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ABSTRACT This paper considers a device-to-device (D2D) network with time-splitting protocol, where
a D2D transmitter (Tx) first harvests energy from a multiple-antenna power beacon (PB) and ambient
radio frequency sources, and then uses that harvested energy to transmit data to the D2D receiver (Ry).
To improve the energy transfer efficiency, the PB is equipped with multiple antennas for energy transfer,
and Ty is equipped with multiple antennas for energy harvesting. Two beamforming techniques, called best
antenna-based beamforming and optimal beamforming vector, are proposed to use at the PB. We derive novel
analytical expressions for the average harvested energy, power outage probability, and the outage probability
of the information transfer link, considering the effect of co-channel interference from homogeneous Poison
distributed interferes and the short-range propagation model for the path loss. We show that by deploying
multiple harvesting energy antennas at Tx and by implementing optimal beamforming vector scheme at the
PB, the system performance improves substantially. Furthermore, Monte-Carlo simulations are provided and

verify the accuracy of our analytical results.

INDEX TERMS D2D communications, interference, energy harvesting, MIMO, stochastic geometry.

I. INTRODUCTION
Interference has been traditionally considered as one of
biggest obstacles in wireless networks. Recently, there has
been a new trend to exploit the interference to improve the
performance of wireless networks, e.g., using the interference
as a new mechanism to enhance the security performance [1]
or using the interference as an additional source for supplying
the power [2]. With unprecedented growth in the volume of
wireless data traffic, active time and energy consumption at
mobile users are endlessly increasing [3]. Therefore, supply-
ing energy for the mobile users becomes a vital task for next
generation wireless systems. A potential candidate that has
emerged to deal with this problem is radio frequency wireless
power transfer (WPT), due to its ability of transfering energy
for a long distance (far-field), while requiring a small change
in the existing wireless communication systems [4]-[6].
In addition, the energy sources of WPT systems is more stable
than those of wind and solar systems [7], [8].

Along with advantages, there are also difficulties of
WPT. The most challenging is the transmitted energy being
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significantly deteriorated with the distance. To deal
with this problem, beamforming techniques have been
applied in WPT [9]-[13]. More precisely, papers [9]-[12]
considered beamforming techniques for a multiple-input
single-output systems, and [13] studied multiple-input
multiple-output (MIMO) systems. Particularly, it was shown
that by using optimal beamforming vectors, the power trans-
fer efficiency is significantly improved [13].

Another aspect should be mentioned in WPT is the source
of energy, which can be classified into two groups: i) dedi-
cated RF sources and ii) ambient RF sources. While the first
kind can be macro base stations or power beacons (PBs),
the second one are neighbour RF sources (such as neigh-
bor cellular users, base stations and access points), which
are considered as passive energy sources. Literature shows
that many previous works on WPT considered either ded-
icated sources [14]-[18] or ambient RF sources [19]-[23].
Recently, with an attempt to enhance the amount of har-
vested energy, Zhu et al. [24] exploited both kind of energies.
To be more specific, [24] considered K-tier heterogeneous
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networks (HetNets), in which a single-antenna user harvests
energy from the dedicated source, i.e., the macro base station
that the user associated with, and from ambient sources, i.e.,
the other network nodes such as neighbor macro base stations
and neighbor small-cell base stations. The result illustrates
the power transfer efficiency of the considered system is
significantly improved.

Many previous works have considered the applications
of WPT in many wireless systems such HetNets [25], [26],
mmWave cellular networks [27], physical layer security [28],
and non-orthogonal multiple access (NOMA) [29]. WPT has
been also studied in the device to device (D2D) communica-
tion system, a promising technique in 5G, since D2D systems
offer high spectral efficiency, low latency, and low transmit
power [30]. Note that, in D2D communications, owing to the
short distance between the transmitter and the receiver, the
transmit power can be low, and hence, the application of SWP
in D2D systems is very promising and has attracted a lot of
research interest recently [31], [32]. Sakr and Hossain [31]
analysed the performance of a D2D system in which the
transmitter harvests energy from the ambient interference
for spectrum random access and prioritized access. While
in [32], the energy harvesting was considered in mobile user
equipment relay systems. In this work, the user equipment
relay collects energy from access points located at random
following homogeneous Poison point process (HPPP).

