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Abstract—Ambient radio-frequency (RF) energy harvesting is
a potential solution for charging low-powered devices, as a result
of its cost effectiveness and pervasiveness. In this paper, we deal
with devices which are underlaid in a wireless communication
network and harvest energy from the ambient RF transmitted
signals. The devices are equipped with an array of multiple
rectifying antennas, combined either at the RF or the DC domain,
to increase the harvesting efficiency. A large-scale analysis is
undertaken, with the use of stochastic geometry. We take into
account the non-linearities of the RF energy harvesting process
and derive closed-form analytical expressions for the average
harvested energy for both array architectures. Our results show
the importance of considering non-linearities, mainly in terms
of the network’s density and the size of the rectifying antenna
array but also for other network parameters.

Index Terms—Wireless power transfer, non-linear energy har-
vesting, Poisson point process.

I. INTRODUCTION

The concept of harvesting energy from electromagnetic
radiation is gradually becoming more and more compelling
[1]. This is due to recent advances, both practical and theo-
retical, in the field of wireless power transfer (WPT), which
have shown its feasibility as well as the benefits emerging
from this technology. Energy harvesting from radio-frequency
(RF) signals, transmitted by a dedicated or an ambient RF
source, is achieved with the employment of a rectifying
antenna (rectenna) at the receiver. A dedicated RF source
can transfer energy more efficiently, compared to an ambient
source, through the use of signal processing techniques such
as energy beamforming. However, the future deployment of
ultra-dense heterogeneous wireless networks, will lead to a
substantial increase in ambient RF signals, which can be
exploited for WPT.

Ambient RF energy harvesting has been studied extensively
in the literature for various scenarios [2]-[8]. In [2], the
authors consider a battery-less sensor which harvests energy
from ambient RF sources and uses that energy to power the
uplink transmission; it is shown that the sensors perform better
when the spatial distribution of the ambient sources has a
stronger repulsion. The work in [3] considers a multi-tier
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cellular network, where the users power their uplink transmis-
sion, by harvesting energy from the base stations’ transmitted
signals; the authors show how the system’s parameters affect
its performance. A cellular network is also studied in [4],
where the devices harvest ambient RF energy and use it to
operate both the downlink and the uplink; the authors derive
the joint uplink/downlink probability.

The works [5] and [6] deal with device-to-device (D2D)
communications. In [5], the D2D transmitters harvest energy
from a dedicated power beacon and from the ambient RF
sources of the network in order to establish D2D communi-
cations. In [6], a cellular network is underlaid with a D2D
network, where the D2D communications are powered by
the energy obtained from the cellular downlink transmissions.
Ambient energy harvesting has also been studied in the context
of backscatter communications [7], [8]. The authors in [7]
consider a cognitive network, where the secondary transmitter
backscatters ambient signals to the secondary transmitter;
optimization problems are formulated and the overall trans-
mission rate of the secondary system is maximized. Finally, a
hybrid D2D scenario combining both ambient backscatter and
wireless powered communications is considered in [8], and
the authors show the benefits that can be achieved by such a
scenario.

Despite the many works that exist on ambient RF energy
harvesting from a large-scale point-of-view, to the best of
our knowledge, none of these take into account the non-
linearities of the RF energy harvesting process based on the
physics of the diode [1]. Moreover, the effect of fading due
to the non-linearities [9], has not been studied for multi-user
environments. These limitations motivate the work presented
in this paper. Specifically, we consider a wireless network
consisting of multiple transmitters and receivers, as well as
a set of devices which harvest energy from the ambient RF
transmitted signals. Each device is equipped with a rectenna
array consisting of multiple elements, in order to enhance the
harvesting efficiency. A general Nakagami fading model but
also the non-linearities of energy harvesting are taken into
consideration. We derive closed-form analytical expressions
for the average harvested energy of two fundamental rectenna
array architectures. Our results verify the benefits that emerge
from considering the non-linearities in terms of the network’s
parameters and show the significant gains that can be achieved
by the employment of rectenna arrays.



