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Abstract—In the context of fully distributed systems, we
consider a scenario densely populated with wireless nodes which
are equipped with simultaneous wireless information and power
transfer (SWIPT) capabilities and can act as relays between
a source and a destination. In this scenario, the probability
of finding a node able to provide a useful contribution to the
quality of the link tends to be high and can be exploited
adopting a suitable relay selection scheme. Assuming nodes
distributed following a Poisson point process and communicating
only with source and destination to ensure the scalability of
the system, we consider two well-known relay selection schemes,
which are typically used as performance benchmarks, and derive
an analytical framework to investigate the performance of the
source-destination link in terms of outage probability. In our
analysis we include, through the use of a simple but effective
model, the non-linear effects of the energy harvesting circuitry of
the devices and introduce a simple signaling mechanism between
source, SWIPT nodes and destination to identify the most suitable
relay among the various SWIPT devices. The impact of multiple
access during the phase of relay selection is also modeled and
investigated.

Index Terms—Wireless ad hoc networks, non-cooperative re-
laying, Poisson point processes, Wireless information and power
transfer

I. INTRODUCTION

One of the key elements of the sixth generation (6G) of
wireless networks will be the presence of scenarios charac-
terized by a very high density of wireless nodes used for a
plethora of different applications. This will require the design
of devices able to work for many hours without the need
for recharging their source of energy [1]-[8]. One of the
most interesting solutions to reduce energy consumption is
the inclusion of energy harvesting features to the devices
in such a way that the required energy does not come (or
comes only partially) from batteries or power supply lines
but is collected directly from the environment through the use
of different strategies (solar, mechanical, electromagnetic, or
thermal energy) [9], [10].

In this regard, the concept of simultaneous wireless infor-
mation and power transfer (SWIPT), where it is assumed that
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the receiving device can perform both the detection of the
impinging signal and energy harvesting at the same time, has
gained particular attention [11]-[17]. This can be obtained,
as an example architecture, by assuming that the receiver has
two separate circuits to perform both energy harvesting and
signal detection, using time-switching, power spitting, or other
hybrid approaches [18], [19]. Among the possible scenarios of
interest, the use of SWIPT devices as relays to improve the
quality of the communication between two (or more) terminals
is one of the most promising, and this is particularly true in
the presence of a high density of nodes.

A. Related Work

When dealing with scenarios that include tens, or even
hundreds of nodes, it is important to decide how to model their
distribution in space and, in this regard, statistical geometry
models represent a good candidate [20]-[38]. Among all the
possibilities, those based on Poisson point process (PPP)
are undoubtedly the most used [20]-[35] with respect, for
instance, to repulsive point process, truncated cluster point
process or Ginibre point process models [36]-[38]. Indeed,
PPP models are preferable when: (i) the nodes are not con-
strained to some specific subregions; (ii) the node size is
relatively small compared to the inter-node distance, and; (iii)
the nodes are located independently to each other. In this
paper, we consider a scenario that typically does not allow
a planned deployment for reasons of urgency or cost, and
which is composed of sensors or Internet of Things (IoT)
devices deployed randomly over the environment. For the
reasons mentioned above, this scenario lends itself very well
to being modeled by a PPP without resorting to the use of
more complex models.

Among the papers addressing devices with SWIPT and
relaying capabilities whose positions are modeled adopting
PPP, it is worth mentioning one of the scenarios considered
in [20], which refers to a source that transmits to a destination
with the help of SWIPT relays. In the first case, the additional
relay-destination signal is assumed to be combined, using
maximal ratio combining (MRC) criterion, to the source-
destination signal to increase the overall signal-to-noise ratio
(SNR). Three relay selection criteria are considered in [20]:
random selection, selection based on second-order statistics
of the channel, and beamforming (in the case global channel
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state information (CSI) is available at source and relays).
Random selection of relay nodes is also considered in [21],
where the impact of interference coming from other sources
or other relays is investigated. A scenario where sources,
relays, and destinations are all located according to a PPP is
considered in [22]. In that work the use of network coding
is investigated. The use of PPP for modeling base station
or user’s positions in SWIPT scenarios with non-orthogonal
multiple access (NOMA) is examined in [23], [24].

B. Focus of the paper

In this paper we investigate a typical IoT environment
where a large number of low-cost and low-energy devices
are distributed in a given area and are willing to help the
communication between a sender and a destination acting
as decode and forward relays [39]. To save batteries the
devices use their SWIPT capabilities to collect energy from
the transmission of the source and use it to relay the message
to the destination. We assume that the relay nodes cannot
communicate with each other. Even if this latter assumption
may appear strong, in a scenario with hundreds of devices, the
additional burden required by the cooperation of nodes (even
if it happens locally) could lead to severe challenges in terms
of the design of multiple access schemes and interference
mitigation. The key aspect of the scheme is that when the
number of possible relays is large (i.e., when the node density
is high), there is a significant probability of finding nodes that
can assist the source-destination link with sufficient quality.

More specifically, the focus of our work is to derive a
general model that provides the statistical distributions of the
SNR at the destination and of the number of nodes that can act
as suitable relays. As an added value, the non-linearity of the
energy harvesting circuitry [40]-[44], which is shown to have
a significant impact on the overall system performance, is also
considered. By starting the derivation of the outage probability
with a general propagation model, we then specialize the
analysis to the Rician and Rayleigh fading. We consider two
relay selection criteria as performance benchmarks: one based
on a random selection of the relays and one which selects the
relay providing the largest SNR at the destination node. We
adopt these algorithms as they are well-known benchmarks
to assess the performance of a relay-assisted communication
system.

A further element of novelty of this work is that we present
and investigate a simple but effective signaling mechanism
among source, destination, and relays, which helps the desti-
nation to identify the relay; the same approach can be easily
reversed to leave the decision to the source. In particular,
unlike the random relay selection criterion investigated in [20]
and many other works, with the signaling mechanism we
consider in this paper, the node can be selected as a relay
only if it provides the destination with intelligible beacons.
The rough idea of the signaling scheme was presented in
[25], here the protocol is extended and detailed. We will show
in the numerical results section that this simple but realistic
signaling leads to a significant performance improvement over
conventional random selection schemes. Different from the

rest of the literature, our analysis also includes a non-ideal
multiple access scheme during the phase of relay selection.

C. Main contribution and paper organization

To summarize, the main contributions of the paper are the
following:

1) We derive a theoretical framework for the evaluation of
the distribution of the SNR received by the destination in
a single-source single-destination scenario with SWIPT
relay-assisted communication. The framework is general
and valid for any path loss and fading models considered
and can be applied to evaluate the outage probability of
the considered scenario. The model also accounts for the
non-linearity of the energy harvesting circuits and allows
us to show its impact on the overall performance for some
cases of interest.