Motivated by the above discussion, in this paper we
propose and analyse a D2D system with WPT. Different
from [31], we assume that the transmitter is equipped with
multiple-energy-harvesting antennas, and harvests energy not
only from the PB but also from the ambient RF sources.
In addition, to enhance the power transfer efficiency from
the PB to the transmitter, we apply a beamforming tech-
nique based on Rayleigh-Ritz theorem, which was introduced
in [13], but here in our work the receiving power protocol is
different. More precisely, the beamforming approach in [13]
was considered under the power-splitting scheme. By con-
trast, in our work, we consider the time-splitting scheme.
Note that, [12] showed that the time-splitting policy is simple
to the implement and outperforms the power-splitting policy.
The main contributions are summarized as follows:

o We propose a model in which the D2D transmitter
harvests energy not only from the PB, but also from
ambient RF sources whose distributions are modelled
as HPPP. Particularly, to improve the power transfer
efficiency, the D2D transmitter is proposed to equip with
multiple antennas for harvesting the energy. Two beam-
forming approaches are proposed: optimal beamform-
ing vector (OBV) and best antenna-based beamforming
(BABB) at the power beacon.

« With the considered system, we derive exact analytical
expressions of the average energy harvesting, power
outage probability of the energy transfer phase, and
outage probability of the information transmit phase.
Our results show that, by using OBV beamforming tech-
nique and increasing the number of energy-harvesting
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antennas at the D2D transmitter, the system performance
can noticeably improves.

Notation: We use the following notation throughout this
paper: bold upper-case, bold lower-case and non-bold letter
are used to denote matrix, vector and scalar, respectively.
., Il and [.]¥ denote the module, norm two and hermi-
tian transpose. £(.) and E{.} present the Laplace transform
function and expectation operator. I and ['(«, B) are the
imaginary function and Gamma function.
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<« Interfering links
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D2D users

Cellular users

Base station

A

Base station

FIGURE 1. System model - in which base stations and neighbour cellular
users play a role as the ambient RF sources.
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Uoom|

i EH antenna ltIP antenna
FIGURE 2. Receiver architecture designs for RF-powered information

receiver - with multiple energy harvesting (EH) antennas and single
information transceiver (IP) antenna.

Il. NETWORK MODEL

We consider a wireless-powered D2D communication sys-
tem as shown in Figure 1 which consists of a power bea-
con (PB) equipped with N, antennas, a D2D transmitter
Tx (equipped with Ng antennas for receiving energy and
one antenna for informative purpose, see Figure 2),! a D2D
single-antenna receiver Ry, a set of ambient RF sources,
denoted by ®Rrr (e.g., the set of base stations), that operates
with different frequency from the D2D link does, and a set of
cellular users, denoted by @i, that uses the same frequency

IThe D2D transmitter has a single antenna for information transmission
due to its cost and physical size limitations. By contrast, it can deploy
multiple antennas for harvesting energy since the RF energy harvesting
circuit is small and simple [8], [33], [34].

5225



IEEE Access

T. X. Doan et al.: Energy Harvesting-Based D2D Communications in the Presence of Interference and Ambient RF Sources

and time resource as D2D link does. As a result, @y inter-
feres on the transmission between Tx and Ry. We assume
that ®rrp and P; are modelled as homogeneous Poison
point process (HPPP) with density Arr and A, respectively.
Furthermore, we assume no interferer is closer Ry than zg m.

Let T be the time period for transmitting an information
block from Tx to Rx. By applying time-splitting protocol,
each block time 7 is divided into two phases as follows [7]:

1) PHASE 1-ENERGY HARVESTING PHASE
This phase is used for transfer energy from PB to Ty with the
duration of 7T, where T € (0, 1) is a time-splitting ratio.

