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Abstract—The impact of blockages in the performance of next
generation wireless networks has recently attracted a lot of
attention. In this case, the existence of blockages can provide
performance gains as the aggregate interference at a receiver is
reduced. Furthermore, the employment of directional antennas
at the network’s nodes can further boost the performance
through the power gains which antenna directionality produces.
However, the impact of blockages on wireless power transfer
has not been investigated equally. In this paper, we consider
a bipolar ad-hoc network where the nodes employ directional
antennas and have simultaneous wireless information and power
transfer capabilities. We study the effects of blockages and
directionality on the energy harvested by a receiver and show
that the performance gains from the existence of blockages can
be adjusted in order to increase the average harvested energy.

Index Terms—SWIPT, power splitting, blockages, sectorized
antennas, stochastic geometry.

I. INTRODUCTION

Energy harvesting is considered an important aspect in next
generation communication networks [1], since the harvested
energy can either be used to reduce the network’s dependence
on the main power grid or can provide self-sustainability
to low-powered networks (e.g. sensor networks). Traditional
energy harvesting schemes from natural resources can be
efficient but have a high level of uncertainty and uncontrol-
lability. Therefore, energy harvesting from radio frequency
(RF) signals has been recently proposed as an alternative.
In particular, simultaneous wireless information and power
transfer (SWIPT) is a new communication paradigm, where a
wireless device can obtain both information and energy from
the received RF signal [2]. Although information theoretic
studies ideally assume that a receiver is able to decode infor-
mation and harvest energy independently from the same signal
[3], this approach is not feasible due to practical limitations.
So to make SWIPT possible, the received RF signal needs
to be split into two parts, one for information transfer and
another for energy harvesting. The partitioning of the signal
can be done in the time, power, antenna or space domain [4].

The SWIPT technology has been extensively studied in
the literature for various scenarios. In [2], the authors study
SWIPT in a point-to-point multiple-input multiple-output
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(MIMO) wireless system and derive the achievable rate-
energy region for the time switching (TS) and power splitting
(PS) technique. In the context of cooperative networks, the
work in [5] considers multiple source-destination pairs which
communicate via a relay which is powered by energy harvested
from the received signals using the PS protocol; the authors
investigate different power allocation policies for the relay
transmissions to the destinations. Furthermore, in [6] the
authors study the impact on the system’s performance of a
relay which employs full-duplex transmission and harvests
energy from the received signals using the TS protocol.

As the effect of path-loss plays an important role in the
performance of a communication system, stochastic geometry
has been used to study SWIPT from a large-scale perspective.
In [7], an uplink cellular network is studied where power bea-
cons are deployed to wirelessly transfer energy to devices; the
authors derive the trade-offs between the transmit power and
density of both the devices and the power beacons. The work
in [8] considers a network with multiple source-destination
pairs where the receivers employ the PS method for SWIPT
and the network’s performance is derived under two protocols:
non-cooperative and cooperative. Recently, several stochastic
geometry studies have appeared which investigate the impact
of blockages in the performance of wireless networks. One of
the first studies was given by [9] where the authors provide an
analytical framework for the analysis of blockages in cellular
network with millimeter waves. In [10], the authors study how
blockages affect heterogeneous cellular networks where the
base stations from different tiers have the ability to cooperate.
Moreover, the work in [11] considers blockages in a cellular
network with SWIPT capabilities and investigates the impact
of millimeter waves on RF energy harvesting.

The motivation of this paper is to study how blockages
can positively affect the energy harvested by a receiver. We
consider a bipolar ad-hoc network with blockages where the
nodes employ sectorized directional antennas and the receivers
implement SWIPT with the PS method. In such a scenario, the
outage probability of a receiver is improved due to the use of
directional antennas and also due to the existence of blockages
which decrease the overall interference at the receiver. We
show how these performance gains can be “sacrificed” in order
to increase the harvested energy by a proper selection of the
PS parameter. We derive analytical expressions and provide
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numerical results for the outage probability and average har-
vested energy for the optimal split with respect to the other
parameters of the network. The rest of the paper is organized
as follows. Section II presents the network model together with
the antenna, channel and SWIPT models. Section III provides
the main analytical results of the paper and in Section IV we
present the numerical results which validate our assumptions.
Finally, the conclusion of the paper is given in Section V.

Notation: R? denotes the d-dimensional Euclidean space,
P[X] denotes the probability of the event X and E[X] rep-
resents the expected value of X, I'(x) denotes the Gamma
function, csc(f) is the cosecant of angle 6.

