UNDER AA-SS

Next, we characterize the distribution of the RF power atS
under theAA− SS scheme.

Theorem 1. Conditioned on the mean phase shifts of the
powering signals, the distribution of the RF power at the input
of the energy harvester under theAA− SS operation is given
by

ξrfaa−ss ∼
βR∑

2(κ+ 1)M
χ2
(

2,
2κf(ψ, φ)

R∑

)

, (15)

whereR∑ = 1TR1,

f(ψ, φ) = υ1(ψ, φ)
2 + υ2(ψ, φ)

2, (16)

υ1(ψ, φ)= 1 +
∑M−1

t=1 cos
(

ψt +Φt
)

υ2(ψ, φ)=
∑M−1

t=1 sin
(

ψt +Φt
) , (17)

andΦt is given in(2) as a function ofφ.

Proof. See Appendix A.

Notice that (15) matches [33, Eq.(25)] just in the specific
case of un-shifted mean phases, e.g.ψ+Φ = 0. In such case
f(ψ, φ) becomesM2.

A. On the impact of different phase means

The impact of different phase means on the system perfor-
mance is strictly determined byf(ψ, φ) in (15), and can be
better understood by checking the main statistics, e.g. mean
and variance, of the incident RF power, which can be easily
obtained from (15) by using as

E
[

ξrfaa−ss

]

=
βR∑

2(κ+ 1)M

(

2 +
2κ

R∑
f(ψ, φ)

)

=
β

M(κ+ 1)

(

R∑ + κf(ψ, φ)
)

, (18)

var
[

ξrfaa−ss

]

=
β2R2∑

4(κ+ 1)2M2

(

4 +
8κ

R∑
f(ψ, φ)

)

=
β2R∑

(κ+ 1)2M2

(

R∑ + 2κf(ψ, φ)
)

. (19)

Therefore, both mean and variances increases withf(ψ, φ).
Meanwhile, it is easy to check thatf(ψ, φ) is maximized
for ψ + Φ = 0, for which f(ψ, φ) = M2, thus, the
entire analysis carried out in [33] on this AA-SS scheme
provides upper-bounds for both the mean and variance of the
harvested energy. However, different phase means cause in
practice a degradation on the diversity order ofξrf . Let us
assume no preventive adjustment of mean phases is carried
out, e.g.ψ = 0, to illustrate in Fig. 1a the impact of such

- /2 - /3 - /5 0 /5 /3 /2
10-1

100

101

102

- /2 - /3 - /5 0 /5 /3 /2
10-1

100

101

102

Fig. 1. a) f(0, φ) vs φ (top), andb) f(ψ, φ) vs φ for ψ according to (23)
(bottom). We setM ∈ {2, 4, 8}.

different channel phase means. Specifically, we showf(0, φ)
for different values ofM . Notice that the performance diverges
fast from the one claimed in [33] asφ moves away from0.

Remark 2. The number of minima off(ψ, φ) matchesM ,
thus, asM increases the chances of operating close to a
minimum increase as well, which deteriorates significantly the
system performance in terms of average incident RF power.

B. Preventive adjustment of mean phases

Herein, we discuss on how to set the vectorψ for optimizing
the system performance. For clarity, and using (17) followed
by some algebraic transformations, we rewrite (16) as follows

f(ψ, φ) =

(

1+

M−1
∑

t=1

cos
(

Φt+ψt
)

)2

+

(M−1
∑

t=1

sin
(

Φt+ψt
)

)2

=M + 2

M−1
∑

t=1

cos(Φt + ψt)+

+ 2

M−2
∑

t=1

M−1
∑

l=t+1

cos
(

Φt + ψt − Φl − ψl
)

. (20)

Assumeφ uniformly distributed in [0, 2π]4, e.g. pφ(φ) =
1
2π , then the problem translates to optimize overf(ψ) =

4This fits scenarios where theθ corresponding to each sensor is unknown,
or alternatively, scenarios where there is a very large number of sensors
homogeneously distributed in space such thatpφ(φ) ≈ 1

2π
. Although our

analysis here holds specifically for such uniform angle distribution, our
procedures and ideas can be extended to other scenarios.
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1
2π

∫ 2π

0
f(ψ, φ)dφ. Substituting (2) into (20) and integrating

overφ we attain

f(ψ) =M + 2
M−1
∑

t=1

J0(tπ) cosψt+

+ 2

M−2
∑

t=1

M−1
∑

l=t+1

J0((t− l)π) cos(ψt − ψl), (21)

which comes from using the integral representation ofJ0(·)
[37, Eq.(10.9.1)]. Obviously, (18) and (19) still hold but using
f(ψ) instead off(ψ, φ).

1) Average energy maximization:Solving the problem of
maximizing the average incident RF power is equivalent to
solvearg maxψ f(ψ). Now, since| cosα| ≤ 1 we have that

f(ψ)≤M+2

M−1
∑

t=1

∣

∣J0(tπ)
∣

∣+2

M−2
∑

t=1

M−1
∑

l=t+1

∣

∣J0((t−l)π)
∣

∣. (22)

Using the fact thatJ0(tπ) is positive (negative) ift is even
(odd), we can easily observe that the upper bound in (22) can
be attained by settingψt = 0 (π) for t even (odd) in (21), e.g.

ψt = mod (t, 2)π, t ∈ {0, 1, · · · ,M − 1}. (23)

Remark 3. Above results means that consecutive antennas
must beπ phase-shifted for optimum average energy perfor-
mance under theAA− SS scheme.

Despite optimumf(ψ) as in (22) cannot be simplified, an
accurate approximation is

f(ψ) ≈ 0.85×M1.5, (24)

which comes from standard curve-fitting.
In Fig. 1b we show the impact of above preventive phase

shifting on f(ψ, φ) for different anglesφ. By comparing
Fig. 1a (no preventive phase shifting) and Fig. 1b (preventive
phase shifting given in (23)), notice thati) the number of
minima keeps the same,ii) the best performance occurs now
for φ = ±π/2, while the worst situation happens when
φ = 0; andiii) there are considerable improvements in terms
of area under the curves, which are expected to conduce to
considerable improvements when averaging overφ.