2) We propose a signaling mechanism among source, desti-
nation and relays which allows the destination to identify
the relay. This mechanism can be easily applied to two
well-known relay selection criteria (random node or best
node choice). The difference is that now a node is selected
as a relay only if it gives a non-negligible contribution
to the destination. This aspect, whose implementation is
described in Sec. II-C and discussed in V-A, improves
the performance of the considered relay selection criteria
with respect to the corresponding approaches considered
in the literature.

3) The outage probability analysis is specialized for the
cases of Rician and Rayleigh fading. Numerical results
show the impact of fading on the overall performance.

4) We consider the impact of a general multiple access
scheme for the transmission of pilot signals of the nodes
that are candidates for the role of relay to the destination.
We also derive in Sec. IV-A an analytical model to
characterize the probability of collisions between pilot
signals.

The paper is organized as follows: Section II presents the
system model and main assumptions, Section III presents the
theoretical framework, Section IV discusses the performance
analysis, and Section V presents some numerical examples.
Finally, Section VI gives conclusions.

D. Notation

Throughout the paper, P{A}, ux = E{X} and Ex{-}
respectively denote the probability of the event A, the ex-
pectation of the random variable (RV) X, and the expectation
with respect to the probability density function (PDF) of the
random variable X, respectively. The notation ,ugf) and ox
denote the pm moment and the standard deviation of the RV X,
respectively. The functions fx (), Fx(x), and Fx(x) denote
the PDF, the cumulative distribution function (CDF) and the
complementary 1 — F'x(z) CDF of the RV X, respectively.
[|x|| is the Euclidean norm of the Np-dimensional vector
X= (:El;x% s 73:ND)'
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II. SYSTEM MODEL
A. Scenario

We consider a relay-assisted communication system with
source (S) and destination (D) nodes (see Fig. 1).

The source and the destination are located at fixed positions,
with source-destination distance denoted by dy = ||xs — xp|]-
The source has its own source of energy and does not im-
plement any energy harvesting technique. The communication
between the source and the destination is assisted by the
presence of additional nodes that act as relays. These nodes are
distributed, in an arbitrary Np-dimensional space S, having
Np-dimensional volume &,,, according to an homogeneous
PPP, with intensity (density) . The process can be denoted as
®()\) = {x1,X2, ...}, where x; is the location of the i relay
node. As assumed throughout the manuscript, we consider
low-cost relays that are not equipped with batteries and need
to collect energy from the environment through power transfer
[45]. To this end, we assume that the relays are characterized
by SWIPT capabilities. In particular, the receiver at each relay
consists of two circuits working independently one another:
one for energy harvesting and the second for decoding data
messages [4]-[6]. The receiver either commutes on the two
circuits at different times (time switching) or splits the received
signal to the two circuits at the same time (power splitting).
On the relay side, a decode-and-forward (DF) strategy is
applied. When the source transmits its message, the relay
activates the detection circuit and tries to decode the source
message; if the detection is successful, the remaining part of
the received flow is directed to the energy harvesting circuit.
The energy collected in this phase will be used to forward the
message received by the source towards the destination. Two
different relay-assisted strategies are considered: a) the relay is
randomly chosen among the set of nodes that are able to send
a beacon message to the destination; b) the choice is based
on the amount of power received by the destination. More
specifically, once the destination receives the beacon messages
from the possible relays, it estimates the received power and
selects, as a relay, the node providing the beacon with the
strongest SNR. It is worth noting that, although different relay
nodes can detect the message from the source, only one relay,
chosen according to one of the given criteria, is allowed to
forward the message to the destination.

As far as the propagation model is considered, if Px is
the power received by a given node, where the label X
denotes by a generic relay (indicated by index ?), i.e., (R,1),
or the destination (D), respectively, the relationship between
transmitted power and received power can be written as

Px = P ¢(dx) Vx (1)

where P,({T) is the power transmitted by Y, where Y stands
for either S or (R,4), dx is the transmitter-receiver distance,
¢(dx) is a distance-dependent function which accounts for
deterministic effects to the channel gain, and Vx is the
(random) fading component (which can include large-scale
fading, small-scale fading, or both). The monotonically non-
increasing function ¢(d) holds for several propagation models,
such as, for instance, ((d) = kd—P, where k and (3 are

suitable propagation coefficients or ¢(d) = k/(1 + d”) [20].
We also assume that the fading components of the different
links are independent, that is, their PDF can be written as

fviv; (isv) = fui (vi) fv; (v)) Vi, j i # 5.

B. Transmission Protocol

A two steps protocol (with each step lasting Tp) is con-
sidered. In the first transmission step (namely, phase I), the
source broadcasts its message to relays and destination. In
the second step (namely, phase II), one relay, selected among
the ones that are able to detect the message correctly and
have enough transmission energy, according to a selection
mechanism described in Section II-C, forwards the message
to the destination. Destination combines the signals received
in the two phases and possibly detects the message. After
phase I, the (baseband equivalent) received signal by a generic
relay (indicated by index i) and by the destination can be
respectively written as

Yr,i = \/1 — 97 \/PC(dR,Z) hRﬂ' s + NR,i (at the relay)
Yo = v/ P{(do) ho s + ng (at the destination)
2)
where P £ PS(T) is the power transmitted by the source, s is the
message to be sent to the destination, with E {|s[*} =1, hg ;
and hg are the complex fading (signal) components with Vx =
|hx|?, nr,; and ng are thermal noise terms, with E {|ng ;|?} =
E {|no|*} = o2. The term /1T — 6;, with 0 < 6; < 1, accounts
for the fact that only a fraction of power might be used for
detection purposes by the relay, and the remaining power (if
any) can be harvested for the transmission in the next phase.
Several criteria can be chosen for the parameter 6;, which
depends on the channel condition of each relay. We choose the
minimum value of 6; that implies an achievable rate between
source and relay ¢ equal to R. Under such condition, the value
of 6; becomes [20]

ngdel }
0; = max{0,1 — =—————— 3)
{ P((dr,i)VR,i
where pge; 2 22% — 1 represents the SNR that is required

during the detection procedure in order to guarantee a com-
munication rate R. It is worth noting that, in realistic power
conversion circuits, the behavior of rectifiers tends to be
nonlinear and typically present phenomena of saturation of
the harvested power [40]-[42]. To account for this aspect we
assume that, when the available power is sufficiently small, the
behavior of the energy conversion efficiency is independent
of the input power level, but after a given threshold on
the available power, Py, the circuits tend to saturate. To
summarize, under the hypothesis that P¢(dr:)Vr: > Plets
with Py £ paet0?, we assume that the power available for
transmission purposes in the second phase is

P _ { n[P¢(dr,i)Vr,i — Paet) for PC(dr;i)Vr,i < P
Rji =

77Pmax for PC(dR,i)VR,i > P
“4)
where 7 denoted the index of the selected relay, n is the
energy harvesting efficiency coefficient, which is supposed to
be constant in the linear regime, and Py, £ P..— Pie. Then,
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Fig. 1. System Scenario. During the first phase (phase I), only the nodes able to decode the source message are considered as possible relay candidates.
During the second phase (phase II), a single SWIPT node acts as a relay and forwards the message to the destination. The black square markers indicate the
source/destination nodes; the green and yellow ones are, respectively, the nodes unable and able to detect the source message. The red-encircled yellow node

is the node selected as a relay.

the destination combines the signals received from the source
and the selected relay 2. Using conventional techniques, such
as, for instance, MRC, the overall SNR at the destination can
be written as
PC(dp i) Vo,

U 5)

PC(do)Vo

:p0+pD,i: P}
g g

Ptot

where pg £ P((do)Vy/o? is the (instantaneous) SNR after
the first phase, which is related only to the direct source-
destination link, Vj is the power fading component of the
source-destination link, pp ; £ PD,i/a2, where Pp; is the
power received by the destination from the selected relay .
It is worth noting that we consider only single-antenna
devices and no transmit power control, therefore channel state
information is necessary only at the receiver end.