II. SYSTEM MODEL
A. Network model

We consider a large-scale bipolar ad-hoc wireless network
consisting of a random number of transmitter-receiver pairs.
The transmitters form a homogeneous Poisson point process
(PPP) @ = {x; : i =1,2,...} of density X in the Euclidean
plane R2, where z; € R2 denotes the location of the i-th
transmitter. Each transmitter x; has a unique receiver at a dis-
tance dp in some random direction [6]. The time is considered
to be slotted and in each time slot all the transmitters are
active without any coordination or scheduling. We consider
a receiver located at the origin and its associated transmitter
x¢ located at a distance dy from the origin in some random
direction. We perform our analysis for this typical receiver
but, according to Slivnyak’s Theorem [12], our results hold
for any receiver in the network. The considered network is
assumed to include blockages, e.g. buildings, which we are
modeled by a line segment process of two dimensional lines
with random lengths and orientations. The center points of
the lines are distributed according to a PPP of density p in the
Euclidean plane [9]. Then, the probability of having a line-of-
sight (LOS) and a non-line-of-sight (NLOS) path at a distance
d between a transmitter and a receiver is pr,(d) = exp(—/d)
and py (d) = 1—pr(d) respectively, where (3 is a non-negative
constant defined by 8 = %[L] and where L denotes the length
of the blockages [9].

B. Antenna model

All nodes are assumed to be equipped with the same
number of sectorized antennas. We define as M the number
of directional transmit/receive antennas employed at a node,
so M =1 refers to the omni-directional case. The main and
side lobes of each antenna are approximated by a circular
sector. It is assumed that the antenna gain of the main lobe
is G = % where v is the ratio of the side lobe
level to the main lobe level and so the antenna gain of the
side lobe is H = yG [13]. The antenna directivity gain of
a link changes according to whether a transmission occurs
towards or away from the main or side lobe of a receiver.
Using similar arguments as in [13], there are three possible
antenna directivity gains between a receiver and the interfering
transmitters: between main lobes, between side lobes and
between a main and a side lobe. Therefore, the antenna

directivity gain for each case is given by I'; = {G2, GH,H 2}
1 2M-1) (M-1)?

M2 M?2 ’ M2 s
i € {1,2,3}. As for the direct links, we assume that the trans-
mitters are perfectly aligned with their associated receivers,

i.e. the antenna directivity gain equals to G2.

and occurs with probability p; =

C. Channel model

We assume that all wireless links suffer from both small-
scale block fading and large-scale path-loss effects. The fading
is considered to be Rayleigh distributed so the power of the
channel fading is an exponential random variable with unit
variance. We denote by h; the channel coefficient for the
link between the ¢-th transmitter and the typical receiver.
Moreover, all wireless links exhibit additive white Gaussian
noise (AWGN) with variance o2. The path-loss model assumes
that the received power is proportional to (1+d%)~! where d;
is the Euclidean distance from the origin to the ¢-th transmitter
and o > 2 is the path-loss exponent. We consider this bounded
path-loss model as it ensures that the mean interference is
finite.

D. Joint information & energy transfer

It is assumed that the transmitters have a continuous power
supply, such as a battery or the power grid, and transmit with
the same power P;. Each receiver has SWIPT capabilities and
so it can decode the information and also harvest energy from
the received signal simultaneously. The SWIPT technology is
employed with the PS method such that the received signal is
split into two parts: one is converted to a baseband signal for
information decoding and the other is directed to the rectenna
for energy harvesting and storage. Let 0 < v < 1 denote the PS
parameter for each receiver, i.e. 100v% of the received power
is used for decoding while the remaining power is inputted to
the energy harvesting circuit. During the baseband conversion
phase, additional circuit noise is presented due to the phase-
offsets and the circuit’s non-linearities which is modeled as an
AWGN with zero mean and variance 2.

As discussed in Section II-C, there are three possible ways
to characterize the power gain of a received signal at the
typical receiver. Consequently, this produces three thinning
processes ®; with density & = Ap;, @ € {1,2,3} [12].
Therefore, based on the PS technique considered, the signal-
to-interference-plus-noise ratio (SINR) at the typical receiver
can be written as

thhofl(l + dg)il

SINR =
v(o? + PI) + o}

(1)
where
I= > Y mh(i+d) >0, 2)
i€{1,2,3} z;€D;

is the aggregate interference at the typical receiver and o
takes the values «y, and «y with probability py,(d) and py (d)
respectively. A successful decoding requires that the SINR at
the receiver is at least equal to a certain detection threshold 6.
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On the other hand, RF energy harvesting is a long term
operation and is expressed in terms of average harvested
energy [6]. Since 100(1 — v)% of the received energy is used
for rectification, the average energy harvested at the typical
receiver is expressed as

E(v) =CE[(1 —v)P, (hoT1(1+d5)~' +I)], (3)

where 0 < ¢ < 1 denotes the conversion efficiency from the
RF signal to direct-current voltage. For the sake of simplicity,
we will assume throughout the paper that { = 1. Any potential
RF energy harvesting from the AWGN noise is considered to
be negligible.