2) Energy dispersion minimization:As metric of dispersion
we consider the variance. Therefore, herein we aim to solve
arg minψ f(ψ); although notice that this in turns minimize
the average available RF energy as well5.

Different from the maximization problem, the problem of
minimizing f(ψ) is not such easy to handle. We resorted to
Matlab numerical solvers and realized that optimal solutions
diverge significantly for different values ofM . However, we
found thatf(0) approximates extraordinarily to the optimum
function value. Therefore,ψ = 0 minimizesthe variance of

5It is easily verifiable that the phase shifting that satisfiesarg minψ f(ψ),

minimizes thecoefficient of variationparameter, which is given by
√

var[ξ]

E[ξ]
,

and constitutes probably a more suitable dispersion metric.

2 4 8 16 32 64 128 256 512
100

101

102

103

104

Fig. 2. f(ψ) vsM .

the incident RF power, and not preventive phase shifting is
required in this case. This means that

f(ψ) & f(0)

=M + 2

M−1
∑

t=1

J0(tπ) + 2

M−2
∑

t=1

M−1
∑

l=t+1

J0((t− l)π)

(a)≈ 0.64×M, (25)

where(a) comes from standard curve-fitting.

Remark 4. Results in (24) and (25) evidence that both
max f(ψ) and min f(ψ) share a polynomial dependence
on M . In case ofmin f(ψ) such relation is linear, while
max f(ψ) is roughly

√
M times greater thanmin f(ψ).

3) Validation: In Fig. 2 we showf(ψ) as a function of
M for i) the phase shifting in (23), which maximizes the
average incident RF power, ii)ψ = 0, e.g. no preventive
phase shifting, which minimizes both the variance and average
statistics, and iii) the scenario discussed in [33] which is
constrained toψ = Φ = 0. We utilized Matlab numerical
optimization solvers for minimizingf(ψ), but such approach
was efficient just forM ≤ 32. For greaterM , Matlab solvers
do not always converge and are extremely time-consuming.
Meanwhile, notice thatψ = 0 indeed approaches extremely to
argminψ f(ψ). Approximations in (24) and (25) are accurate.

4) On the optimization gains:By using (18), (24) and (25),
the dB gain in average incident RF energy with respect to
the non preventive shifting scheme, which in turns minimizes
the energy dispersion according to our discussion in Subsec-
tion IV-B2, can be obtained as follows

δE ≈ 10 log10

(

β
(

R∑ + 0.85κM1.5
)

M(κ+ 1)

/

β
(

R∑ + 0.64κM
)

M(κ+ 1)

)

= 10 log10

(R∑ + 0.85κM1.5

R∑ + 0.64κM

)

≥ 10 log10

(M + 0.85κ
√
M

M + 0.64κ

)

, (26)

where last line comes from the fact that the argument of the
logarithm is a decreasing function ofR∑ since0.85κM1.5 >
0.64κM for M ≥ 2, andR∑ ≤M2.
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Now, we evaluate the costs in terms of the variance increase
of such average energy maximization shifting. By using (19),
(24) and (25) we have that

δvar ≈ 10 log10

(R∑ + 2× 0.85κM1.5

R∑ + 2× 0.64κM

)

(a)

≤ 10 log10

(2× 0.85κ
√
M

2× 0.64κ

)

= 5 log10M + 1.23, (27)

where (a) comes from using the lower-bound ofR∑, e.g.
R∑ ≥ 0. Above results imply for instance that the gain in the
average incident RF energy is above 3.47 dB whenκ = 10 and
M = 8, while the variance can increase5.75 dB maximum as
well.

V. RF AVAILABLE ENERGY UNDER AA-IS

Next, we characterize the distribution of the RF power at
the receiver end under theAA− IS scheme.

Theorem 2. Conditioned on the mean phase shifts of the
powering signals, the approximated distribution of the RF
power available as input to the energy harvester under the
AA− IS is

ξrfaa−is∼
β

2M2(κ+1)

(

R∑χ2

(

2,
2κf(ψ, φ)

R∑

)

+

+
M2−R∑

M − 1
χ2

(

2(M−1),
2M(M−1)κυ̃(ψ, φ)

M2 −R∑

)

)

, (28)

where

υ̃(ψ, φ) =M−1+2

M−1
∑

j=1

1

j(j+1)

( M−1
∑

t=M−j+1
cos
(

ψt+Φt
)

+

+

M−1
∑

t=M−j+1

M−1
∑

l=t+1

cos
(

ψt+Φt−ψl−Φl
)

−j cos
(

ψM−j+ΦM−j
)

+

− j

M−1
∑

t=M−j+1

cos(ψM−j+ΦM−j−ψt−Φt)

)

. (29)

Proof. See Appendix B.

For ψ + Φ = 0, (28) matches [33, Eq.(39)]6. However,
when mean phase shifts between antenna elements increase,
both expressions diverge.