C. Relay Selection Protocol

In the paper we assume that a generic node ¢ is selected
as a possible relay to forward the message to the destination
only if fulfills the following conditions:

1) The node is able to detect the message from the source
at the given rate R. This condition happens when the
received SNR at the node is larger than the threshold pge

Pl(dr ) VR
PR = % > Pdet - (6)

2) The node has collected enough energy to transmit the
message to the destination. In particular, the SNR at
the destination must be sufficiently high to allow some
basic operations at the reception, such as, for instance,
synchronization and channel state estimation. To this aim,
to be identified as a relay, the SNR at destination must
be larger than a minimum threshold which depends on
the receiver sensitivity, that is

P (i) Vo
pp.i = RVT > Pm W

where dp ; is the distance between the generic relay and
the destination and P,, = p,02 represents the minimum
received power which allows synchronization and channel
state estimation, P, is generally smaller than Py.

If both the conditions are fulfilled, we say that the energy
harvesting node is available for relay (EHAR). Note that in the

previous works dealing with relay-assisted communications
with SWIPT only the first condition is commonly considered.
In our opinion, the presence of the second condition makes the
system more realistic for practical implementation. To ensure
this, we propose the following pilot-exchange signaling: we
assume that nodes that are able to detect the source message,
according to condition 1), send a beacon message to the des-
tination through the use of some multiple-access mechanism.
The impact of this multiple-access mechanism on the system
performance will be discussed in Sec. IV-A. It is worth noting
that the duration of this phase, Tr,, is chosen in order to
reduce possible collisions between pilots at the destinations
and allow pilots to be correctly received. Only the nodes that
provide the destination with intelligible beacons are considered
for acting as a relay. Once the relay is identified, according
to one of the two criteria that will be discussed later, the
destination broadcasts (during the step of duration T’r,) an
acknowledgment beacon with the identification of the selected
relay. This signaling mechanism, which is organized in two-
time slots, is included between the two data transmission
steps, as shown in Fig. 2. Finally, the selected relay sends the
message to the destination during the second data transmission
step (see Fig. 2). We assume that the durations of Tg,
and T'r, are significantly shorter than the data transmission
periods (of duration Tp); for this reason, we will neglect,
in the subsequent analysis, the energy spent for the relay
selection steps. We also assume that fading conditions are
slowly varying so that fading coefficients remains constant for
all the duration of Phases I and II.

In this paper, we consider two well-known relay selection
strategies: in the first one, we assume that the relay is randomly
chosen among the set of EHAR nodes that are able to send
their pilot to the destination; this strategy is denoted as random
choice criterion (RCC). This approach is similar to other
choices based on a random selection of the relay but now,
thanks to the signaling mechanism described previously, the
relay can be chosen only if its contribution to the destination
is not negligible. The second method is based on the amount
of power received by the destination. More specifically, once
the destination receives the pilot messages from the possible
relays, it estimates the received power and selects the node
providing the strongest SNR, pi"*™ as its relay. This strategy
is denoted as strongest power criterion (SPC). It is worth
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Fig. 2. Message exchange through time.

noting that this mechanism requires additional computational
burden as the destination needs to estimate the received SNR
from the different relays. On the other hand, this strategy repre-
sents an interesting benchmark as it provides the performance
upper bound (in terms of SNR) among all the relay selection
algorithms based on conditions 1) and 2).

IIT. MAIN RESULTS

To calculate the outage probability of the system we need
to evaluate the probability distributions of the number of
SWIPT nodes that can act as relays and of the received
SNR, pp. Proposition 1 and Corollary 1 give us the statistical
characterization of the number of SWIPT nodes whereas
Proposition 2 and Corollary 2 provide the distribution of pp.

A. Results for the General Scenario

Definition 1: Given the PPP ®(\), defined in Sec. II-A and
the propagation model described in Sec. II-B, we define F(w)
as the event that a node belonging to ® () fulfills the following
two conditions: pr > pger and pp > w, that is!

F(w) 2 {(pr > paer) N (pp > w)} . (8)

We also define as ® z(,,)(\) the subset of nodes of ®(\) which
fulfill condition (8). Based on this definition, the condition
that a node is EHAR becomes a special case of F(w), that is
Fmn = F(pm), and the subset of EHAR nodes is denoted as
Dz (N).

Proposition 1: Under the hypothesis described in Sec. II,
the subset of relays belonging to ® z(,,(A), whose cardinality
can be denoted as N(w), belongs to an inhomogeneous PPP.
Consequently, N(w) is a Poisson RV whose mean is

BN (w) = /\/S o(w,x)dx w>0 9)

'We have skipped the dependence on pge in the definition of F(-) for the
sake of conciseness.

o2 [T Ry (“(“;’X)+b<x>) fu(z)dz (10)

c(w,x)

With pmax 2 Pax/0? and

a(w X) w o2 ) b(X) A szdet .
P((dr (x))¢ (dp(x))n’ P((dr(x))’
T A 11
TN ES T “
Proof: The proof is given in Appendix Al. [ ]

The results of Proposition 1 led us to the following Corol-
lary which provides the distribution of the number of nodes
able to detect the message from the sender and with pp > pp.

Corollary 1: The subset of relays belonging to ® £, () (the
set of the EHAR relays) belongs to an inhomogeneous PPP,
and their number, Nz, = N (pm), is a Poisson RV with mean

HUNzm = A / 0(pm, %

Proof: The proof is a straightforward application of
Proposition 1. [ ]
Remark 1: Tt is worth noting that o(pn, x) gives the proba-
bility that a EHAR is located in the position x. Therefore, the
plot of the function o(pm,x) can be used to identify what is,
statistically, the best position for the relay.