To transfer energy to Tx, PB sends a signal wsp, where
w e CNex1 Ef|lw||?} = 1, is the beamforming vector and sp,
E{|sp|2} = 1, is the power symbol. In addition to the power
received from PB, T also harvests energy from ®rp and ®j.
Let H e CNoxNe 7 c CNex1 and 7; € CNEX! be the channel
coefficient of the links from Ty to PB, to r-th RF source and to
i-th interference, respectively. Note that the channels H and f,
include the small-scale fading and path loss expressed as a
short-range propagation model as follows [35]:

T H dpt 7 H
H” = /K max d—o,do HY, )]

frz\/lCmax<ﬁ,do)_ frs )
do

where [ is a constant depending on the frequency, d is the
reference distance; o and B are the path-loss exponent; dp
and d; are the distances from Ty to PB and the i-th interference
source, respectively. In addition, H and f; represent the small-
scale fading whose entries are independent and identically
distributed (i.d.d.) zero-mean complex Gaussian random vari-
ables with unit variance. Then the total harvested energy at T
at the end of the first phase is given by

Ex = ntTP|H w|* + > nrTPeellfr|?
—  ———

re®rp

and

Ex

Ex2

+ Yt 3)

iedy

Er3

where k € {b,0} denotes for beamforming scheme (which
are described in detail in follow); 1 is the RF-DC transfer
efficiency; Pp, Prr and Pp are the transmit power of PB,
ambient RF source and interference, respectively; Ex 1, E 2,
E} 3 represent for the harvested energy from PB, ambient RF
source and interference, respectively. Due to low density of
interferences and large distance between themselves to Ty,
E} 3 can be neglected.

In order to enhance the power transfer efficiency, we
applied two beamforming schemes into the power transfer
process, which are described as follows:
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o Best Antenna Based-Beamforming (BABB): with

BABB scheme, only one antenna at PB is used for power
transfer. This antenna is chosen so that receive energy at
Ty is maximal. Mathematically, the chosen antenna i* is
given by

where h; j ~ CN(0, 1) is the (i, j)-th element of H. With
BABB scheme, the beamforming vector w becomes the
i*-th column of INp- Then, the total harvested energy (3)
can be re-written as

dy P&
_ dpe L2
Ep = ntTKPp max (do ,do> 21: |7 1
=

Ep

di \7“
+ntTKPre Y |f|* max <—,d0> 4)

d
iECIJRF 0

Ep»

where Ej, 1 and Ep, > are the energies that Ty receives
from PB and ambient RF sources, respectively.
Optimal Beamforming Vector (OBV): with OBV
scheme, PB uses all antennas for power transfer, and
finds w to maximize the receive energy at Tx. More
precisely, the optimal w* is given by

w* =arg max |H” w|>. (5)
weC P>

From (1), we can re-write (5) as

w* =arg max |H" w|?
weC™ P>
= arg max wl HH . (6)
WGCNPXI

Since ||w||> = 1, wf'HHH w is a Rayleigh-Ritz quo-
tient. Thus, from Rayleigh-Ritz Theorem [36], w* is
the unit-norm eigenvector corresponding to the largest
eigenvalue of the Wishart matrix HH'. Consequently,
the total harvested energy (3) at Tx is re-expressed
as

dpy
E, = ntTKPpmax e do Amax
0

Eo.l

i\
+ ntTKPre ) |f;* max (i,do) NG

iedrp

EO,Z
where Aq is the largest eigenvalue of HH' .

VOLUME 5, 2017



T. X. Doan et al.: Energy Harvesting-Based D2D Communications in the Presence of Interference and Ambient RF Sources

IEEE Access

2) PHASE 2-DATA TRANSMISSION PHASE

The remaining duration, (I — t)7T, is used for the data
transmission. More precisely, the source uses energy har-
vested in the energy harvesting phase to transmit signal to
the destination.