A. On the impact of different mean phases

It is not completely clear from (28) whether phase shifts
are advantageous or not under this scheme. Let us start by

6Notice that [33, Eq.(39)] describes the distribution of the RF incident
power under un-shifted mean phases and the SA operation considering the
whole block time. Therefore, both (28) and [33, Eq.(39)] must match when
Φ = 0 according to our discussions in Subsection III-C.
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Fig. 3. a) f̃(0, φ) vs φ for M ∈ {2, 4, 8} (top), andb) f̃(ψ) vs M for
ψ = 0 andψ = argmaxψ f̃(ψ) (bottom).

checking the average statistics ofξrfaa−is as follows

E
[

ξrfaa−is

]

≈ β

2M2(κ+ 1)

(

M2 −R∑

M − 1

(

2(M − 1)+

+
2M(M−1)κυ̃(ψ, φ)

M2 −R∑

)

+R∑

(

2 +
2κf(ψ, φ)

R∑

)

)

=
β

M2(κ+ 1)

(

M2 −R∑ +Mκυ̃(ψ, φ)+

+R∑ + κf(ψ, φ)
)

= β
(

1 +
κf̃(ψ, φ)

M2(κ+ 1)

)

, (30)

wheref̃(ψ, φ) = f(ψ, φ) +Mυ̃(ψ, φ)−M2. Notice that the
largerf̃(ψ, φ), the greaterE

[

ξrfaa−is

]

. However,f̃(ψ, φ) ≪ 1
independently of the value ofφ as shown in Fig. 3a for the
case where no preventive adjustment of mean phases is carried
out, e.g.ψ = 0.

Remark 5. Therefore, channel mean phase shifts do not
strictly bias the average harvested energy, which is intuitively
expected since transmitted signals are independent to each
other. Meanwhile, such result is very different from what
happened under theAA− SS scheme for which mean phase
shifts always influenced (negatively) on such metric.

Additionally, notice that whenR∑ is maximum (perfect
correlation),AA− SS could provide up toM times more
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energy on average thanAA− IS, whose average statistics are
not affected in any way byR∑. Previous statement holds as
long as there is not a strong LOS component; however, asκ
takes greater values, which is typical of WET systems due to
the short range characteristics,f(ψ, φ) and f̃(ψ, φ) become
more relevant, which favors theAA− IS scheme.

Let us investigate now the impact on the variance as follows

var[ξrfaa−is] ≈
β2

2M4(κ+ 1)2

(

(M2 −R∑)2

(M − 1)2

(

2(M − 1)+

+
4M(M−1)κυ̃(ψ, φ)

M2 − R∑

)

+R2
∑

(

2+
4κf(ψ, φ)

R∑

)

)

≈ β2

M3(M−1)(κ+1)2

(

M3(1+2κ)+R2
∑+

−2MR∑(1+κ)+2κM(R∑−M)f(ψ, φ)
)

, (31)

where last line comes from taking advantage off(ψ, φ) +
Mυ̃(ψ, φ)−M2 ≈ 0 → υ̃(ψ, φ) ≈M − f(ψ, φ)/M to write
var[ξrfaa−is] just as a function off(ψ, φ). Sincef(ψ, φ) ≥ 0, it
is obvious that just whenM > R∑, e.g. negative correlation of
some antennas, the system performance benefits from having
different mean phases.

B. Preventive adjustment of mean phases

Herein, we discuss on how to set the vectorψ for optimizing
the system performance. Again,φ is taken randomly and
uniformly from [0, 2π] as in Subsection IV-B.

1) Average energy maximization:As shown in Fig. 3a,
channel mean phase shifts do not impact significantly on the
average incident RF power. Then, it is intuitively expected that
none preventive phase shifting would improve such average
statistics. To corroborate this we require computingf̃(ψ) =
1
2π

∫ 2π

0 f̃(ψ, φ)dφ, for which

f̃(ψ) =
1

2π

2π
∫

0

f(ψ, φ)dφ+
M

2π

2π
∫

0

υ̃(ψ, φ)dφ − M2

2π

2π
∫

0

dφ

= f(ψ)−M+

M−1
∑

j=1

4π

j(j + 1)

( M−1
∑

t=M−j+1
J0(tπ) cosψt+

+

M−1
∑

t=M−j+1

M−1
∑

l=t+1

J0
(

(l − t)π
)

cos(ψt − ψl)+

− j

M−1
∑

t=M−j+1

J0
(

(t−M + j)π
)

cos(ψM−j − ψt)+

− jJ0
(

(M−j)π
)

cosψM−j

)

, (32)

wheref(ψ) is given in (21) and last line comes from integrat-
ing υ̃(ψ, φ) overφ by using the integral representation ofJ0(·)
[37, Eq.(10.9.1)]. Due to the extreme non-linearity of (32)
we resort to exhaustive search optimization solvers of Matlab
to find argmaxψ f̃(ψ) and compare its performance with
the non preventive phase shifting scheme for whichψ = 0.
Specifically, we show in Fig. 3b their associated performance
in terms off̃(ψ) normalized byM2 since the average incident

RF power depends strictly on such ratio. Results evidence that
although the performance gap is large in relative terms, it is not
in absolute values. That is, not even the optimum preventive
phase shifting allows increasing̃f(ψ)/M2 significantly, e.g.
f̃(ψ)/M2 ≈ 0.

Remark 6. Then, and based on(30), the average incident RF
power is approximatelyβ. Therefore, this scheme cannot take
advantage of the multiple antennas to improve the average
statistics of the incident RF power in any way.

2) Energy dispersion minimization:As in Subsection IV-B2
we consider the variance of the incident RF power as the
dispersion measure. Then, we have that

argmin
ψ

var[ξrfaa−is]

=

{

argminψ f(ψ), if R∑ > M
argmaxψ f(ψ), if R∑ < M

=

{

ψ ≈ 0, if R∑ > M
ψt = mod(t, 2)π, if R∑ < M

, (33)

where last line comes from using directly our previous results
in Subsection IV-B. In addition, notice thatvar[ξrfaa−is] is
not a function off(ψ) whenR∑ = M (see (31)), thus, a
preventive phase shifting is not necessary as it does not make
any difference.

Remark 7. Since the average incident RF energy is not
affected by any phase shifting, we can conclude that(33)
provides the optimum preventive phase shifting. This means
that phase shifting is not required whenR∑ ≥M , as in most
of the practical systems.

On the other hand, observe from (31) that the variance
decreases withM , thus, although theAA− IS is not more
advantageous than single antenna transmissions in terms of
the provided average RF energy, it benefits significantly from
the multiple antennas to reduce the energy dispersion.

