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Abstract

In this letter, we investigate the impact of wireless-powered communications when energy is
harvested from multiple static and/or mobile wireless coexisting networks. In a first step, we characterize
the aggregate power received by a harvester node when it harnesses the energy generated by the
coexisting wireless networks. Considering that the harvester node acts as a transmitter after the harvesting
duration, we derive the outage probability for such coexisting scenario. In addition, the throughput
achieved by the harvester node is also characterized, and the optimal harvesting duration is identified
taking into account the mobility of the coexisting networks, the features of the static networks, the
energy harvesting process, as well as the communication performance between the harvester node and
the receiver. Our work shows that the distribution of the power received by the harvester from the
coexisting networks can be accurately approximated by an a — p distribution. Moreover, the mobility
also impacts on the optimal throughput of the wireless-powered communications, which is accurately

confirmed by the proposed analysis and extensive simulations.

Index Terms

mobility, coexistence, energy-harvesting, performance evaluation.

I. INTRODUCTION

Wireless-powered communications (WPC) have been recently proposed to extend the net-
work’s lifetime. In WPCs, the aggregate energy collected by a harvester node from multiple

radio-frequency (RF) signals is used to power the communication process. Coexisting interference
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was recently studied in [1] for static networks. The effect of the interference on the performance
of energy harvesting systems has been analyzed in [2] and [3]. The interference caused by
multiple transmitters was characterized in [4], which considers that different ambient RF energy
sources cause interference to a wireless sensor node. The RF energy sources are distributed
as a Ginibre a-determinantal point process (DPP), and the performance analysis is stated as
a stochastic geometry problem. Most of the existing works do not address large scale WPC
networks due to the challenges associated with the characterization of the harvested RF energy
in the presence of dominant transmitters. An exception to this is the work in [5], which uses the
probability generating functional of a Poisson point process (PPP), to characterize the distribution
of the harvested energy.

To the best of the authors’ knowledge, the characterization of WPC systems that harvest
energy from multiple coexisting networks (including static and/or mobile ones), has not yet
been addressed in the literature. In order to fill partly this gap that exists in the literature, this
work aims to first study the distribution of the harvested energy from multiple energy sources
belonging to different coexisting networks. We consider the case where mobile and/or static
networks may coexist together in the same band. Admitting that the harvester node acts as a
transmitter after the energy harvesting period, we derive the outage probability for such scenario.
In addition, we study the throughput achieved by the harvester node, identifying the optimal
energy harvesting time allocation having into account the mobility of the mobile networks, the
features of the static networks, the energy harvesting process, as well as the communication
performance between the harvester node and the receiver.

The remainder of this paper is organized as follows. Section II introduces the system model
adopted in the work. Section III characterizes the energy harvested by a node from different
coexisting wireless networks, and Section IV describes the throughput achieved by the harvester
node. Finally, Section V assesses the accuracy of the proposed methodology along with insightful
discussions.

Notations and functions: fx(.) and P(X = x) represent the probability density function (PDF)
and the probability of a random variable (RV) X, respectively. I'(.) represents the complete
Gamma function [6, Eq. (8.310.1)]. T'(.,.) denotes the incomplete Gamma function [6, Eq.
(8.350.1)]. Nakagami(xy,x2) denotes the Nakagami distribution with shape z; and spread xs.

E[X] and Var[X]| are the expectation and variance of the RV X, respectively.



II. SYSTEM MODEL
A. Coexisting Wireless Networks

In this work, we consider the scenario illustrated in Fig. 1, where multiple T, networks, with
n =1,...,v, coexist in the same RF band, and same spatial region with area X,,,, X Y,,42. The
v networks can be static or mobile. The nodes of the static networks are deployed according
to a homogeneous PPP. The nodes of the mobile networks move according to the Random
Waypoint (RWP) mobility model [7], where each node is initially placed in a random position
(x,y) sampled from the uniform distributions represented by = € [0, X,4.] and y € [0, Y02,
and move to a random ending point with velocity uniformly sampled from [V}, Vinaz]- The
nodes stop at the ending point for pause time 7),. After reaching the ending point a node repeats

the same cycle. The average velocity of the nodes is denoted by E[V], which was studied in [7].
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Fig. 1. A harvester node N, receives energy from v coexistent networks to transmit information to the node Ng.. The dashed
circles represent the boundaries of the annuli considered in the proposed model. The inner circle radius is denoted by R, 1, and

Ry, L, +1 denotes the outer circle radius.