Let s and s;, where E{|s|2} = E{|si|*} = 1, be the signals
transmitted from Ty and the i-th interference source, respec-
tively. The received signal at DURy, then, can be expressed
as

Ex

(I——I)T}_ltrs + Z Pigisi + ny, (8)

iedy

Yrk =

where k € {b, o} depends the beamforming schemes at PB,
}_ztr and g; are the channel coefficients of Tx — Ry link and the
i-th interference source - Ry link, and n; is the AWGN with
zero-mean and variance Ny.

The channel A, and gi are modelled as follows:

- dy -
hy = |Kmax | —,do | hy, 9
do

g =/ Kd;, *gi. (10)

and

where d; and d;, are the distances from Ry to Ty and i-th
interference source, respectively. In addition, i, ~ CN(0, 1)
and g; ~ CN(0, 1) represent the small-scale fading.

Finally, the end-to-end signal to interference plus noise
ratio (SINR) is given by

E = 12
N (17]§)T |htr |
No+ Y ico, P1il*

(11)

Ill. ENERGY AND OUTAGE PROBABILITY ANALYSIS

In this section, we evaluate the efficiency of wireless power
transfer in terms of average harvesting energy, power outage
probability, and the outage probability of the D2D link. These
metrics are defined and analysed in details in the following
subsections.

A. LAPLACE TRANSFORM FUNCTION
We provide some basic results which can be used for the
derivations of energy analysis and outage probability in Sec-
tions III-B, III-C and III-D.

Let ® be set of points following HPPP with density A, and
d; is the distance between the i-th point in & and the origin.
We define random variables Z; and Z; as

Z 2 ZX,K max (d;, Ip)™%, (12)
ied
and
2 £ XiKd 1(d; > 20). (13)
ied

where [y, IC, are positive constants, ¢ > 2, {X;},i € O,
are i.i.d. Gamma distributed with shape N and phase 1,
i.e., Xj ~ ['(N, 1). Then we have the following result.
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Lemma 1: The Laplace transform function of random
variable Z; given by (12) is calculated by

Lz, (s)
rN+2/a)T(1-2
=exp{nr| — /C(Z)/asz/"‘ W +2/0) L ( /)
r'v)
n lCoNslg_“
(N +2/a) (ICOIO_O‘S + N+L
FI{LN+1;N+1+ 2 !
X , ) R R va— s
2 o ’Colo_as +1
(14)
where I' () is the Gamma function , and >F;(.,.;.;.) is the
hyper-geometric function [37].
Proof: See Appendix A. [ ]

Lemma 2: With random variable Z, being defined as
in (13), its Laplace transform function is expressed as follows:

1
Lz,(s) =exp mh 74l [ [P
Z p{ [ZO( (1+SICZ(;(X)N)

I'(N+2/a)T (1—2/a)

_ K22/
')
leCZ%_a
+ (N +2/a) (sKzg® + DN+
o leza‘x +1

15)

Proof: Following a similar methodology used in the
derivations of £z, (s) in Lemma 1. [ |
Lemma 3: The Laplace transform function of

where h;j ~ CN(0, 1), N and M are positive integers, is
given by

N
Lz,()=)_ >

m=0 (ko+..+ky—1=m)
K

CM,m,K)AM, m, k)!

X (s + mA M mk+1 (16)
where k = {ko, ..., ky—1},
M—1
N m 1
C(M,mvk)é(—l)m< )( ) ,
m) \ko, ..., ky—1 E) (g
(17)
M—1
AM,m.K) £ " k. (18)
t=0
Proof: See Appendix B. u
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B. AVERAGE HARVESTED ENERGY
The instantaneous harvested energy changes over time due
to the random nature of propagation. Thus, to evaluate the
amount of harvested energy, we derive the expressions for
average harvested energy for two beamforming schemes as
follows.