III. SWIPT PERFORMANCE WITH BLOCKAGES

In this section, we present the main results of our proposed
model. Specifically, we analytically derive the outage probabil-
ity, i.e. P[SINR < 6], and also the expected harvested energy
at the typical receiver.

Lemma 1. The Laplace transform of the interference I at the
typical receiver evaluated at s is given by

Lz (s) 1}1,;"" (—m / T en(r) - en(r) rdr) ,
“4)

147z

where ¢, (1) = ;5 e Pa(r), @ € {L,N}.

Proof: The Laplace transform of the interference 7 is
evaluated as follows

Lz(s)

I =

SDIRDIE

16{1 2,3} 2;€®;

h;T;
Ey, L ;
II Ex eXp( 51+d§u>]pL(dﬂ

=E [exp | — +da

i€{1,2,3} Laje®,
hiT;
+En, |exp <_51+]d§“’>] pN(dj)‘|
pL(dj)
- H E[ H S
ie{1,2,3} mj@il"'sri(l—i—dj )
pN(dj)
1+5Fi(1+d;?‘N)—1 g

where the expectation term is given by

= pr(r)
exp (27@-/0 (1 14 sTy(1 + roz)1

B pn(r)
1+ sTi(1+ raN)—l)’"dr> ’

which follows from the probability generating functional of a

PPP [12]. By setting ¢, (1) = s repa(r), = € {L, N}

the result follows. |

Theorem 1. The outage probability of the typical receiver is

Py(v, B) = 1 — pr(do) exp ( SPLt <02 + 01)20)) Lz(s)

SN 2 ‘720
— pn(do) exp Y o +7 Lz(sn), (5)

where s, =
Lemma 1.

0(11:7(11(0”)’ x € {L,N} and Lz(s;) is given by

Proof: Since hg is an exponential random variable with
unit variance, we have

Py(v,8) =1 —P[SINR > 0]

ey (OO (o 0 0 +dy)
=1-—exp ( TP, (0 + ” L1 T, .
(6)

The result then follows by taking into account the LOS and
NLOS cases. [ ]

Theorem 2. The average harvested energy by the typical
receiver is given by

1 pr(do) v (do)
E(’l}) —(1 ’U)Pt (F11+d8L +F11+d8N +\I’ , (7)
where
v=2r 3 g‘r./oo pe(r) | pn() s
e \L4rer 14w

i€{1,2,3}

Proof: Similarly to [8], using Campbell’s theorem for the
expectation of a sum over a point process [12] and the fact
that E(h;) = 1 for all i, we get from (3),

pr(do) pn(do)
Ewv)=01—-v)P (T T E[Z
(v) = ( U)t<11+d8L+ 11+d8N+[],
)
where
EZ]=E| Y > (1+d)™"
i€{1,2,3} €2,
oy e [T(0 0,
1+rec 14 ron
16{123}
which proves the theorem. [ ]

Next, we consider two asymptotic cases, namely M — oo
and 3 — co. When M — oo we have I'; —>{ g,i, }and
p; — {0,0,1}, in which case the Laplace transform in Lemma
1 changes to

L5 (5) = exp (—2m /OOO (1= er(r) — en(r) rdr) ,

(10)
with ¢, (r) = %; the term W in Theorem 2 changes
to

T — 2m/ v (11)
1 —|— TO‘L 1 + roN
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Similarly, for the case § — oo, all paths are NLOS so we
have pr,(r) — 0 and py () — 1 which produces the following
expressions,

o syLyr
,C]IV (sn) = H exp (—271'57;/ adr>
ic{12.3) 0 syl + 14 ron
2m2¢; 2 2
= H exp (— S snyIi(1 +Fis)“3v esc (W)> ,
1€{1,2,3} an anN
(12)
where sy = 9(1?7?’1”; the term ¥ in Theorem 2 changes to

N _ T. = r
Uy =27\ Z pzfl/o 1+raNd7’

i€{1,2,3}
2712\ 2
= T ese (”) > wil, (13)
aN aN 1€{1,2,3}
which follows from using the transformation u < 72 and

[14, 3.241]. The results of Theorem 1 and Theorem 2 change
accordingly for each of the asymptotic cases.