Finally, based on Subsection III-C it is expected that the
phase shifting given in (33) approaches the optimum for the
SA scheme as well, hence we adopt it in such scenario.

VI. N UMERICAL RESULTS

Herein we present simulation results on the performance
of the discussed CSI-free multiple-antenna schemes under the
non-linear EH model given in (6). We evaluate the average
harvested energy7, and energy outage probability, which refers
to the probability that the RF energy falls below an energy
thresholdξ0, thus, interrupting the devices’ operation8. Notice
the energy outage probability is highly related with both mean
and variance statistics. The EH hardware parameters agree
with the EH circuitry experimental data at2.45GHz in [43].

We take φ uniformly and randomly from[0, 2π], while
comparing the corresponding results to those with equal mean
phases,φ = 0, which are not attainable in practice and are

7Notice that the average PTE is just a scaled version of such average
harvested energy for a fixed transmit power, and therefore its corresponding
curves follow the same trends. Similarly the PDF and CDF of the harvested
energy can be easily extrapolated to the statistics of the instantaneous PTE.

8ξ0 must be obviously not smaller than the EH sensitivity.
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TABLE I
CSI-FREE SCHEMES AND CORRESPONDING PREVENTIVE PHASE SHIFTING

Schemes ψt

AA− SSmaxE mod(t, 2)π
AA− SSminvar 0
AA− IS 0
SA 0
”scheme” (φ = 0) [33] (unrealistic) 0 (φ = 0)

just presented as benchmark. For clarity we summarize the
schemes under consideration in Table I. Notice that in case of
AA− IS andSA we just consider the preventive phase shifting
given in the first line of (33) since we assume positive spatial
correlation, e.g.R∑ ≥M . Specifically, we assume exponential
spatial correlation with coefficientτ such thatRi,j = τ |i−j|,
hence,

R∑=M+2

M−1
∑

i=1

(M − i)τ i=
M(1−τ2)−2τ(1−τM )

(1 − τ)2
, (34)

where last step comes from using a geometric series compact
representation. Such model is physically reasonable since cor-
relation decreases with increasing distance between antennas.
Unless stated otherwise we set the system parameters as shown
in Table II. Notice thatκ = 5 and τ = 0.3 to account
for certain LOS and correlation, while we assume the PB
is equipped with a moderate-to-small number of antennas
M = 8.

A. On the distribution of the harvested energy

In Fig. 4 we illustrate the PDF of the energy harvested
under each of the schemes. Specifically, Fig. 4a shows the
PDF for two different path-loss profiles, while considering
AA− IS and SA schemes. We observe that underSA the
harvested energy under large path loss presents slightly better
statistics than underAA− IS, whileAA− IS is superior when
operating under better average channel statistics. Therefore, we
corroborate our statements in Remark 1: devices far from the
PB indeed benefit more fromSA than fromAA− IS, while
those closer to the PB benefit more from the latter. We also
show that the statistics improve by considering the channel
mean phases, therefore, the performance of these schemes is
better in a practical setup than the foreseen by [33]. Something
different occurs underAA− SS as shown in Fig. 4b. As we
discussed in Section IV, the un-shifted mean phase assump-
tion is the most optimistic under the operation ofAA− SS,
and notice that the performance gains with respect to what
can be attained in practice, e.g. under theAA− SSmin var

and AA− SSmax E discussed in this work, are extremely
notorious. RegardingAA− SSmax E vs AA− SSmin var, we
can observe the performance gains in terms of average and
variance of the harvested energy, respectively, of one with re-
spect to the other. We must say that althoughAA− SSmin var

provides less disperse harvested energy values, they could
be extremely small compared to the ones achievable under
AA− SSmax E.

TABLE II
SIMULATION PARAMETERS

Parameter Value

gmax 2 mW
(a, b) (0.56, 3.5)
ξ0 −2 dBm
φ uniformly random in[0, 2π]
κ 5
τ 0.3
M 8

Fig. 4. PDF of the harvested energya) under AA− IS and SA for β ∈
{−2, 8} dBm (top), andb) underAA− SS for β = −2 dBm (bottom).

Let us analyze now the CDF curves, which are shown
in Fig. 5 for β = 2 dBm9. Notice that, although with
greater variance,AA− SSmax E performs superior10 than
AA− SSmin var. In fact, this holds in most scenarios, which
highlights the need of aπ−phase shifting in consecutive
antennas when using theAA− SS scheme as foreseen in
Remark 3. Meanwhile, the greatest diversity order is attained
by AA− IS and SA schemes, which perform similarly. In
this case,AA− IS performs slightly superior but this depends
greatly on the path loss according to our discussions in

9In this and most of the subsequent figures we adoptβ = 2 dBm to
illustrate the performance in the desired operation range, e.g. above/below
sensitivity/saturation, since for an incident RF power of2 dBm (1.6 mW) the
harvested power becomes−5.5 dBm (0.28 mW).

10In this context a superior performance means that the corresponding CDF
curve is below.
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Fig. 5. CDF of the harvested energy forβ = 2 dBm.

previous paragraph. Notice that these two schemes guarantee,
for instance, chances above99% of harvesting more than
−8 dBm of power, compared to just60% and 40% when
usingAA− SSmax E andAA− SSmin var, respectively. Once
again, the gaps with respect to the performance under un-
shifted mean phases are evidenced, and are shown to be
enormous especially when transmitting the same signal simul-
taneously by all antennas.