II. SYSTEM MODEL
A. Topology

We consider a wireless network with multiple randomly
deployed transmitters/receiver pairs (e.g. a cellular or ad-hoc
network), underlaid with a set of low-powered devices (e.g.
sensors) which harvest RF ambient energy in order to power
their operations. The transmitters are assumed to be spatially
distributed according to a homogeneous Poisson point process
(PPP) ® = {a}, k > 1, of density A, where xj, denotes
the coordinates of the k-th transmitter. All transmitters are
equipped with a single antenna and transmit with fixed power
P,. Each low-powered device employs a rectenna array of
L antenna elements [10]. All antennas are considered to be
omnidirectional. We are interested in the energy harvesting
performance of a device and so we focus on the typical device.
Specifically, we consider the typical device located at the
origin of a circular area, denoted by D, and modeled as a
disc of radius p.

B. Channel Model

All wireless links are assumed to suffer from both small-
scale block fading and large-scale path-loss effects. We con-
sider Nakagami fading with integer parameter m, m > 1, and
so the power of the channel fading is a normalized Gamma
random variable with shape parameter m and scale parameter
1/m. We denote by hy; the channel coefficient for the link
between the k-th transmitter and the ¢-th receive antenna of the
typical device. The path-loss model assumes that the received
power is proportional to 1/(1+d§) where dj, is the Euclidean
distance from the origin to the k-th transmitter and o > 2
is the path-loss exponent. The transmitted RF signal from the
k-th transmitter is

= /2PR{x(t) exp(927ft)}, (1)

where P, = E{s (t)} is the transmit power, f denotes the
carrier frequency, and x(t) is a modulated energy signal with
x(t) ~ N(0,1)'. Therefore, the received signal from the k-th
transmitter at the typical device’s ¢-th antenna is given by

Yr,i(t) = : R{hr,i(t)x(t) exp(s27 f1)

| 2P,
SV 1+ag

[P, i ()| (t) cos(2m ft + 6k5(1)), (2)

where |hy, ;(t)| is a Nakagami distributed random variable with
parameter m and 6y, ;(t) is the phase at the -th antenna.

C. Energy Harvesting

A device attempts to harvest energy from the ambient RF
signals in the network. The received aggregate signal at each
antenna is then converted to a direct-current (DC) output with
the use of a rectifier. A rectifier is a basic circuit, usually
consisting of a diode (e.g. a Schottky diode) and a passive low

'Other distributions for x(¢) could also be considered such as complex
circularly symmetric Gaussian.

pass filter (LPF) [1]. The output current of the diode from a
received signal y(t) is given by

y(t) 1yt

=1 (exp (uVT) 1) Isj; i <MVT> @
where I, denotes the reverse saturation current of the diode,
w1 is an ideality factor which is a function of the operating
conditions and physical contractions, and Vr is the thermal
voltage; the resulting expression in (3) follows from the Taylor
series expansion of an exponential function [1]. By taking
the expectation of (3), preserves the DC component of the
diode’s output current. Therefore, by only keeping the second
and fourth order term from the expectation of (3), the total
harvested energy E(t) is a non-linear function of I(¢), written

as [9]
E(t) = %2E[y(1)%] + 1E[y ()", 4)
where
I,
P = N s o 5
M= (Vi) ®)

We assume that each device is equipped with a rectenna
array consisting of L antenna elements in order to boost the
rectification process and increase its efficiency. The intercon-
nection of the L antenna elements can be performed either
in the DC domain or the RF domain [10]. The RF combiner
amalgamates all L signals from each antenna element before
the rectification process. By assuming the rectenna array aligns
the phases of the incoming signals to 6 (¢), the combined
received signal from the k-th transmitter is given by

2P, &

e () =1 v Z%{hk,z(t) (t) exp (s2m ft)}

2P
1+dg

ek (t)z(t) cos (2m ft + O(t)) , (6)

where ¢ (t) = Z,L.Lzl |hi,i(t)| is the sum of L Nakagami
random variables. Therefore, assuming there are K transmit-
ters in the network, the harvested energy Erp(¢) with the RF

combiner is
4

2 K
Err(t) = 12E (Z Yg ) + 1 (Z y?(ﬂ) )
k=1

(7

where yRF(¢) is given by (6). On the other hand, for the DC
combiner, the energy harvesting operation from the elements
is mutually independent since each has its own rectification
circuit. Thus, in this case, the harvested energy Epc(t) is

L K 2
Z (’YQE (Z ykz(f)>
=1 k=1 ; \
+ vk (Zykm) ) ®)
k=1

where yy, ;(t) is given by (2).