We now formulate an optimization problem to find the
optimal value of v which maximizes the average harvested
energy under an outage constraint. An increase of the blockage
density could result in a possible drop in outage probability.
From a SWIPT point of view, this reduction can be exploited
in order to re-evaluate the PS parameter v to increase the
harvested energy whilst keeping the outage probability lower
than a certain value. In other words, we would like to compute

max F(v) (14)

0<v<l,
Py(v,B) <,

where 7 is an outage probability constraint. In order to
maximize the average harvested energy at the receiver, it
suffices to minimize v subject to the above constraints. This
can be found by finding the root of the equation P, (v, 5) = n.
Due to the complexity of the expressions, finding the root of
the equation is non-trivial but can be derived using numerical
methods such as the bisection search or Newton’s method. For
the asymptotic case 5 — oo, the solution can be evaluated due
to the simplified expressions and is given by

subject to
15)

2
oc

S Py [_1on
SN In |:E¥(SN)

v = (16)

B

In the next section we present the numerical results of our
proposed model.

IV. NUMERICAL RESULTS

We provide numerical results to validate our proposed
model and demonstrate the potential benefits from its imple-
mentation. Unless otherwise stated, the numerical results use
A=10"2%~v=03,do=5m 0 =0dB, 0? =1, 0% =1,
v =05 L =10m, ar, = 2 and ay = 4. The solutions
to (14) were evaluated with the help of Mathematica which

dy=5m

Outage Probability

- - P =50dB
A M=14
® M—oo
———-p—x

Fig. 1. Outage probability versus blockage density p; v = 0.5, § = 0 dB.

uses Newton’s method. In Fig. 1, we show how the outage
probability is affected by the blockage density and the number
of sectorized antennas. Firstly, it is clear that, an increase in
M decreases the outage probability regardless of the blockage
density; this is expected as a larger M means larger antenna
directivity gain and less interference. Now the effect of the
blockage density on the performance of the receiver depends
on the system’s other parameters. A small value of dy ensures
that an increase in blockage density will improve the outage
probability since the direct link will most probably be in LOS
and the interfering signals in NLOS. For larger values of dy,
the performance depends on the transmit power. For P, = 30
dB the outage probability improves slightly for small values
of p but the performance worsens as p increases. On the
other hand, for P, = 50 dB, the outage probability benefits
from an increase in the blockage density. Theoretical curves
(dashed lines) perfectly match the numerical results (markers)
and validate our analysis. Moreover, all curves converge to the
asymptotic case which validates (12). In Fig. 2, we plot the
optimal v obtained by (14) with respect to the blockage density
p for different values of 8. We consider the case M — oo and
we let the outage constraint in (15) to be P,(0.5, %[L]) with
p = 10"%* and L = 10 m. It is obvious that for P, = 50
dB and for values of p > 10™%, the PS parameter v can be
reduced significantly compared to the initial PS value of 0.5.
For large values of p, v increases but is still much smaller
than the initial value. The reason for this increase is due to
the fact that for large values of p the direct link between the
receiver and its transmitter is likely to be in NLOS. Finally,
a larger value of 0, in this case § = 10 dB, provides a lower
v compared to § = 0 dB. Larger threshold values provide a
higher outage probability and so the benefit of interference
reduction due to the existence of blockages is more obvious
in these cases. Finally, in Fig. 3, we illustrate how the average
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Fig. 2.
M — oo.

Optimal v versus the blockage density p; v = 0.3, dop = 5 m,

harvested energy changes with respect to the blockage density
p. The case where v remains constant as the blockage density
increases is compared to the case where v is adjusted using
the optimal values of v given in Fig. 2. Similar observations
to above apply. For dy = 1 m and P, = 50 dB, more energy
is harvested since the direct link is much stronger compared
to the cases dy = 5 m and P, = 30 dB. When p — oo, all
links are in NLOS which provides less harvested energy from
both the direct and the interfering signals. In this case, the
average harvested energy converges to a constant floor given
by Theorem 2 and (13). Lastly, we plot the upper bound for
the harvested energy, i.e. the case v — 0. It’s obvious that
the adjustment of v by (14) can match the upper bound under
certain parameters.

V. CONCLUSION

In this paper we investigated the impact of blockages on the
harvested energy in wireless ad-hoc networks. We considered
a bipolar ad-hoc network with sectorized directional antennas
and SWIPT capabilities. We showed that an increase in the
density of the blockages can be useful in order to adjust the
PS parameter accordingly while satisfying an outage constraint
in a network with smaller blockage density. We derived
analytically the outage probability and the average harvested
energy by modelling our considered network with spatial point
processes and have presented numerical results to validate our
assumptions. Our results provide the necessary insight in the
design of SWIPT networks with the existence of blockages.
Since the adjustment of the PS parameter in some cases can
reach the upper bound of harvested energy, it provides the
flexibility to design the network’s parameters in such a way
as to achieve specific quality of service constraints but also
increase the harvested energy.
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Fig. 3. Average harvested energy versus p with P, = 30 dB (upper plot)
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