Theorem 1: The average harvested energy in phase 1 for
BABB scheme is given by

_ d -B
E, =ntTKy { 7 A\ReNEPRE 2 —Pp max _pt’ do
a—2 dy

SIS

m=1 (ko+..+kNE_1:m)

A(NE, m, K)!

C(Ng, m, k)m

19)

Proof: See Appendix C ]
Remark 1: The term ntTKo anFNEPRFO%) in (19)
shows that the average harvested energy from ambient radio
frequency sources increases linearly with Ng. Therefore, by
deploying multiple antenna at Ty, we take the benefit of
harvesting energy ambient radio frequency sources.
Theorem 2: Let define N, £ min(Np, Ng), then the aver-
age energy that Tyx harvests from PB and ambient radio
frequency sources for OBV scheme is given by

8 Ny (Np+Ng)i—2:?

2 X

i=1 m=|N,—Ng|

_ d
E, =ntTKoPp max (d—pt,do> (m+1)
0

d; 2
X—l’.m + UTTJTK:())LRFNEPRF (1 + —2> s (20)
1 o —

where
mlci m

[T (Ng = DN, — i)t

and ¢; ,, are constants computed as in [38].
Proof: From (7), the instantaneous received energy from
the PB is

A
dim:

d
E,1 = ntTKoP, max (d—‘” d0> Ama - 1)
0
Recall that A, is the largest eigenvalue of HH . The PDF
of Aax 1S given by [38]

N, (No+Ng)i—2i2
ror d; i x™ exp(—ix)

foa@ =) — . @2

i=1 m=|N,—Ng|

Using (22), after some manipulations, the Laplace transform
function of A4y 18

N; (Np+Ng)i—2i 1
Lrpu® =2 ) dim gt 3D
i=1 m=|Np—Ng| LS

As a result, the average harvested energy Ea,l can be found
by taking the derivative of £, (s) with respect to s and
sets = 0.
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Note that the instantaneous harvested energy E,»
from the ambient RF sources is equal to Ep in (4).
Thus, the derivation of E,» has been already proved in
Appendix C. [ ]

C. POWER OUTAGE PROBABILITY

In reality, the amount of energy that Ty harvests from the first
phase has to excess a certain value defined as a threshold Py,.
Thus, in this part we analyze the power outage probability
which is defined as the probability that the harvested power
is less than Py,. Mathematically, the power outage probability
is given by

Ho=prl B _p (24)
k = r{(l—‘[)T < th}9

where lf—‘;T is harvested power, k = {b,0} corresponds to
BAS and OBV schemes, respectively.

Theorem 3: If the PB employs BABB policy, the power
outage probability is then given by

= _ — _/ { exp —]ch )EXZ (—JPRFW)

. dy  \7P
x Ly, | —jPpKo max d—o,do w | ¢ dw,

(25)

(=7)P
nto?

NP
FNTES S >
m=0 (ko+..+kNE_1 =m)
N

6 + mpNemk+1

where Py, =

C(Ng, m, K)A(NE, m, k)!

(26)
and
Lx,(s)

' (N 2 ra-2
:exp{”)»RF[_lCz/a 2/a T (NE +2/0) T ( /)

I'(Ng)

crari)}

27)

+ N/C()S
(NE + 2/a) (Kos + 1)Ne+1

2
X 2F (1 Ng+1;Ng+1+ —

Proof: Equation (4) can be re-written as

d —p
Ep = UTT<Pp/C0 max (d—pt do) X+ PRFX2>, (28)
0

N
where X £ maxi— N, (ijl |h,-,j|2), X 2 Yo
Ko max (5—(”), do> _a. By substituting (28) into (24), we have

ntWp
1—1

Hy = Pr | < Pu} = Fu, (Pu). (29)
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do) ’ X, + Pagy. To find the
CDF of Wy, we first use Lemma 1 and Lemma 3 to derive the
Laplace transform function of P,Ko max ((2—%‘, d0> g X +
PrpA5. Then, we apply the Gil-Palaez theorem [39] to obtain
the final result. ]

Theorem 4: If the PB employs OBV policy, the power
outage probability is given by

d,
where W, £ PpKo max (d—p(;,

= - _/ {exp —]chW) Lx, (—jPrEw)

d -p
x L, (—jpp/co max (d—‘(’; do> w) } dw, (30)

where L x;,(s) is the Laplace transform function of A, as
in (23).