For modeling purposes, we adopt the spatial circular model (SCM) considered in [8], where
the analysis of the energy received by the harvester node (node Np, in Fig. 1) from the network
T, is derived by considering the nodes located in the L, annuli centered on the harvester node.
The radius of the larger and smaller circles of the annulus [ € {1, ..., L, }, are represented by

R,i41 = (R, + lp) and R, ;, respectively, where p denotes the annulus’ width. The nodes



of a given network T, are thus located in a circular region with area A, = Zfznl A, ;, where
Apy =7 ((Ryi41)* — (Ry.)?) denotes the area of the annulus /.

The number of transmitters of the network T, located in a particular annulus [ € {1,..., L, }
is represented by the RV X, ;. For both static and mobile networks we consider that X, ; is
distributed according to a truncated Poisson distribution given by
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P(X,, = k)= 0<k<n,

where \,; is the node’s spatial density, n, is the total number of nodes of the network T,,
and 7, is the individual transmission probability. We highlight that for static networks A, ; is
equal for all L, annulus. However, for RWP mobile networks, the spatial distribution of the
nodes is approximated by an inhomogeneous PPP. Consequently, for mobile RWP networks,
Ap, takes a different value for each annulus /. In this work, we consider that the density
parameter \,; adopted to model the mobile RWP networks is computed as proposed in [9,
Eq. (8)], which takes into account the annuli’s geometry (p; L,; I, 1), and mobility parameters

(mea Vmaa:; Xma:c; Ymax; Tp)

B. Propagation Effects

The power received by the harvester node (Nz,) from the n, ; transmitters of the network T,
located in the annulus [ is denoted by I,,; = > I,,1. I,,1; represents the power received from

the ¢-th transmitter, which can be written as follows

In,l,i = PTxnwi(rn,ﬂima

where Pr,, is the transmitted power, 1; is the instantaneous value of the fading channel and
shadowing gain, r,; is the distance between the i-th transmitter and Np,, and m denotes
the path-loss coefficient. The values 1; and r,; represent instantaneous values of the RVs
V; and R, ,, respectively. W; represents small-scale fading and shadowing effects. Small-scale
fading amplitude is assumed to be Rayleigh distributed with mean power 202 = 1. Lognormal
shadowing is also assumed, with mean and standard deviation of the RV’s natural logarithm
given by p = —02 /2 and o¢ > 0, respectively. To simplify the composite fading model, we
consider that the power of the Rayleigh and Lognormal effects can be jointly approximated by

a Gamma distribution [10] with scale and shape parameters given by 0, = <% — 1) ws and

ks,

K3

. . . 2 —
= w%n_l’ respectively, in which ¥ = (e’ — 1)7! and w, = et %.
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C. Wireless-Powered Communications

We consider a WPC network with a time-switching protocol. In particular, wireless energy
transfer is assumed in the downlink (DL) band, where the node Ny, accumulates energy from
the transmitters of the v different coexisting wireless networks (Fig. 1). The node Np, first
harvests energy during the time interval ¢I' from the DL RF band, and then uses it to transmit
data to Ng, over the uplink (UL) band. The transmission lasts (1 — ¢)7", where T is the total
duration of a time-switching cycle and c represents the time splitting factor. We consider an
unitary cycle duration, i.e., 7' = 1.

A Rayleigh fading channel between the nodes Ny, and Np, is considered, and the distance
between the nodes is denoted as d;. The transmission power for information transfer depends on
the energy harvested in the DL band and is denoted by Py, . Consequently, the signal received

by Ng, can be written as
1
YNpy = ===/ PNy hiTe + ng, (D
Toamr

where h; is the channel coefficient from the transmitter Np, to the receiver Ng,, x. is the
normalized information signal transmitted by Np,, and n, is the zero-mean additive white

Gaussian noise (AWGN) at the receiver.