Proposition 2: Let us assume the scenario and transmission
protocol described in Sections II-A and II-B, respectively; the
probability that the SNR pp received by the destination from a
node belonging to the subset ® r(,,)()) is larger than a given
value y, with y > w, is

12)

— fs Q(y7 X) dx /LN(U)
P{pp > y|F(w)} =F () =
{ D ‘ ( )} Pp|F( )( ) fs Q(w X) dX /LN(U))
(13)
Proof: See Appendix A2. [ |

The results of the previous Proposition lead us to write the
following Corollary which provides the CDF of pp, of a generic
EHAR node.

Corollary 2: Let us assume the scenario and transmission
protocol described in Sections II-A and II-B, respectively, the
CDF of the SNR received by the destination from a generic
EHAR node (the index ¢ is omitted for simplicity) is

KN
Fpy 7, (y) = P{pp < y|Fu} =1~ %
Fm

Y2 pm- (14)
Proof: The proof is a straightforward application of
Proposition 2. [ ]
The case of completely linear energy harvesting can be seen
as a special case of the non-linear model considered in the
paper. In particular, we can introduce the following Corollary.
Corollary 3: In the case of pm,x — 00, that is, (ideal) linear
power conversion of the harvested energy, the expression for
(10) simplifies as

o) = [ Fi (M 009) o) a9

Proof: The proof is a straightforward application of
Proposition 1. [ ]
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We also observe that Proposition 2 allows us to obtain some
insights on the probability that a generic node of ®()\) can
become EHAR.

Remark 2: The probability that a generic node in ®(\)
fulfills the condition F(w) can be written as

AN (w)

P{F(w)} = H5C

therefore, the probability that a generic node becomes EHAR
is

(16)

ﬂN}'m
Sm
Proof: The proof can be easily obtained from (48). H

IP){]:m} =

a7

B. Rician Fading Case

It is worth noting that the previous results are valid for
an arbitrary propagation model and for an Np-dimensional
scenario. These results can be specialized for the Ricean fading
case. Under this condition, the PDF and CDF of Vx, with
X =0, R, D can be written as

P ) = (14 K)e e 0501, (2 /y R 7 o)
(18)
Fy(y) =1-Q <\/2KR7 V2(Kr + 1)y) (19)

where Ky is the Ricean K-factor, I,,(-) is the modified Bessel
function of the first kind and @,(-,-) is the generalized
Marcum-Q function. Unfortunately, for finite values of Pp,x,
that is, nonlinear energy harvesting, there is no closed form
expression for (10). To obtain a function which is easier to
integrate (in terms of a(y,x) and b(x), which depend on the
path loss model adopted) we use the following proposition.

Proposition 3: Let us assume Ppax — oo and Fy, (+) and
fw, (+) written in terms of (19) and (18), then o(w,x) of (10)
becomes

o(y,x) = (Er{+ Kr))"

1 K —Kr—(Kr+1)b(x)
(14 Kr)e Z ()2

n=0

< [BMR, Ay x) + 3 Cn(K)
m=1

" i <a<y,x>5b<x>z(;3j:)gKR,a@,x)))] (0)
where
Bu(z,0) 2 20" % K14 (2(1 + 2)V/a) Q1)
and L
Con(2) 2 (2 +1)™ (1 - Z; ) (22)
1=0

K,,(z) is the modified Bessel function of the second kind
[46].

Proof: For a sketch of the proof we substitute (18) and
(19) in (10), recall that Ip(z) = 325°, (z(i{)iy [46] and that the
Marcum-Q function can be written as an infinite sum as well
[47, eq. (9)]. Then, the double infinite sum in the integral
of (10) can be brought outside the integral by applying the
Tonelli’s Theorem. ]

Remark 3: Is worth noting that the two infinite sums in
(20) can be truncated to a finite number, say N(KR), in
order to obtain an approximate, but more easily computable,
expression. As a rule of thumb, in the numerical results, we
have assumed N (Kr) = max{20,2KR}.

C. Rayleigh Fading Case

Although there is no closed form expression for (10) for
finite values of pn,y, in the case of Rayleigh fading, due to the
simple form taken by the distribution of V and Vp, we can look
for an approximate expression for the integrand function of
(10). In particular, we observe that: i) the function e~/ % hag
a shape that can be approximated as a Gamma distribution; ii)
although f( Oo e~%/%=%dz does not have a closed form solution
for ¢ > 0, the following integral can be written in terms of
modified Bessel functions

oo
A _ _ 1+n
mn(a):/ 2MeVE Ay = 2072
0

f{1+n(2\/a)

where ¢ € R, a > 0, n € N, n > 0. The pre-
vious considerations lead us to approximate the function
e~%/*=% /mg(a) using the PDF of a Gamma distribution given
by a7 1e=2/% J(9T(p)), with p = m3(a)/(m3(a) — m3(a))
and 0 = (m3(a) — m3(a))/(mo(a)mi(a)). Under such
assumption, the integral in (10) can be solved also for finite
pmax and Rayleigh fading and becomes

(23)

( 2v/a) ki (2/a(x)) ey (T(a(x)), 222 )
o\w,X) =~
(Y (a(x))) o4
" T(y) = ! (25)
V= Remkem
BV
and
PRV

[1]

2
(y) K>2vy) (2\/@) . (26)

—vZ (f(g(z\@) - =
K>(2y/y) Ki1(2y/y)

In the special case of pn.x — 00, we can use the following
Corollary to obtain an exact expression for g(w, x) in (10) for
the Rayleigh fading.

Corollary 4:

Under the same assumptions of Proposition 1 with pp,x —
oo and Rayleigh fading, (10) can be written as

_ g o ?¢(dR () ¢(d C(d
Q(yvx) =e ng 2\/1,/ ( l:](;(;l/(af(x))

: y¢(dr (x))¢(dp(x))
R <z\/ Ll )
for y > 0.

Proof: The proof of (27) is a straightforward application

of Proposition 1, where we have used (23) with n = 0. |

Remark 4: Tt is interesting to note that o(0,x), which takes

a very simple form in the Rayleigh fading case, gives the

probability that a node located in x is able to detect the
message emitted by the source (condition pr > pp).

27)
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Remark 5: In the Rayleigh fading case and high SNR at the
relays, that is, when % > paer WE get

 paero 2 (dR (%))
Pk

~1. (28)

In this particular case, if a node is located in x4 with
dr(x4) = dy and dp(xa) = do is approximately equal to
o(y,xp) where xp is such that dr(xp) = d2 and dp(xp) =
di. This can be shown by substituting (28) in (27) and
observing that ((dr(x4))¢(dp(x4)) = ((dr(x5))¢(dp(xB)).
As a consequence, for each position x4 there exists at least
another position xp such that the corresponding values of
o(y,-) are almost equal. This consideration suggests that,
under high SNR regimes, such that condition (28) holds, for
each position around the source characterized by an high
probability of being EHAR there is at least another position
around the destination, characterized by the same probability.
Furthermore, since the function K (z) is a non-increasing
function for z > 0, its maximum is achieved for z = 0. It
is easy to show that the quantity %W in (27) is
minimized when x = xg or x = Xp. Hence, under a high
SNR regime, o(y, x) reaches its maximum value at the source
and the destination.