Proof: Following a similar methodology used in the
derivations of Hj in Theorem 3. [ |

D. OUTAGE PROBABILITY
In this section, we analyze the system performance in terms

of outage probability of the transmission from Tx to Ry
(D2D link) for BABB and OBV schemes at the PB.

1) BEST ANTENNA BASED-BEAMFORMING
The system capacity for BABB scheme is given by
Cp =logy (1 4+ ), (31)

where y, is expressed as in (11).
For a given threshold Ry, the outage probability is defined
as

P, =Pr{Cy, < Ru,}. (32)

By using Lemma 2, we obtain the following analytical
expression for the outage probability given by (32).

Theorem 5: For the BABB scheme, the outage probability
of the D2D link is given by

neion ] [ole(0)

h=0w=0

. dpt P
x Ly, | —jPpKo max d—o,do w

i
x Ly, (—jPrew) L, (M> } exp(—x3)dx dw,
(33)

o
where 75 £ 15 (2th — 1) max (fi’g , do) ,

ntk
Lx,(s)

1
=expimh |2 (1 — —)
{ |: (1 +s/Coz5°‘)NE

2/aK2/a I'(Ng+2/a)T (1 —2/a)
I'(Ng)
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S NEICoz
(NE +2/a) (sKo zg® + DNeF!
2 1
X o F lNE+1NE+l+——
o sKozo® + 1

(34)

and where z is radius of the guard zone.
Proof: By substituting (31) into (32) and using
in (11) for k = b, we have

Py

_pr {wb < 7o (35)

No + P1 X,
A3

_ Ny + Pix
Fw, (m%)m (x3) fx, (x4) dxgds

00
1 1 / 1~{ ( _ No+ Pixy )
P —S3€Xp | —/Vth————W
2 0w w X3

w=0

d
x Ly, —jPpKo max(d—pt, do> w)L x, (—jPRpw)} dw
0

o
-

X [, (X3)fX4 (x4) dxadx3 (36)
; lf/ e (7)

- —— exp

2 7« X3

d -B
x L, (—jPpKp max (d_m do> w)

Prymw

s

X L, (—jPREW) L x,( ) exp(— x3)} dxzdw,

(37)
where (c) is hold by using Gil-Palaez theorem, (d) is achieved
by using the definition of Laplace transfer function of vari-
able Xy, X3 £ |hel®, Xy £ Yo, Kod, “gil(dir > z0),
fx, = exp(—x3) and fx,(x4) are the PDF of variables
A3 and Ay, respectively. [ ]

2) OPTIMAL BEAMFORMING VECTORS SCHEME
Theorem 6. The expression of the outage probability for
OBV scheme is given by

o0 o0
1 1//1 { < .)7thNow>
Po=—-—— —Jqexp| —j——
2 0w w X3

h=0w=0

d —B
x Ly, (—ijICo max (d—l;t, do) w)

Piyinw
X Lx, (—jPrew) Lx, <Ij:—;h> } exp(—x3)dxz dw,
(38)

where yg and the Laplace transform function Ly, (s) are
defined as in Theorem 5, L, (s), Lx,(s) and Lx,(s) are
defined in (26), (27) and (23), respectively.
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Proof: Following a similar methodology used in the
derivations of P, in Theorem 5. [ |

IV. NUMERICAL RESULTS

In this section, simulation results based on Monte Carlo
method are provided to verify the accuracy of our analytical
results. Furthermore, the system performance is analysed and
investigated for different network parameters.