III. HARVESTED ENERGY

In this section, we derive the energy harvested by the node Np, from the v coexisting networks.
Specifically, we describe how the aggregate power received by Np, from all transmitters of the
v coexisting networks can be approximated by an a-u distribution. Then, the aggregate power
is used to derive the energy harvested during the harvesting period c1'.

The work in [11] has proved that the aggregate power received from multiple nodes located
over a single circle of a homogenous Poisson network is distributed according to a Gamma
distribution. More recently, the work in [9] showed that the aggregate power received at the
center of a SCM from the nodes located in an annulus [ can be also approximated by a Gamma
distribution, when path-loss, fast fading and shadowing effects are considered. In our work, it is
assumed the SCM described in [9].

Consequently, using the method of the moments, the shape and the scale parameters of the

Gamma distribution that characterize the aggregate power received by Nrx are given by

kna = E[I,,]?/ Var[I,,], 2)



Qn,l = Var[]n’l]/E[In,l], (3)

where E[I,;] and Var[], ;] are the expectation and variance of the power received from the

transmitters of the annulus [ of the network 7, which are respectively given by [9]

2-m _ (R )2-
E[L,1]= 27N\, Pre, e Ve ( Ryis1) (£2n) )7

2—m

and
Var[]ml} = WAﬂ,lTnP%znkwefb(l + l{?w)

5 (Rn,l+1)2_2m - (le)Q_Zm
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To derive the aggregate power received from all nodes of a given network, T,, the summation
of the power received from the L, annuli must be considered. Let {Z,;},”", be independent
non-identically distributed (i.n.i.d.) Gamma RVs with parameters k,; and 0, ;. The aggregate

L

n
power received from the network Y, can be written as [, = >  Z,,. In the same way, the
=1

aggregate power received by all coexisting network is written as /.4, = i I,,, and represents
the aggregate power caused by the nodes located within the Ly annulin :olf the v coexisting
networks, with Ly = vL,,.

Let {Z; } | be i.n.i.d. Gamma RVs with parameters k; and 6;, and W; ~ Nakagami(m,;, €);).
The aggregate power can be written as /.4, = Z Zj = Z W2, since by definition Z; = VVJZ,
with k; = m; and 0; = Q;/m;. According to [12] the sum of i.n.i.d. Nakagami-m RVs can be
accurately approximated by an a-p distribution. Consequently, the PDF of the aggregate power
received from all transmitters of the coexisting networks (/,4,) can be approximated by an «a-u

distribution as follows

apty v
~ — 4
f[agg (y) fa:ul—‘(/db) eXp ( /’LTAQ) Y ( )

where 7 = {/E[Y?], and p = Var[ya] To compute f7,,,(y), the moment-based estimators for o
and 1 can be obtained from [12] as

2+ 1/a) L, s
F(M)F(M + 2/04) - FQ(M + 1/0() E[]agg2] - Ez[]agg] ’

and
I (u+2/a) E*[Lagy]
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The moments E[l,,,], E[l.4°], E[l.4"] in (5) and (6), can be computed using the following
multinomial expansion

=3 3 ()() e ()

n1=0n2=0 TLLN 1=0
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where the Nakagami-m moments are given as
[(k;) !

Using the parameters o and u, the parameter 7 can be estimated by

h{WWWM%ﬂW.
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Therefore, the harvested energy at the node Np,, E}, is written as
By = ¢cT'l,44, (®)

where 0 < ¢ < 1 represents the energy conversion efficiency, and the RV I,,, follows an a-p

distribution with «, p and 7 computed from (5), (6), and (7).