IV. PERFORMANCE ANALYSIS
A. Relay Selection Mechanism Analysis

In Section II-C we have assumed that a multiple-access
mechanism is introduced to allow relays that fulfill condition
1) to send a pilot message to the destination. Owing to the
limited amount of radio resources adopted for this phase, there
is a nonzero probability that only a subset of the pilot messages
is correctly detected by the destination. To account for this
situation, which affects the system performance, we assume
p; as the probability that a pilot message is correctly detected
by the destination, where ¢ is the number of EHAR nodes.?
To keep the analysis simple, we assume that the probability
that a pilot is received by the destination does not depend
on its received value (apart from condition 2), that is, no
capture effect is considered. This assumption is rather general
and can be used to estimate the impact of different multiple-
access schemes.> Now, let us define Fe as the condition that
an EHAR node is actually able to transmit its pilot to the
destination, and the number of nodes that fulfill F¢ is defined
as Ng. Owing to the reduced number of resources devoted to
this purpose, we have that Ng < Nz, and the distribution of
Ng¢ can be written as

Pej 2 P{Ng = j} =Y P{Ng = j|Nry = i}P{Nry = i}.
i=j

(29)

>The nodes that transmit a pilot to the destination are those that fulfill
condition 1) of Sec. II-C, therefore, the EHAR nodes are only a subset of
the initial set of nodes. However, only the EHAR nodes, through condition
2), can provide a not negligible contribution at the destination, therefore, we
assume that only EHAR nodes can be prone to collisions.

3To give an example, for multiple-access schemes that allow each relay
transmitting a pilot to randomly choose a radio resource from a pool of M

M—1 i—1
M )

orthogonal resources, we have that p; = <

The derivation of P{Ng = j|Nzy = i} is complicated and
depends on the specific multiple access scheme; to simplify
the evaluation, we assume that the event that a given message
is correctly detected by the destination does not depend on
what happens to the other messages. Under such assumption
we can use the binomial distribution and obtain

] THNg,

Z. j ZflLL’?V ﬂ!e
Pej= Z (j)pf(l —pi) J%

=]

(30)

It is worth noting that, when the number of resources and of
the EHAR relays is very large, (30) tends to the exact solution
of Pg ; for a multiple access with complete random access to
the available resources. Equation (30) shows also that, once
this kind of multiple-access mechanism is considered, the
distribution of the number of relays that are able to transmit
their pilot to the destination is no longer Poisson. Finally, the
probability that no EHAR can send its pilot message to the
destination can be written as

00 % KN e
ZMN me Fm i .
Peo=Y (1-p) % =Y (1—p)'P{Ng, = i}.
=0 : =0

3D

It is worth noting that the overhead of the signaling mecha-
nism proposed is due to the inclusion of two phases of overall
duration Tr = Tr, +Tr, (see Section II-C and Fig. 2). Since
the second phase only requires the transmission of the identi-
fication code of the chosen relay, its duration can be neglected
if compared to the duration of data transmission. Differently,
the duration of the first phase depends on the number of
resources dedicated to the multiple access mechanism, which
directly impacts its reliability. To quantify Tk, , we can express
pi = (1—peon)* ™1, where peon can be defined as the probability
of collision when only 2 EHAR nodes try to send their pilot
message to the destination. With this definition and assuming
that we use M orthogonal radio resources for the multiple-
access scheme, we can write T, = MTg where Tg is the
time necessary to transmit a beacon message. Now, if we fix
an acceptable value for peoy, and knowing that peoy = 1/M,

Peoll
we have assumed that Tk, can be approximated with T's. To

give a numerical example, if we fix an acceptable value of
Deol = 0.1, we obtain that the duration of T’r is approximately
11 Ts.

we obtain T, = Ts/peon and Tr = Ts (1 + i) where

B. Outage Probability

We define the outage probability as the probability that the
overall SNR at destination is below the threshold pge, that
is, Py 2 P{ptot < pdet}, Where py is defined in (5). This
probability can be reformulated as

Pow = P{NS = 0} Pout\(Ng:()) +HD{N5 > 1} P0u1|(N521) :
@) (ii) (iii) (iv)

(32)
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Where (i) and (iii) can obtained from (31). In the absence of
available relays (V¢ = 0), only the direct link between source
and destination is present, and the probability (ii) becomes

P )

pdeto'2 _ pdeto'2 )
<H%9J%@ww'6$

To obtain (iv) of (32), we observe that the probability
Pout|( Ne>1) can be rewritten as

Pout|(Ne=0) =

=P{V,

v) (vi)

Pout|(N521) = P{Po < pm} ]P{pD < pdetl}—é‘} +P{pm <po < pdet}

1) Random Choice Relay Selection Criterion: In the case
of RCC, we observe that P{pp < y|Fe} = P{pp < y|Fm}.
as we have assumed in Sec. IV-A that the probability that the
destination is able to receive the pilot from a specific EHAR
relay depends only on the number of available resources and
on the number of relays, but does not depend on the received
power level. Thanks to this assumption, probability (vi) of
(34) can be obtained from (14) of Corollary 2 with y = pge.
Furthermore, (37) can be written as

2
)

N P¢(do)

R ((pdet —pm)UQ) B o’
Y\ P¢(d) 1N 7 PC(do)

(vii)

x P{po + pp < pact|Fe, pm < po < pact} (34

(viii)

as we have assumed that the destination cannot perform any
basic operations if the received SNR is less than the threshold
pm. Probabilities (v) and (vii) in (34) can be obtained as

2
P{po < pu} = F, (%) (35)

and

2
Pdet0

0_2
P{pm < po < pact} = Fv, (Pg(do)> ~ (lfgl(dO))
(36)

respectively. Probability (vi) of (34) will be obtained in the
next sections for the specific relay selection criteria and,
finally, (viii) of (34) can be written as

P{po + pp < pact|Fe, pm < po < paet} =

Pdet — Pm
= / P{pD < y|.7:5}fp0 (pdel - y) dy
0

B 0_2 Pdet — Pm (pdet _ y) 0.2
— PC(dO) /m FpD\]:g (y) fVo < PC(dO) ) dy
(37)

where we have exploited the fact that py and pp are both
limited between py and pge. To evaluate F, ) 7, (y) of (37)
we will specialize the results according to the relay selection
criterion adopted in the next sections.