B. On the impact of the channel

Fig. 6 shows the average (Fig. 6a) and variance (Fig. 6b)
of the harvested energy, and the energy outage probability
(Fig. 6c), as a function of the path loss. In general, both the
average and variance of the incident RF power increases with
β for all schemes. However, the saturation phenomenon cap-
tured by (6) makes that the average harvested energy saturates
at some point, while obviously the variance would decrease
from that point onward. These phenomena are observed in
Fig. 6a and Fig. 6b. Notice thatAA− SSmax E achieves
considerable gains in terms of average harvested energy com-
pared toAA− SSmin var

11. In fact, the performance curve of
AA− SSmax E lies approximately in the middle between the
curves ofAA− SSmin var and the idealisticAA− SS (φ = 0).
Meanwhile, in terms of variance and energy outage probability
they do not differ significantly. RegardingAA− IS andSA,
we can observe that they even outperformAA− SSmin var’s
performance, whileAA− SSmax E is strictly superior in the
region of large path loss. Therefore, far devices are the most
benefited fromAA− SSmax E. Meanwhile, since the variance
of the incident RF energy (and also harvested energy as
observed in Fig. 6b) is the lowest underAA− IS and SA,
they are capable of providing a more stable energy supply,
which when operating near (or in) saturation makes the
devices to harvest more energy on average when compared
to AA− SSmax E. That is why the average harvested energy
underAA− IS and SA is the greatest among the practical
schemes forβ > 6 dBm. Specifically,AA− IS performs the
best in that region, whileSA is slightly better thanAA− IS

11Based on Remark 4 statement, specifically on (24) and (25), and (18),
AA− SSmax E provides∼ βκ

κ+1
(0.85

√
M − 0.64) more energy units than

AA− SSmin var on average.
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Fig. 6. a) Average harvested energy (top),b) variance of the harvested energy
(middle), andc) energy outage probability (bottom), as a function ofβ.

for β < 4 dBm. Discussions on this were carried out already
in Subsections III-C and VI-A.

As we already demonstrated and verified the necessity of
considering the mean phase shifts in the analysis, from now
on we just focus on showing the performance results under
random mean phase shifts, e.g. we dispense of “scheme” (φ =
0) performance curves.

In Fig. 7 we show the statistics (average in Fig. 7a and
variance in Fig. 7b) of the harvested energy, and the energy
outage probability (Fig. 7c), as a function of the exponential
correlation coefficient for two LOS profiles. As evidenced, a
greater correlation is beneficial under theAA− SS schemes,
especially under poor LOS where channels are more random.
A very counter-intuitive result is that LOS is not always
beneficial when transmitting the same signal simultaneously
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Fig. 7. a) Average harvested energy (top),b) variance of the harvested energy
(middle), andc) energy outage probability (bottom), as a function ofτ for
κ = {0, 10} dB andβ = 2 dBm.

through all antennas. In fact, the energy outage probability
under such schemes is lower forκ = 0 dB than forκ = 10 dB,
which also holds in case of the average harvested energy when
preventive phase shifting is not used, e.g.AA− SSmin var, and
for τ > 0.35 in case ofAA− SSmax E. Meanwhile, since
correlation (LOS) is well-known to decrease (increase) the
diversity,AA− IS andSA schemes are affected by (benefited
from) an increasingτ (κ) as shown in Fig. 7b and Fig. 7c.
Notice however that as claimed in Remark 6 the average
statistics of the energy harvested under such schemes is not
affected in any way by the correlation, and only a bit by the
LOS factor due to the non-linearity of the energy harvester.
In general,AA− SSmax E is the clear winner in terms of
maximum average harvested energy, whileAA− IS andSA
schemes offer better performance in terms of energy outage.
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Fig. 8. a) Average harvested energy (top),b) variance of the harvested energy
(middle), andc) energy outage probability (bottom), as a function ofM for
τ = {0.2, 0.8} andβ = 2 dBm.

C. On the impact of the number of antennas

Herein we investigate the impact of the number of transmit
antennas on the system performance. Fig. 8 show the average
(Fig. 8a) and variance (Fig. 8b) of the harvested energy, and
the energy outage probability (Fig. 8c) forτ = {0.2, 0.8}. As
expected, the average harvested energy underAA− IS and
SA remains constant asM increases, while the variance and
consequently the energy outage probability decrease. The latter
improves asτ decreases as commented in previous subsection.
Meanwhile, it is observed that a greaterM not always allows
improvements on the system performance when transmitting
the same signal simultaneously through all antennas. Interest-
ingly, as the correlation increases a greater number of antennas
is advisable, which does not occur for smallτ .

Results in Fig. 8 evidence that there is an optimum number
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Fig. 9. Average harvested energy as a function ofM for β = {−2, 8} dBm.
Non-linear EH model vs linear EH model withη = 20%.

of transmit antennasM∗. For instance, in terms of average
harvested energy,M∗ = 4 (8) and M∗ = 256 (16) for
τ = 0.2 and τ = 0.8, respectively, and under the operation
of AA− SSmin var (AA− SSmax E). Such phenomenon is
mostly due to the fact that asM increases, the chances
of operating close to the minima off(ψ, θ) increase for a
randomθ (see Remark 2), while the maximums can not be
fully exploited due to the non-linearity of the EH circuitry,
specifically due to the saturation phenomenon. To deepen this,
we show in Fig. 9 the average harvested energy as a function
of M for two different path loss profiles, while comparing
the performance under the non-linear EH function to the one
attained under the ideal linear EH model with20% of PTE12.
Notice that the performance grows unbounded under such
ideal model, which also happens when analyzing the average
incident RF power. However, under the non-linearities of the
energy harvester that is not longer the case. Since forβ = −6
dBm the device is likely to be operating close to saturation,
the optimum number of antennas is small, e.g.M∗ = 1 or 2,
but under greater path loss, such number goes up toM∗ = 16.