A. NETWORK PARAMETERS
For simulations, network parameters are chosen as follows:

o The operating frequency for power and information
phases is assumed at f, = 1 Ghz, with the bandwidth
BW = 10 Mhz.

o Time-splitting ratio is T = 0.5 and T is normalized to 1.

o The RF-DC transform efficiency of energy harvesting
circuitis n = 0.8.

o The path loss exponent of the PB-Tx link is 8 = 2 (for a
short range), and the path loss exponent of the remainder
links is @ = 3.

o The distances between the PB and Tx (dp), Tx and
Ry (d;r) are 10 meters.

o The noise figure is Ny = 10 dB, the noise power is
or = —170 + 10log,y BW + Ny = —90 dBm.

2
« Ko = (ﬁ) = 5.7 x 104, where the reference

distance d is set to 1 and C = 3 x 108 [24].

25
Analysis 1 2 4

o Simulation A=10",107,10
%‘
£ OBV
> 20
=g
[]
C
(0]
he]
k9]
g BABB
S 15|
(]
> -1
S A=10",107,10
o
[0
>
<

1.0
P = 15dBm
0.8 1 1 1
2 4 6 8 10

Np

FIGURE 3. Average harvested energy with the various Agg.

B. AVERAGE HARVESTED ENERGY
Figure 3 shows the average harvested energy in mJ versus the
number of PB antennas. We can see that the average harvested
energy increases as the number of PB antennas. This implies
that the average harvested energy can be improved by deploy-
ing more antennas at the PB. In addition, when the ambient
RF sources density increases the performance also improves.
The figure also shows that the OBV scheme outperforms the
BABB scheme.

Next, we investigate the impact of the transmit power of
the ambient RF sources on the average harvested energy,
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20 ‘

Prf= (25,20,15) dBm

15| | BABB

P = (25,20,15) dBm
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FIGURE 4. Average harvested energy with the various P,s.

see Figure 4. Figure 4 illustrates that if the transmit power of
ambient RF sources increases, the average harvested energy
is improved. In addition, this improvement can increase with
increment in the number of PB antennas.

In Figures 5 and 6, the average harvested energy is gener-
ated at large Nj,. The results show that the amount of average
harvested energy for OBV grows up to 11 mJ at N, = 100.
Note that in [24, Fig. 4], to reach this energy value, the num-
ber of transmit antennas is around 1000. To obtain the same
average harvested energy level, the number of PB antennas
can be significantly reduced by deploying multiple antennas
for receiving energy at Ty.
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FIGURE 5. BABB:Average harvested energy with high Np.

C. POWER OUTAGE PROBABILITY

In terms of power outage probability, Figure 7 shows that
for OBV scheme, the power outage probability significantly
reduces when the number of PB antennas increases. In the
other words, power outage probability for BABB scheme
slowly enhances with the increase in Nj,.

Similarly, Figure 7 and 8 show the effects of the transmit
power of ambient RF sources on the power outage probability.
The increase of Prr leads to the increase of the harvested
energy, resulting in better performance.
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Particularly, Figure 9 shows that with Pg, = 10mW, when
Np > 45, the power outage probability of the OBV scheme
is significantly better than that that of the BABB scheme.

D. OUTAGE PROBABILITY

Figure 10 shows that the outage probability decreases with
the increment in Pp. In particular, the impact of ambient RF
sources is more significant at small Pp,. This comes from the
fact that at high Py, the energy that harvested from P, become
dominated.
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V. CONCLUSIONS

This work proposed and analysed the performance of the
energy harvesting-based D2D networks in the presence of
interference and ambient RF sources. The D2D transmit-
ter harvests energy from power beacon and the ambient
RF sources. Two beamforming schemes are proposed at the
PB to increase the power transfer efficiency. By applying
the stochastic geometry tool, the exact analytical expressions
for the OP and the average harvested energy were derived.
We showed that the system performance can be signifi-
cantly improved by deploying multiple antennas for energy
harvesting at the D2D transmitter together with the use of
OBV scheme at the PB.