Remark 6: 1t is important to observe that, if pgey < 2pp, We
get

P{po + pp < paet|Fe, Pm < po < pae} =0 (38)

as the two conditions pp > pm and py > py are sufficient
to guarantee that pp + pg > pger. Under this condition, the
evaluation of P(,m‘( Ne>1) can be limited to the evaluation of (v)
and (vi) of (34) and the expression for the outage probability
simplifies to

pdeta'2
P(¢(do)

pm02

X {Fv0 (P((do)) P{pp < ylfs}] if paet < 2pm . (39)

Py = Pe o Fy, ( ) +(1—Pey)

0_72 /Pdet—l’m (1 B ,uN(y)) f <(pdet - y) g
PC(dy) J,, !
> dy (RCC) (40)

Pdet— Pm (pdet _ y) 0_2
x/ HN(y)ng <PC(do)

by substituting (29), with j = 0, (33) and (14) in (32); (35),
(36) and (40) in (34) and then in (32), we obtain the outage
probability for the RCC case.

2) Strongest Power Relay Selection Criterion: In the case
of SPC strategy, (i), (ii) and (iii) of (32) remain the same as
the RCC case. To evaluate (iv) of (32) we can still use (34)
and (37), but now F, 7, () in (vi) of (34) and (37) have to
be replaced with F e 7. (") To evaluate this distribution,
we recall that

P{pl"eY < y| Fe} = P{all the Ng nodes have pp < y}

= P ZP{N£:]}H th|]:£

— _Pg ZP{Ng — JYE ()

where we have used the fact that pp; are i.i.d. based on
the assumptions on the multiple-access scheme given in
Sec. IV-A. According to these assumptions, we also obtain
that F, | 7. (y) = F, |7, (y) (the probability to be received by
the destination does not depend on the value of the received
power) and (41) becomes

(41)

PUS < ylFe) =

)

HN 7,
(42)

Finally, to evaluate (viii) of (34) we can substitute (42) in
(37) which becomes

0_2 o Pdet — Pm :LLN(’U) )]
P((do)(1 — Pe o) ; ° /m < ANy
(pdel - y) o?

Remark 7: If the statistical distribution of Ng was Poisson
with mean p, we would obtain

X eTH zF'gnl}_g(y)

1
1—6*/‘2 il

=1

Prob{pl™™ <yl e}

e o7 (V) _ o—n
= (44)
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Therefore, in the case of multiple-access scheme with infinite
resources (that is, p; = 1 which gives Ng¢ = Ngp), the
distribution would take this simple expression

_ AN (y)
e MN}"“(HN}—m>
P (largest)< F _ _
{pD y| S} 1— e*UIN]_—m

eflu'N(y) — e_HN]:m

1—¢e /NFm

(45)
and (viii) of (34) would simplify as
0.2 /l)del_pm ( (pdet _ y)02 )
- e"HINw ———|d (46)
PCdo) J,, o\ et )"

for the SPC criterion with ideal MAC.

V. NUMERICAL RESULTS

To validate the analysis, we consider a 2-dimensional sce-
nario with a channel gain model: ¢(d) = k/(1+d?). In all the
figures, except Fig. 7, we have considered Rayleigh fading as
it represents the worst-case scenario among the possible values
of Rician K-factor Kg. Non-linear energy harvesting and non-
ideal multiple-access for pilot signals are considered in Fig. 8
and Fig. 9, respectively. The following parameters have been
used for all the figures: 3 =2, k =1, n = 0.5, » = 0.1 bit
per channel use. We assume that nodes are distributed in the
whole scenario, that is S is all the 2-D plane.

A. Random Relay Selection Efficiency and Impact of py,

Note that the special case of Rayleigh fading, ((d) =
k/(1+ d”) with relays distributed in a circular area S around
the source, p, = 0 and linear energy harvesting has been
previously obtained, using a different approach, in [20, eq.
(9)]. The choice of a relay that is only based on the value
of pr simplifies the selection procedure. Still, it presents the
clear disadvantage that there is a significant probability that,
in the case of RRC, the selected node provides a negligible
contribution in terms of overall performance. To quantify this
effect, we use the results of Sec. III. In particular, we apply the
results of Proposition 2 to evaluate the following probability

KN (pm)

P{pp < pmlpr > paet} =1 — ——=
HN(0)

(47)

which gives the probability that a node, selected using the
only criterion pr > pger, provides at the destination a power
that is insufficient to perform basic operations like channel
estimation or synchronization. The case of Rayleigh fading
and linear energy harvesting, which can be studied by applying
the results of the Corollary (4) to (47), is addressed in Fig. 3.
The figure, which has been obtained for dy=10 m, shows the
probability that a generic node with pr > pger provides a SNR
at the destination below py, for different values of the threshold
pm- The results are parameterized for five different values of
pr1, ranging from 10 to 50 dB. The figure clearly shows that for
values of py = 0.1pge or larger, the probability that the SNR
at the destination due to the relay is less than py, is higher than
85 % for a very large range of pr. Therefore, most nodes that
receive sufficient energy to decode the message (R > Pdet)
are then unusable as relays.

9
r=0.1bitluse, k=1, =2,n=0.5
-
g
AN
o
Y
g
QU
\
g —eo— pr=10 dB
& —m pr=20dB ||
0.2 i —— p1=30 dB | |
pr=40 dB
—s— p7=50 dB | |
Oez ! ! ! I
0 0.02 0.04 0.06 0.08 0.1
Pm/ Pdet

Fig. 3. P{pp < pm|pr > paet} as a function of pm (normalized with respect
to pdet), for different values of pr.

r=0.1bitluse, k=1, =2, n=0.5

10° ¢——o—u—u—u—u—u
PR > Pdet E
107 F E
. g E
. - 1
g i |
Vv i 3
& | PR > Pdets PD > Pm |
S
B 2
107“ E
F —x pm/pdet=0-01 R
B —+— pm/Paet=0.05 | ]
| = 0.01,0.05.0.1,05 pm/pae=01 |
-pm = 0.01,0.05,0.1,0. P/ Pae=0.5
1073 | \ \u
0 5 10 15 20

pr [dB]

Fig. 4. P{pp < pm} for EHAR nodes and for nodes chosen according to
the criterion pr > pger as a function of pr, for different values of pm/pdet-

If we want to study the effectiveness of finding suitable
relays for the two different random relay selection strategies,
that is, the one based only on the condition P{pr > puet}
and the one based on the choice of EHAR nodes, we have
to consider that a more restrictive condition such as that
applied to EHAR nodes tends to increase the probability that
no node satisfies the imposed conditions. Therefore, for a
fairer comparison between the two strategies, we include the
probability that no node satisfies the corresponding criterion.
To this aim, we consider an ideal multi-access scheme, that is
Ng = Ng,, and evaluate P{pp < pn} for the two strategies by
using P{N(0) = 0} + P{N(0) > 1}B{pp < pulN(0) > 1}
for the first criterion, where N(0) is the number of nodes
such that P{pr > pn} and P{Ng = 0} for the criterion
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based on EHAR nodes, since, by definition of EHAR node,
the condition P{pp > pn} is always fulfilled if at least one
EHAR node is available. The results are shown in Fig. 4
(linear energy harvesting) which represents P{pp < pm} as
a function of pr for different values of the ratio pm/pger €
{0.01,0.05,0.1,0.5}, A =0.1 nodes/m? and dy = 10m. The
figure shows that a random criterion based on EHAR (RCC)
reduces significantly the probability that the selected node is
unable to be used by the destination. When py, = paet/2,
this probability is less than 10% for pr larger than 18.4 dB.
On the contrary, a random criterion based only on pr > pn
is unable to identify suitable relays (this probability for all
the considered values of pp/pae is always larger than 80%).
We also note a non-monotonic behavior of the curve for
Pm/paet = 0.01. This can be explained by observing that, for
small values of pr, the probability that N(0) = 0 is small,
and the contribution of P{N(0) = 0} is not negligible. By
increasing pr this probability tends to approach zero, and the
dominant term becomes P{pp < pm|N(0) > 1}. It is worth
noting that when the nodes are distributed only in a small
circular area S around the source, as it was assumed in [20],
the probability of finding suitable relays increases significantly
even with the criterion based only on P{pr > pget}-