Epc(t



III. AVERAGE HARVESTED ENERGY

In this section, we derive the analytical expressions for the
average harvested energy at a wireless powered device. We
first state the following, which will assist in the derivation of
the final expressions. Suppose there are K transmitters in the
disc D. Since K is Poisson distributed, its probability mass
function (PMF) is given by

p(K) = 2 exp(-AD)AD], ©

where |D| = 7p?. Moreover, the n-th moment of the path-loss
from the origin of D to the k-th transmitter is given by

2 2
= oI <n, — 1+ %Pa> , (10)
a a

fr(x)drde

where f.(z) = 2r/p? is the probability density function of
the distance to the origin, oF(-,;-;-) is the Gauss hypergeo-
metric function [11] and (10) follows from the transformation
r® — x and using [11, 3.194.1].

The main expressions for the average harvested energy
obtained with the RF and DC combiners, are given in the
following two propositions.

Proposition 1. The average harvested energy Egp achieved
by the RF combiner is

oo

Err = P, Z p(K)K (7262771 + 3Pt'74€§(K - 1)7%
K=0

9
—+ 2Pt’74€4’l“2>, (11)
where
(12)
and
L 2
€4 = W(w;; + (L — 1)(3w; + dwswy)
+ (L= 1)(L = 2)(6ww? + (L = 3)wi)), (13)
with

I'(m+i/2)
I'(m)

Proof. See Appendix A. O

(14)

w; =

Proposition 2. The average harvested energy Epc achieved
by the DC combiner is

oo
Epc=PLY p(K)K(w«l + 3P4 (K —1)7?
K=0

9 m-+1_
+§B%1 w>.0$
m

Proof. See Appendix B. [

It is worth noting that the first term in both (11) and
(15) characterizes the performance of the linear model, i.e.
the second order term in (4). In the following corollary, we
consider the case of Rayleigh fading, i.e. m = 1, and one
antenna element, i.e. L = 1; note that in this case Egxr = Epc,
since no combiner is employed.

Corollary 1. The average harvest energy E achieved over
Rayleigh fading and with L =1 is
E=P, Y p(K)K(y2r1 + 3Pya(K — 1)7F + 9Pyr).
K=0
(16)
In what follows, we evaluate the energy harvesting perfor-
mance for special case scenarios. We consider three cases,
namely, ultra-dense cells (large A), large cells (p — o),
and deterministic fading channels (large m). These cases are
provided in the following remarks.

Remark 1. For ultra-dense cells, the average harvested en-
ergy achieved by the RF combiner is approximated by

(oo}
lim Egp~ 3P} ) p(K)K €3y, (17)
A—00
K=0
and the average harvested energy achieved by the DC com-

biner is approximated by

Jim Epc ~3P7L KZ_Op(mKW%

(18)

Proof. The expressions are derived directly from Propositions
1 and 2. For very large A, the number of transmitters K also
becomes very large. In this case, the first and third terms in
both (11) and (15), become very small and thus we are left
with the second term which dominates the average harvested
energy. O

From Remark 1, we can deduce that the RF combiner
always outperforms the DC combiner, since €2 > L. Further-
more, e% = L only when L = 1, i.e. when no combiner is
employed.

Remark 2. For large cell radius p, the average harvested
energy achieved by the RF combiner is

Ar? 2
lim ERF = %Pt CSC <7T)
« «

p—00

2

X (20[’7262 + 12742 M2 P, csc (F> +9(a— 2)Pt’7464) ,
a

(19)

and the average harvested energy achieved by the DC com-
biner is

p—+00

A2 2
lim Epc = iQLPt csc <7T>
« «

2
X <20ryg + 1294 A2 P, csc (W) +9(a — 2)
o

m+1
Pt")/4> .
m

(20)
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Fig. 1. Average harvested energy versus the transmit power; m = 2, L = 2.

Proof. See Appendix C. O

The following remark considers the case m — oo, in other
words, the case with no fading.

Remark 3. For large values of m, the average harvested
energy asymptotically converges to

m—r oo

o0
lim Egr = P,L* Y p(K)K (ym + 3P LA (K — 1)73
K=0

9
+ 2Pt74L2r2>, (1)

for the RF combiner, and

m—ro0

lim Epc = P.L Z p(K)K(fygrl + 3Py (K — 1)7?
K=0

9
+ 2374?*2)7 (22)

for the DC combiner.