D. Exploiting positioning information

Throughout the paper we have assumed that the EH devices
are distributed uniformly around the PB, either because their
locations are unknown, or their deployment distribution is
nearly homogeneous. Herein, we show that even when such
assumptions do not hold we can still benefit from the analyzed
CSI-free powering schemes. As performance metric we adopt
the devices’ minimum average harvested energy, e.g., worst
node’s performance, hence, we aim to reveal the max-min
fairest scheme for wirelessly powering the three example
scenarios depicted in Fig. 10. For all them, we assume a PB
serving a10m−radius circular area where 80 EH devices13

12Instead of the maximum PTE we utilized a more conservative value.
13Notice that WET is usually practical at a scale of a few meters to tens of

meters, thus, a10m−radius area is a valid assumption. Also, the projections
towards 6G point to challenging scenarios with up to10 devices/m2 [44], [45],
thus, the considered80 deployed EH devices do not constitute a very large
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-free
schemes are when compared to the traditional CSI-based schemes [33].

Fig. 10. Devices’ minimum harvested energy for three different scenarios:
A) devices distributed uniformly in the area, B) devices distributed in two
clusters, and C) devices distributed in three clusters. The optimum powering
scheme is illustrated together with each scenario. The shown radiation patterns
are by no means exhaustive and are included for reference only.

are i) Scenario A: distributed uniformly in the area, ii)
Scenario B: distributed in two clusters on opposite sides of
the PB, and iii) Scenario C: distributed in three clusters, two
clusters as in Scenario B plus another cluster shifted∼ 90◦

with respect to the previous. Finally, we model the average
RF power available at certain distanced from the PB as
β (dBm) = 30 − 27 log10 d(m), which may correspond to
setups where the PB’s total transmit power is 1W, and channels
are subject to log-distance path losses with exponent 2.7.

As evidenced by Scenario A,SA constitutes the fairest
scheme when the nodes are distributed over the whole area,
e.g., without obvious clustering patterns. Notice that although
AA− IS attains a similar performance,SA is preferable since
it favors the farthest devices with EH hardware operating close
to the sensitivity region. Meanwhile,AA− SSmin var and
AA− SSmax E are in clear disadvantage because of their per-
formance minima at different angular directions as illustrated
in Fig. 1. Conversely, if the devices are deployed as in Scenario
B, the optimum strategy requires to rotate the PB’s antenna
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array14 20◦ counter-clockwise and then useAA− SSmax E.
Notice that this is more convenient than for instance rotating
the antenna array70◦ clockwise and usingAA− SSmin var

since this scheme provides narrower beams and thus powering
more dispersed clusters becomes less efficient. Also, just 2
(consecutive) out of the 8 available antennas are utilized such
that the side-beams are sufficiently wide to efficiently cover all
the EH devices. By doing so, the worst performing device can
harvest up to 1.5 dB more energy than under theSA scheme.
Similarly, the optimum strategy in Scenario C demands a10◦

clockwise rotation of the PB’s antenna array. Meanwhile, since
the devices are now grouped into clusters at∼ 0◦, ∼ 90◦

and∼ 180◦, 2 independent signals can generate the required
beams to power them, as illustrated in Fig. 10. Each signal is
transmitted with equal power over 4 (consecutive) out of the
8 antennas. The signals are transmitted respectively according
to the schemesAA− SSmin var andAA− SSmax E such that
all the clusters can be efficiently reached. By doing so, the
worst performing device can harvest up to 2 dB more energy
than under theSA scheme.

All WET schemes analyzed in this paper aim at powering
massive deployments of EH devices without costly CSI acqui-
sition overheads. Results suggest that:

• SA and AA− IS are preferable when the devices’ de-
ployments are not clustered, e.g., for powering dense
deployments of sensors and RFIDs in warehouse’s stor-
age areas. As highlighted in Remark 1 and discussed in
previous sections, the specific choice depends on the EH
operation region of the critical EH devices, e.g. devices
farthest from the PB or those with more stringent energy
demands;

• AA− SS is preferable when devices are clustered in
specific spatial directions; e.g., for powering parking lot
sensors.

VII. C ONCLUSION

In this paper, we analyzed CSI-free schemes that a dedi-
cated multi-antenna power station can utilize when powering
wirelessly a large set of single-antenna devices. Differently
from our early work [33], such CSI-free schemes were stud-
ied in a more practical setup that takes into account the
mean phase shifts between antenna elements. In addition to
AA− SS (All Antennas transmitting the Same Signal) andSA
(Switching Antennas) [33] schemes, we analyzed theAA− IS
(All Antennas transmitting Independent Signals) scheme as
well. We demonstrated that those devices far from the Power
Beacon (PB) and more likely to operate near their sensitivity
level, benefit more from theSA scheme than fromAA− IS.
However, those closer to the PB and more likely to operate
near saturation, benefit more fromAA− IS.

We characterized the distribution of the RF energy at the EH
receiver in correlated Rician fading channels under each WET
scheme, and found out that whileAA− IS andSA cannot take
advantage of the multiple antennas to improve the average

14This may be possible in static setups, where the task is committed to
the technician/user, or in slow-varying environments, where the PB itself is
equipped with rotary-motor skills and it is capable of adjusting its orientation.

statistics of the incident RF power, the energy dispersion
can be significantly reduced. Meanwhile, the gains in terms
of average RF energy depend critically on the mean phase
shifts between the antenna elements when usingAA− SS. In
that regard, we show the considerable performance gaps be-
tween the idealisticAA− SS studied in [33] and this scheme
when considering channels with different mean phases. Even
under such performance degradationAA− SS still provides
the greatest average RF energy when compared toAA− IS
and SA, although its associated energy outage probability is
generally the worst. Those trade-offs makeAA− IS andSA
schemes suitable for powering devices under harvest-then-
transmit/cooperate -like protocols, whileAA− SS seems more
appropriate for scenarios where the IoT devices are allowed
to accumulate energy.

Additionally, we attained the preventive phase shifting that
the power station could utilize for maximizing the average
energy delivery or minimizing its dispersion for each of
the schemes. Specifically, consecutive antennas must beπ
phase-shifted for optimum average energy performance under
AA− SS, while under other optimization criteria and/or differ-
ent schemes, there is no need of carrying out any preventive
phase shifting. Numerical results evidenced that correlation
is beneficial underAA− SS, while a very counter-intuitive
finding was that a greater LOS and/or number of antennas was
not always beneficial under such WET scheme. Meanwhile,
bothAA− IS andSA schemes benefit from small correlation,
and large number of antennas and LOS. Finally, we showed
that AA− SS (SA and AA− IS) is (are) the fairest when
devices are (are not) clustered in specific spatial directions. All
these are fundamental results that can be used when designing
practical WET systems.