B. Outage Probability

All the results of this section have been obtained by consid-
ering a value of A\ = 0.1 nodes/m? and py, = paer/2. In the fol-
lowing figure, we investigate the capability of the relay nodes
to reduce the outage probability. Specifically, Fig. 5 shows the
probability that pp > y in the case the node is EHAR with
random relay selection, for values of y ranging from p,, to
paer and different values of pr € {10,20,...,50} dB. We can
observe that for high values of pr, the probability that pp is
larger than pqe, that is, the probability that the relay is able
to provide a contribution sufficient to guarantee the absence
of an outage even if the direct link is unavailable, is of about
70%. This probability reduces to 25% for pr = 10dB.

Fig. 6 shows the outage probability as a function of py for
two different values of source-destination distance, that are
dy = 10m and dyp = 20m. We compare the performance of
direct link and relay-assisted communication with both RCC
and SPC. In this figure we have assumed that the multiple-
access scheme is ideal, that is, p; = 1. The figure clearly shows
the beneficial impact of the use of EHAR nodes. We also
observe that, if we allow nodes to be distributed in the whole 2-
D infinite plane, the diversity order of RCC is 1 instead of the
value of 2 that we would obtain if we restricted the presence
of the relay nodes to a circular area around the source, as
assumed in [20, Corollary 1].

The impact of fading on the outage probability is studied
in Fig. 7 where we show Py as a function of pr for different
fading conditions: the Rician K-factor Ky ranges from 0
(Rayleigh case) to infinite (no fading case) and both RCC and
SPC criteria are considered. From the figure we can observe
that the degradation due to fading is of several dB. To give an
example, for a value of outage of 10~2 the increase in terms
of required transmitted power is of about 8 dB when passing

r = 0.1 bit/use, k = 1, 8 = 2, pm = 0.5p4et

0.8

0.6

P{pp > y| PR > Pdet, PO > pm}

0.4
—e— pr=10dB
| | —— p7=20 dB
0.2 || —*—pr=30dB | 5 =10,...,50dB .
pr=40 dB
| | —+— pr=50 dB. )
0 | | | |
0.5 0.6 0.7 0.8 0.9 1

Y/ Pdet

Fig. 5. P{pp > y|pr > pdet; PD > pm} as a function of y/pger With
Pm = pdet/2, for different values of pr.

r = 0.1 bit/use, k=1, 6 =2, n=0.5

10° g \ \ E
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: ]
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1073 g
1074 g
o
—5 1 | I | |
10 0 10 20 30 40 50
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Fig. 6. Pou as a function of pr for dp=10 and 20 m. Direct link versus relay
assisted communication with RCC and SPC.

from Kr = 10 to Kg = 0 (Rayleigh) and of about 14 dB
when passing from Kr — oo (no fading) to Kr = 0 with
RCC. These values become about 4 dB and about 14 dB for
the SPC criterion. We also observe that the no fading case
(vertical line at 11.77 dB) does not show differences for the
two criteria. This is due to the fact that pr = 11.77 dB is the
value of pr such that the received power at the destination due
to the direct link becomes larger than pge; and there is no need
of relays.

The non-linearity of the energy harvesting circuits is con-
sidered in Fig. 8 which shows the outage probability with
Rayleigh fading as a function of pr for different values of the
Pmax- We define the parameter §(dB) £ puax(dB) — paei(dB)
so that 6 = 0 dB means that pp.x = pger and & — oo means
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r=0.1bitluse, k=1, 3 =2, 7= 0.5, do = 10 m.
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Fig. 7. Pout as a function of pr for dp=10 m with Rician fading. Direct link

versus relay assisted communication with RCC and SPC.

r =0.1bitluse, k=1, 8 =2,1n=0.5, do =10 m.
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Fig. 8. Py as a function of pr for dp=10 m with Rayleigh fading for different
values of pmax. Benchmarks are provided by the direct link only (black curve)
and the linear cases (0 — oo, magenta curves).

that the energy harvesting is (ideally) completely linear. As a
performance benchmark we consider the outage probability of
the direct link only (black curve) and the curves obtained in the
completely linear case, 6 — 0o, (magenta curves) for RCC and
SPC criteria. The figure shows that for values of ¢ of about
30 dB (or larger) the outage probability is indistinguishable
by the ideal linear case. In the range between 20 and 30
dB the performance is still acceptable even if the degradation
introduced by the non-linearity becomes evident and then, for
smaller values of J, the performance tends to degrade rapidly,
and the use of relays does not lead to any beneficial effect.
As a final remark, we observe that, although expression (24)
is just an approximation, the agreement between analysis and
simulations is excellent.

r=0.1bit/use, k=1, 5 =2,n=0.5
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Fig. 9. Poy as a function of pgo for dp=10 m. Direct link versus relay-
assisted communication with RCC and SPC.

In Fig. 9 we show the outage probability as a function
of peoy for different values of pr and dy = 10m. The
performance of RCC and SPC is compared with that of the
direct link, taken as a performance benchmark as it does not
depend on peo. When peop = 0 all EHAR nodes are able to
transmit their pilot to the destination. The analysis of Fig. 9
reveals three main aspects. Firstly, as expected, for large values
of p.on RCC and SPC tend to behave like the direct link case.
Furthermore, the value of p.,; for which the curves tend to
diverge from the case of a direct link depends on pr. This can
be easily explained by observing that the average number of
EHAR is a non-decreasing function of pr; thus, if we increase
the number of EHAR nodes that want to transmit their pilot
to the destination, the probability of not being able to send
the pilot tends to become significant even for small values of
DPcoll-

Secondly, the figure shows that there is an error floor for
RCC, that is, even if pc approaches zero we do not see
any improvement in terms of F,y. This can be explained by
observing that the outage probability does not depend on the
terms Pg ; but only on Pg . In particular, the contribution
of the relay link depends only on 1 — Pg ¢ which converges
to 1 — e #Nrm when peoy tends to zero. Therefore, for small
values of P, a further decrease in the value of p.on has no
effect on P,y.