IV. THROUGHPUT ANALYSIS

After having harvested energy during the harvesting period ¢7', the node Np, transmits data

in the UL band with Py, power, represented by

Eh C
Py, = ——— =clygg—. 9
Nty (1 o C)T S 99(1 o C) ( )
Using (1), the signal-to-noise ratio (SNR) at the receiver node can be defined as
Py, |h1|?
- Dl (10)
dl O'%d

where aid is the variance of the zero-mean AWGN. Considering a Rayleigh channel with mean

power 207 between the nodes Nr, and Npg,, |hi|? is exponentially distributed with parameter

1/(207). Given a SNR threshold 7, the outage probability of the transmission can be written as

Yo
amwzww<w:/lmww. (11
0

Using (10), and considering the PDFs of ,,, and |h|?, (11) can be rewritten as

ot o /°° 1 onl —puz” 1
Pou - dydz, 12
() = T () A / oD | Gyye " 2028 Y ) W (12)




where
sc
(1—=c)d"o2, ’

A=

is the scaling value of the product of the RVs I,,, and |h4|?. Since the integral in (12) can only

be numerically solved, we propose to approximate P, (7o) by an a-u distribution as follows

ap 1
Pou(0) =T (upjup (ﬂ—(’A) ) XL (13)

where «,, p, and 7, can be obtained by solving the system of equations formed by (5), (6) and
(7), substituting the symbols «, 1, 7, and E[I,,,"] by ay, 11, 7, and
I'(p+n/a)

respectively. As will be seen, (13) shows to be a very tight approximation, being evaluated

E[(Lagglh1|*)"] = n!(2077)" (14)

instantaneously. (14) represents the n-th moment of the product of the RVs I,,, and |h;]*.
Assuming a communication rate R (in bits/T) and the transmission duration (1 — ¢)7’, the

throughput of the communication channel between N, and Ng, can be written as

RT(C) = (]- - Pout(’YO))(]' - C>R (15)

From (15), one can notice that (1— P,,;(70)) increases with c. However, the transmission duration

decreases with c. This fact has motivated us to derive the optimal time allocation ratio,

c* = arg 52?51 RT(C)7 (16)

which can only be computed in a numerical way, by finding the value ¢* for which the following

condition holds

. - Yodi"on, 1 —c\ " _ Yodi"on, 1 — ¢\
0 (T (1)) exp <u( L, ) )=1—<r<up>> i (up,up( Ly -

T'pS c* TpS c*

V. MODEL VALIDATION AND DISCUSSIONS

In this section, we validate the methodology described in Sections III and IV, by comparing
the numerical results with simulations. We consider two coexisting networks (v = 2): a static
network (1), and a network (1) where the nodes move according to the RWP. Three different
mobility scenarios are analysed for Yo, considering the case where nodes are static (E[V] = 0
m/s), or mobile with different average velocities (E[V] = {10.82,1.50} m/s). The parameters

adopted in the validation are presented in Table I, which are divided in the parameters related with



the “Propagation Effects” described in Section II-B, the parameters of the network T, (“Static
Network™), the parameters of the network T (“Mobile Network™), and other parameters adopted
in the WPC model (Section II-C), SCM, and simulations. The assessment of the model is carried
out by comparing Monte Carlo simulation results with numerical results of the aggregate power
(I,4y approximated by (4)), the throughput (R.(c) computed with (15)), and the optimal time
allocation ratio (c*computed with (17)). In the SCM, we have considered the same circular area
for both networks T; and Ty, ie., Ry1 = Ryy = 20 m, Ry 7,41 = Ror,41 = 120 m, and
p1 = p2 =20 m.

In Fig. 2, we compare the cumulative distribution function (CDF) of the aggregate power
(ag9) generated by the coexisting networks (1; and Y,) for the different mobility scenarios

considered in network Yo (E[V] = {10.82 m/s,1.50 m/s,0 m/s}). Table II presents the a-pu

TABLE I

PARAMETERS ADOPTED IN THE SIMULATIONS.