APPENDIX A
PROOF OFTHEOREM 1

Departing from (8) and using (5), the RF power available
as input to the energy harvester obeys

ξrfaa−ss =
β

M

∣

∣1Thx + i1Thy
∣

∣

2

=
β

M

[

(

1Thx
)2

+
(

1Thy
)2
]

(a)
=

βR∑

2(κ+ 1)M

(

θ2x + θ2y
)

(b)∼ βR∑

2(κ+1)M
χ2
(

2,
2κ
(

υ1(ψ, φ)
2+υ2(ψ, φ)

2
)

R∑

)

, (35)

whereR∑ = 1TR1, while υ1 andυ2 are given in (17). Notice
that (a) comes from settingθ2x,y = 2(κ+1)

R∑

(

1Thx,y
)2

, where

θx,y ∼ N
(

√

κ
R∑ (υ1±υ2, 1

)

since1Thx,y is still a Gaussian

RV, where the mean is equal to the sum of the means of each
element of vectorhx,y, while the variance equals the sum of
the elements of covariance matrix 1

2(κ+1)R [46]. Therefore,

the mean and variances are
√

κ
2(κ+1) (υ1 ∓ υ2) and

R∑

2(κ+1) ,

respectively. Then,(b) comes from using the definition of
a non-central chi-squared RV [36, Cap.2] along with simple
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algebraic transformations. Finally, after using (16) we attain
(15).

APPENDIX B
PROOF OFTHEOREM 2

Based on (10), the RF energy available atS under the
AA− IS operation is given by

ξrfaa−is =
β

M

(

hTxhx + hTy hy
)

, (36)

for which we analyze its distribution as follows. Let us
definezx,y =

√

2(κ+ 1)R−1/2
(

hx,y−
√

κ
2(κ+1)ωx,y

)

which

is distributed asN
(

0, I
)

, then

hx,y =
1

√

2(κ+ 1)
R1/2zx,y +

√

κ

2(κ+ 1)
ωx,y (37)

hTx,yhx,y

=
1

2(κ+ 1)

(

R1/2zx,y +
√
κωx,y

)T (
R1/2zx,y +

√
κωx,y

)

=
1

2(κ+1)

(

zx,y+R−1/2√κωx,y
)T
R
(

zx,y+R−1/2√κωx,y
)

,

(38)

where last step comes from simple algebraic transformations.
Notice thatR = QΛQT is the spectral decomposition of
R [47, Ch.21], whereΛ is a diagonal matrix containing the
eigenvalues ofR, andQ is a matrix whose column vectors
are the orthogonalized eigenvectors ofR. In order to find the
eigenvalues,{λj}, of R, we require solvingdet

(

R−λI
)

= 0
for λ, which is analytical intractable for a general matrixR.
However, there is analytical tractability for the special case
of uniform spatial correlation. Notice that for the special case
of uniformly spatial correlated fading such that the antenna
elements are correlated between each other with coefficientρ
(Ri,j = ρ, ∀i 6= j), we have that

R∑ =M
(

1 + (M − 1)ρ
)

. (39)

Also, in order to guarantee thatR is positive semidefinite and
consequently a viable covariance matrix,ρ is lower bounded
by − 1

M−1 [48], thus− 1
M−1 ≤ ρ ≤ 1 and 0 ≤ R∑ ≤ M2.

Then, under such correlation model we have that [33, Eq.(32)]

Λ = diag
(

1− ρ, · · · , 1− ρ, 1 + (M − 1)ρ
)

, (40)

thus, matrixR is characterized by two different eigenvalues:
1−ρ, which is independent of the number of antennas but has
multiplicity M −1, and1+(M −1)ρ, whose multiplicity is1
but increases linearly withM . Then, matrixQT can be written
as shown at the top of the next page. Such representation can
be verified for anyM by using specialized software for matrix
processing such as Matlab or Wolfram.

Now, by substitutingR = QΛQT into (38) while setting
ζx,y=2(κ+1)hTx,yhx,y yields
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(
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where (a) comes after some algebraic transformations,(b)
follows from takingPx,y = QT zx,y ∼ N
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which come from using (40) and (41); while(c) follows after
taking cj ∼ N

(

0, 1
)

.
By incorporating these results into (36) we obtain the

distribution ofξrfaa−is as follows

ξrfaa−is ∼
β

2M(κ+ 1)
(ζx + ζy)

∼ β

2M(κ+ 1)

M
∑

j=1

λj

(

(

cj +
√
κuxj

)2
+
(

c̃j +
√
κuyj

)2
)

∼ β

2M(κ+ 1)

(

(1− ρ)χ2
(

2(M − 1),
2κυ̃(ψ, φ)

1− ρ

)

+

+
(

1+(M−1)ρ
)

χ2
(

2,
κf(ψ, φ)

M
(

1+(M−1)ρ
)

)

)

(45)

since c̃j ∼ N (0, 1),

ux
2
M + uy

2
M =

1

MλM

(

(

M
∑

t=1

ωxt

)2

+
(

M
∑

t=1

ωyt

)2
)

=

(

υ1(ψ, φ)−υ2(ψ, φ)
)2
+
(

υ1(ψ, φ)+υ2(ψ, φ)
)2

M
(

1 + (M − 1)ρ
)

=
2f(ψ, φ)

M
(

1 + (M − 1)ρ
) , (46)

while υ̃ = 1
2

∑M−1
j=1 λj

(

ux
2
j + uy

2
j

)

, which appears expanded
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
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







. (41)