Proof. The expression for the RF combiner uses the fact that
r i .
w = D) i
I'(m)
for very large m. Therefore, using the above, we have ey = L?
and e, = L*, and the result for the RF combiner follows. The

expression for the DC combiner is derived simply from the
fact that (m + 1)/m — 1 for large m. O

(23)

It is clear from (22), that when the DC combiner is
employed, fading is beneficial to the average harvested energy.
Specifically, compared to (15), fading has no effect when
considering the linear model (first term). However, when the
non-linear model is considered, the third term in (15) is always
greater than the one in (22) due to the (m+ 1)/m factor. This
is similar to the observations in [9] for m = 1. On the other
hand, when the RF combiner is employed, fading is not always
beneficial but depends on the parameters L and m.
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Fig. 2. Average harvested energy versus the density; m = 2, P, = 20 dBm.

IV. NUMERICAL RESULTS

We evaluate our proposed model through computer sim-
ulations. Unless otherwise stated, we use the following pa-
rameters: A = 0.1, p = 10 m, o = 4, 7o = 0.0034 [9]
and 74 = 0.3829 [9]. In the figures, theoretical results are
depicted with lines whereas simulation results are depicted
with markers.

Fig. 1 depicts the average harvested energy in terms of
the transmit power P;. The first main observation is that
by considering the non-linearities of the energy harvesting
process, the average harvested energy exhibits significant
gains, compared to a linear approach (i.e. taking only the
first term in (4)). Indeed, these gains become more important
as the transmit power increases. Another clear observation,
is that the RF combiner outperforms the DC combiner. This
is due to the fact that a single diode is used for the RF
combiner, so the single diode’s output is higher that the sum
over multiple diode outputs at the DC combiner (as a result
of the non-linearities). However, it is important to note here
that we assume both combiners have the same efficiency,
whereas this might not be the case in practical scenarios. Fig.
1 also illustrates the performance of each scenario with and
without fading (Remark 3). As noted in Section III, fading
is beneficial for energy harvesting when non-linearities are
taken into account and the DC combiner is employed. For
the considered scenario, fading is also beneficial with the RF
combiner but the gains are very small. Finally, the simulation
results (markers) perfectly match the theoretical results (lines),
which validate our analysis.

Fig. 2 illustrates the average harvested energy with respect
to the network’s density A. As expected, the average harvested
energy increases with the density, since a larger density implies
a larger aggregate received signal at the device. The figure also
shows the average harvested energy based on the expressions
for ultra-dense networks in Remark 1. It is clear that the
expressions are tight approximations to Propositions 1 and
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2 for large A, which validate our assumptions. Finally, the
performance in terms of the rectenna array size is also shown.
The average harvested energy increases with L, as expected.
Furthermore, as shown in Fig. 1, the RF combiner outperforms
the DC combiner for L > 1. When L = 1, we have Egr = Epc
since no combination takes place in this case.

Finally, Fig. 3 depicts the average harvested energy with
the RF combiner versus the Nakagami fading parameter m.
It’s clear that the average harvested energy increases with m,
which verifies our observations in Section III that fading is not
always beneficial when the RF combiner is employed. As m
increases, the fading becomes deterministic and converges to
the asymptotic case of Remark 3. The figure also shows how
the cell’s radius p affects the harvested energy. As the radius
increases, the harvested energy also increases due to the higher
number of transmitters. This increment is more visible as the
value of m increases. However, the gains in harvested energy
become smaller as p increases. This is because the signals
from the transmitters located at the edge of the cell undergo
large propagation losses. Therefore, as p increases, the average
harvested energy will converge to a constant value. This is
clear from the fact that for p = 50 m, the average harvested
energy has converged to the asymptotic case p — oo, given
in Remark 2.

V. CONCLUSION

In this paper, we focused on devices which harvest energy
from ambient RF signals, underlaid in a wireless communi-
cation network. We considered the employment of rectenna
arrays at the devices and have taken into account the non-
linearities of the energy harvesting process. With the use
of tools from stochastic geometry, we derived closed-form
expressions for the average harvested energy. Our results show
the importance of considering non-linearities, mainly in terms
of the network’s density and the size of the rectifying antenna
array but also for other network parameters.