Finally, there are two crossing point for p,; around 0.03
and 0.1 between the SPC curves for pr = 30 and 40 dB. This
behavior can be explained by observing that, the two cases
pr = 30 and 40dB give a mean value of iy, of 18.2 and
62.9, respectively and, for values of p. between 0.03 and
0.1, the multiple access scheme provides a bottleneck when
many nodes attempt to access to the channel (as in the case
for pr = 40dB). When po; tends to zero, the multiple access
scheme allows more nodes to reach the destination, so that the
case for pr = 40dB tends to outperform the case for pr =
30dB. Also, the figure shows that there is no error floor in the
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performance of SPC. This is due to the fact that, unlike RCC,
SPC performance depends on the number of EHAR nodes
that can transmit the pilot to the destination, and therefore,
the more nodes manage to send their pilot to the destination,
the more likely pp will improve.

VI. CONCLUSIONS

In this paper we have investigated a 6G IoT scenario
composed by nodes equipped with SWIPT capabilities that can
help the communication between a source and a destination by
acting as relays. We have considered a signaling mechanism
between source, SWIPT nodes and destination to identify the
most suitable relay, and we have applied it to two reference
relay selection schemes. For both selection schemes, we have
derived an analytical model to investigate the performance of
the source-destination link in terms of outage probability. The
model works for a general propagation and fading model, in-
cludes non-linearity of energy harvesting circuits and accounts
for the effects of a non-ideal multiple access scheme during
the relay selection scheme. The main results of the analysis
can be summarized as follows:

(a) The signaling method proposed reduces the probability
that the chosen relay is eventually unable to give a
significant contribution to the source-destination quality
of the link.

(b) Fading can have a significant impact on the performance
with Rician K-factors ranging from 0 (Rayleigh fading)
to 20.

(c) In the considered scenario we have observed that, taking
0 = Ppax/Pae, a value of § larger than 20 dB makes
the system quite robust, in terms of outage performance,
against the non-linearity effects of the energy harvesting
circuits.

VII. USE OF INTELLIGENT REFLECTIVE SURFACES AND
FUTURE WORK

Recently, the use of intelligent reflective surfaces (IRSs) in
wireless communication scenarios is gaining interest among
the research community thanks to their ability to control
the electromagnetic environment [48]-[53]. This feature is
particularly advantageous in IoT scenarios since, in addi-
tion to making the propagation medium more suitable for
communication, the presence of the IRSs allows the beam
to be concentrated towards a specific device simultaneously
providing the message and the power necessary for decod-
ing the message. For this reason, the combined use of IRS
technology with SWIPT devices appears to be promising. In
this regard, it is worth noting that the IRSs can be passive,
i.e. capable of modifying only the phase of the incident
electromagnetic signal, or active, thus being able also to
amplify the power of the reflected signal. This last feature
is particularly advantageous in scenarios composed of devices
equipped with SWIPT technology where the received power
is used to power the devices themselves. To this regard, the
impact of the use of active IRSs on the performance of
SWIPT-based devices has been investigated in [48]-[51]. Due

to the importance of the subject, a possible development of
the activity presented in this paper could be the inclusion of
a IRS in the scenario of Fig. 1 in a specific position. Under
this premise, the following two scenarios can be investigated.
The first scenario entails employing the IRSs to facilitate the
recharging of devices positioned within a designated charging
area, as assumed, for instance, in [49]-[51]; in this case, a
drawback is that the signal emitted by the IRS produces an
unintentional interference towards the SWIPT nodes which
act as potential relays, interference that should be carefully
evaluated. The second scenario assumes that the source lacks
a reliable line-of-sight (LOS) path with the SWIPT nodes. In
this context, an active IRS can be used to forward both energy
and information to the relays.

APPENDIX Al: PROOF OF PROPOSITION 1

Since the distribution of nodes is assumed to be a homoge-
neous PPP, the process of selection of the nodes described by
Definition 1 can be considered as a thinning operation over the
original set of nodes; as a consequence, we obtain two results:
a) the subset of nodes EHAR becomes an inhomogeneous PPP
with density A(x) = AP{F(w,x)}, where P{F(w,x)} is the
probability of having a node that fulfills the conditions of
Definition 1 and located in position x; b) N(w) is a Poisson
random variable. To evaluate the mean of N (w) we can apply
the following result [54]-[56]

BN (w) = ASmP{F(w)}

where S, is the Np-dimensional volume of S, whose proba-
bility can be expressed as

(43)

P{F(w)} = /S P{F(w, %)} fx (x)dx

:i/]}”{}'(w,x)}dx (49)
Sm Js

where fx(x) = 1/Sp,, Vx € S since we are assuming ®()\)
is a homogenous PPP.

Now, the event F(w,x) can be divided in two mutually
exclusive events F;(w,x) and Fo(w,x) defined as

Fi(w,x) £ {(pr > paer) N (pr < psat) N (pp > w)}  (50)

and
.FQ(”LU,X) = {(pR > pdel) N (pD > w)} (51)

by defining pumax 2 Punax/02, Vk 2 PC(dR(X))VR/0? — paet
and ¢(w,x) £ w/(n¢(dp(x))), (50) and (51) can be rear-
ranged as

Fi(w,x) = {(0 << Prmax) N (VRVD > w(w,x))} (52)

and

R w.X
Fo(w,x) & {(VR > Pmax) N (Vb > wf(’))} (53)
whose union can be written as

F(w,x) = {(VD > w(w’x)) N (VR > w(;l;x))} (54)

Pmax
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where we have exploited the fact that ¢ (w,x)/Vp is non
negative. Based on (54), the probability of F(w,x) can be
calculated as

PLFw} = [ F;(““”)ﬁ¢@@ (55)

W (w,x) z

Pmax

which can be further simplified by recalling that

_ (y + paer)o?
%@‘m(m@wﬁ'

If we now introduce the function o(w,x) £ P{F(w,x)} and
substitute (56) in (55) and then in (49) and in (48), we obtain
9).

(56)

APPENDIX A2: PROOF OF PROPOSITION 2

By the definition of conditional probability, we can write

P{pp > y|F(w)} = P{(pDP?;()lg}f(w» :

Let us consider the numerator of (57), which can be written
as

/S P{(pp(x) > 1) N F(x,w)} fx () dx

(57)

=£;LM@M@>wﬂf@wﬂﬂ

1
= 5 [ Pr60 > pu) 0 () > ) dx = BF ()}
(58)
where fx(x) =1/Sp, Vx € S, pr(x) and pp(x) are the SNR
at the node and at the destination under the assumption that

the node is located in x, and we have exploited the fact that
y > w. By substituting (58) in (57) we get

Mm>yfw»=§§gﬁ

Recalling that P{F(-)} = un()/(ASm), we get (13).

(59)
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