υ̃(ψ, φ)
(a)
=

M−1
∑

j=1

1

2j(j + 1)

(

(

jωxM−j+1 − ωx1 −

M
∑

t=M−j+2

ωxt

)2

+
(

jωyM−j+1 − ωy1 −

M
∑

t=M−j+2

ωyt

)2
)

(b)
=

M−1
∑

j=1

1

2j(j + 1)

(

j
2
(

ωx
2
M−j+1 + ωy

2
M−j+1

)

+ 2 +
(

M
∑

t=M−j+2

ωxt

)2

+
(

M
∑

t=M−j+2

ωyt

)2

− 2j
(

ωxM−j+1 + ωyM−j+1

)

+

− 2j
(

ωxM−j+1

M
∑

t=M−j+2

ωxt + ωyM−j+1

M
∑

t=M−j+2

ωyt

)

+ 2
M
∑

t=M−j+2

(

ωxt + ωyt

)

)

(c)
=

M−1
∑

j=1

1

j(j + 1)

(

(

M−1
∑

t=M−j+1

cos
(

ψt + Φt

)

)2

+
(

M−1
∑

t=M−j+1

sin
(

ψt + Φt

)

)2

+ j
2 + 1− 2j cos

(

ψM−j + ΦM−j

)

+

−2j
(

cos
(

ψM−j + ΦM−j

)

M−1
∑

t=M−j+1

cos
(

ψt +Φt

)

+sin
(

ψM−j+ ΦM−j

)

M−1
∑

t=M−j+1

sin
(

ψt + Φt

)

)

+2

M−1
∑

t=M−j+1

cos
(

ψt + Φt

)

)

. (47)

as a function ofψ andΦ in (47) at the top of the page (below
(41)) and it is obtained by(a) using (44), (b) expanding
the quadratic binomials, and(c) performing some algebraic
simplifications by taking advantage ofsin2 a + cos2 a = 1.
Then, we attain (29) by regrouping terms and perform-
ing further algebraic simplifications by taking advantage of
cos a cos b+ sin a sin b = cos(a− b).

Notice that (45) holds under the assumption of uniform
spatial correlation; however, given that for theAA scheme
we were able of writing the distribution merely as a function
of parameterR∑, which is not linked to any specific kind of
correlation, we can expect that the behavior under theAA− IS
scheme depends, at least approximately, onR∑ rather on the
specific entries of matrixR. In fact, such hypothesis has been
shown to be accurate under the scenario of LOS components
with equal mean phases studied in [33]. To explore this, we
substituteρ =

R∑−M
M(M−1) coming from (39), into (45), such that

we attain (28).

A. Validation

To evaluate the accuracy of (28) we utilize the Bhat-
tacharyya distance metric [49], which measures the similarity
of two probability distributionsp1 andp2, and it is given by

dB(p1,p2) = − ln
(

cB(p1,p2)
)

, (48)

wherecB is the Bhattacharyya coefficient [49]. In the case of
our interest, both probability distributions characterizeξrfaa−is;
however, for p1 we assume a uniform spatial correlation
matrix R, thus we may use (28) which is exact in such
scenario; while forp2 we assume a randomly generated
correlation matrixR∗ such thatR∑ = R∗∑, thus, we evaluate

the distribution directly from (36). We utilize the histogram
formulation for estimatingp1 and p2. Specifically, we es-
timate p̂1 = {p̂1,i}i=1,··· ,m (with

∑m
i=1 p̂1,i = 1) and

p̂2 = {p̂2,i}i=1,··· ,m (with
∑m

i=1 p̂2,i = 1), wherem is the
number of histogram bins. Then, Bhattacharyya coefficient is
calculated as [49]

cB(p̂1, p̂2) =

m
∑

i=1

√

p̂1,ip̂2,i. (49)

By substituting (49) into (48) we calculate the similarity
between distributions. Note that according to (28) we have
thatdB(p1,p2) ∈ [0,∞), where0 corresponds to the case when
p1 = p2.

Fig. 11a shows the average Bhattacharyya distance,d̄B ,
as a function ofκ and φ for M ∈ {4, 8}, ψ = 0 (no
preventive phase shifting) andψ taken uniformly random from
[0, 2π]M−1 to account for different possible preventive phase
shiftings. We generated 1000 random correlation matrices and
averaged over the Bhattacharyya distance for the distributions
corresponding to each of them. We utilized2×105 distribution
samples and setm = 240, while the histogram edges were
uniformly chosen between0 and 6, which is an appropriate
range since, without loss of generality, we usedβ = 1. As
observed in the figure, the largest difference between both
distributions is whenψ = 0, M is small, e.g.M = 4,
and φ ≈ π/4 ± π/2. In such scenariōdB increases withκ;
however, according to further extensive simulations although
dB values become close to0.012 they never surpass such limit.
Meanwhile, for other parameter configurationsd̄B becomes
significantly smaller.
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Fig. 11. a) Average Bhattacharyya distance betweenp̂1 andp̂2 as a function
of κ and φ for M ∈ {4, 8}, ψ = 0 (no preventive phase shifting) and
ψ taken uniformly random from[0, 2π]M−1 (top). b) Monte Carlo-based
comparison between the exactp2 and proposed approximatep1 distributions
of the incident RF power under theAA− IS scheme. We setM = 4, φ =
3π/4 andψ = 0. The comparison is carried out for two different cases: i)
κ = 0, d̄B = 0.002; and ii) κ = 10, d̄B = 0.010 (bottom).

We selectd̄B = 0.010 and d̄B = 0.002 to illustrate the
cases of respectively large and small differences between the
considered distributions in Fig. 11b. Notice that the approxi-
mate distributions indeed approach the exact ones, even with
greater accuracy for smallerdB as expected. Finally, since
d̄B = 0.010 is a very pessimistic assumption as it is only
reachable for few values ofφ, results in Fig. 11b validate the
accuracy of (28) in general scenarios.
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