APPENDIX
A. Proof of Proposition 1

In order to derive the average harvested energy when
employing the RF combiner, we need to evaluate (7). We first
focus on the second order term. Conditioned on the number
of transmitters in D being K, we have

2 K
Ely(t)* | K] = (Zy ) =2 E[®’]
k=1
2
_Zpt T Bl
= KPtr]E[ck( )2, (24)
where yRF(t) is given by (6) and the expectation over the

distance to the k-th transmitter is given by (10). The random
variable ¢ (t) is the sum of L independent and identically
distributed Nakagami random variables with equal parameter
m. From [12], we can accurately approximate its second
moment by

(Ll)(FOﬁji/%>2

1 1
X 2F1 (2727m75>>7 (25)

where [ is the correlation coefficient between each pair of
the L random variables. Then, since we have uncorrelated
fading channels, the correlation coefficient is § = 0 and so
o ( 5555 M; O) = 1, which gives (12). We now deal with
the fourth order term, that is, we derive the following

| (Eore)

Using the multinomial theorem, the fourth power of the sum
can be expanded as

ez = Elep(t)?] = L(l +

Ely(t)* | K] =

Ely1)* | K= KEWE()] + 3K (K 1) (W07,
(26)
where E[yRF(¢)*] can be written as
BT ()] = 3 PPE | g | Bl ER@Y - @)
:%ﬁ@m%@ﬂ, (28)
where (27) follows from E[cos* 6] = 3/8 for a uniformly

distributed phase 6 and (28) follows from E[|z(t)|*] = 3 and
from the derived expression in (10). The fourth moment of
¢k (t) can be evaluated from [12] and setting the correlation
coefficient to zero, which gives (13). Finally, by replacing
(24), (26) and (28) in (4) and by using the PMF given by (9)
to uncondition on the number of transmitters K, the results
follows.



B. Proof of Proposition 2
The proof follows similar steps is the proof of Proposition
1. The main difference here is that the signals are combined at
the DC domain. Specifically, for the DC combiner case, (24)
is written as
L
Ely(t)* | K] = KBTE | [he (D]

i=1

(29)

where |hy;(t)|* is a Gamma random variable with shape
and scale parameters m and 1/m, respectively. As |hy ;(¢)]?
are independent and identically distributed with equal scale
parameter,

L L
ED i@ | =Y Efa®F] =L, (30)
i=1 i=1

which follows from the first moment of a Gamma random
variable. Similarly, (28) for the DC combiner case is given by

L
9
Elys (t)'] = 3 PR | (1))

i=1
L 1
— gpt2f2M7 (31)
2 m

which follows from the second moment of a Gamma random
variable.

C. Proof of Remark 2

In the case of a large cell, i.e. p — oo, the received signal
y(t) is an infinite sum over the point process ®. We will
consider the proof for the RF combiner and omit the proof
for the DC combiner, as it follows similar steps. Therefore,
we need to derive the second and fourth moment of

y(t) = >y ).

T €D

(32)

The second moment is given by

2
cr(t)?
By £ | Y o) | —E| S pall
1+d¢
TP T ED
< r 2 9 27
= Pieo2mA dr = —PieoAt“csc | — |, (33)
o 1472 o o

where csc(-) is the cosecant function, E[cy()?] is derived as
in (25) and the expectation over the path-loss is derived using
Campbell’s theorem [13] and by applying [11, 3.241.2] with
the transformation 2 — w. For the fourth moment, we have

4
E D ur) =E| > e
T ED T ED
+3E | >y @], (34)
xkl,kuE@

k1#k2

which follows from the multinomial theorem. The first term
can be written as

9 ° r
§ RF (,\4 2
E Yk (t) §Pt 64277)\/(; md’r
zed
-2 2
9Pfe4m2(‘172) csc (”) . (35)
« a

where the expectations follow the same arguments as before
and the integral is evaluated with the help of [11, 3.241.5].
The expectation in the second term can be written as [13]

El >

Thy 1 Thy cd
k1#k2

v % O =E | D0 (@)
:Ekleq:‘

xE | Yy, ¢6)

xk2€<1>

which is the second moment, given by (33), squared. Finally,
the final expressions is deduced by substituting the derived
second and fourth moments in (4).
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