Pre, | 10°mW | m | 2
Propagation
o¢ 0.69 on? | 112
Effects

on, | 0.0l mW

Static Ria 20 m Rir,+1 | 120m
Network p1 20 m L 5

(M) A (node/m?) | 1x 1074

Rzﬁl 20 m RQ,Ln_Fl 120 m
P2 20 m Lo 5
Mobile
Vinin 5 m/s Vinaz 20 m/s
Network
(Tz) no 100 T2 1
E[V] | {10.82,1.50,0} m/s Xmaz 1000 m
T {0,300, 3000} s Yiaz 1000 m
Monte Carlo 6
3 x 10 di | 5m
samples
Others
Yo {-10,-5,0,5,10,15} dB| ¢ 1

Ly 10 v 2




distribution parameters adopted in (4) to approximate /.4, for the different average velocities
E[V]. As can be seen, the numerical results (represented by the “Model” curves) are close to the
results obtained through simulation. This indicates that the o~y distribution in (4) can effectively
approximate the distribution of /.4, with high accuracy. Moreover, we observe that the aggregate
power increases with the mobility of the network Y5, which is due to the higher density of nodes

closer located to Ny, as the node’s mobility increase [7].

TABLE II

PARAMETERS ESTIMATED FOR THE MODEL CURVES OF [ugg.

i

@ 0

E[V] =10.82 m/s | 0.198 | 49.032 | 2.946
Fig. 2

E[V] =150 m/s | 0.263 | 19.548 | 1.881

EV]=0m/s | 0275 | 16.621 | 1.714

—3%— Model - E[V] =0 m/s

— Simulation - E[V] = 0 m/s
—A— Model - E[V] = 1.50 m/s
—— Simulation - E[V] = 1.50 m/s
0.7 I-| —©— Model - E[V] = 10.82 m/s
—— Simulation - E[V] = 10.82 m/s
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Fig. 2. CDF of the aggregate power when Y, and Y2 coexist, and considering different average speeds of Y2’s nodes.

Next, we characterize the throughput ([2;) achieved by the WPC system in the same coex-
isting scenarios adopted to obtain the results illustrated in Fig. 2. To this purpose, we have

considered the optimal energy conversion efficiency of the energy harvesting process (¢ = 1),



the communication range d; = 5 m, and the SNR threshold «, = 5 dB at the receiver. Moreover,
it is assumed that Np, uses all the harvested energy to transmit the information. In Fig. 3, we
present different curves of the throughput as a function of the time splitting ratio c. The numerical
results (represented by the “Model” curves) have considered the approximation proposed in (13)
to compute the outage probability. The parameters used in (13) were previously computed as
described in Section IV, and their values for the different mobility scenarios are presented in
Table III. The throughput, computed with (15), is close to the throughput obtained in the Monte
Carlo simulations, as illustrated in Fig. 3. The results show that higher throughput values are
achieved for higher mobility scenarios of the RWP network Ys. This is because the amount of
harvest energy increases with the velocity of the nodes of the network Y5, as justified by the
aggregate power results in Fig. 2. Moreover, it is shown that the parameter c effectively impacts
on the achieved throughput, clearly identifying an upward where extending the harvesting period
increases the transmission power, and a downward zone, where the extension of the harvesting
period shortens the transmission period. The optimal point of operation is the one that divide

the two zones.

TABLE III

PARAMETERS ESTIMATED FOR THE MODEL CURVES OF P,y+.

Qp Hp Tp

E[V] =10.82 m/s | 0.316 | 6.098 | 2.199

Fig. 3
E[V] =150 m/s | 0.287 | 6.350 | 1.347

E[V]=0m/s | 0284 | 6288 | 1.216

To evaluate the optimal time allocation ratio (c*) proposed in (17), we have considered the
higher mobility scenario (E[V] = 10.82 m/s), and multiple SNR thresholds (v, = {—10, —5,0, 5,10, 15}
dB). The simulation results of the throughput and the numerical results of the optimal time
allocation ratio (c*) are illustrated in Fig. 4 (a marker “0” was adopted to indicate the c* value
numerically computed with (17)). The throughput inversely increases with 7, as expected. We
also observe that v, also impacts on the shape of the throughput curves. However, the optimal
time allocation ratio is accurately approximated by (17) for all v, values, as depicted in the

figure.
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