APPENDIX A
PROOF OF LEMMA 1
The Laplace transform of Z; is given by

£21 (S)
= E [exp (—sZ1)]

=E|exp(—s)_ XiKmax (d;, o)™
ied
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= exp {—A]E;‘{/Oo [1 — exp (—sXK max (r, lp) )]
0

X 27 rdr] }

= o[- [ 1 - exp (v e

- L(s)
X exp {— AEx [/l [1 —exp (—sXKr¢)] 271rdr“
0

Lo(s)
(A.1)

The term L;(s) can be obtained by first taking integral with
respect to variable r, then compute the expectation over X’ as

1
Lits)=expl—ari|1—-—— |} (A2
1 p{ 0( (HICZJ“s)N)}

The term L, (s) can be derived as follows:

L2 @ exp [ [ (1 — exp (~sXK; ) )
_Klaglep (XZ/“) r(l —2/a)
IV /eR (XZ/O‘F(I —2/a, sICXlO_“))i“

®) P 1
=exp\TAlljll - ——
{ [ ( (1 +Ksly )"

_x2fa 2/l VA 2/a)T (1 —2/a)
T(N)
/Cng_“s

+
(N +2/a) (KI;%s + DN+

2 1
X Fi{I,N+1;N+1+4+ —; —— )
: 1( o ICZ()_“s—i-l):”
(A.3)

where (a) follows the method of integration by parts as in
[35], and (b) is obtained by taking the expectation over X
with the help of [37, 6.455]. By substituting £1(s) and La(s)
into (A.1), we arrive at the final result.

APPENDIX B
PROOF OF LEMMA 3

The CDF of Z3 = maxj—1.__y [Zj’ﬁ, |h,-,j|2] is

Fz, (x)
M=l p N
= (1 - ZO ) exp(—x))
N (N M-1 n mn
= mZﬂ)(—l) (m> go —exp(—x)

N
Z Z CM, m, K)x* MK exp(—mx),
m=0 (ko+..+kpr—1=m)
(B.1)
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Then, the PDF of Zj3 is obtained by taking the derivative of
F z, (x) with respect to x as follows:

Jz,(x)
N
m=0 (ko+..-+kpy—1=m)
X [A(M, m, K)xAM-m K=l —mxA(M’m’k)] exp(—mx).

(B.2)

C(M,m,Kk)

Finally, from (B.2), we get the Laplace transform function
of Z3.

APPENDIX C

PROOF OF THEOREM 1

The first and the second terms of (4) represent the harvested
energy from the power beacon and the ambient RF sources,
respectively. By applying the lemma 1 and lemma 3, we
obtain the Laplace transform of two that terms. Then, taking
the first derivative of these Laplace transform functions at
s = 0, we obtain the average harvested energy as follows:

A. ENERGY FROM THE POWER BEACON
by applying Lemma 3, the Laplace transform of E}, | is

d -B
LE, ,(s) = ntTKoPp max (d—m, d0>
0

Sy

m=0 (ko+..+kNg —1=m)

sA(Ng, m, K)!C(Ng, m, k)
(S + m)A(NE,m,k)+l

(C.1)

Therefore, the average harvested energy from the power
beacon is given by

. d‘C’Eh,l (S)
ds

N
—ntTKoPpmax | —, do
do

s

m=0 (k0+~~+kNE— 1=m)

Ep1 =

s=0

A(NE, m, K)!

C(NE, m, k)m

(C.2)

B. ENERGY FROM THE AMBIENT RF SOURCES
The average harvested energy from ambient RF source is
computed by

| dLp,,0)
ds

2
= T]TTT[)»RF’C()PRF (1 + m) Elfr|2 I:lfr|2:| (C3)

Epy =
’ s=0

where Lg, ,(s) is expressed as in (A.1) with /[y = 1. Note that
fi|* ~ T(Ng, 1), thus E¢ 2 [[f,1*] = NE. Finally, the total
average harvested energy is achieved by taking the aggregate
of Eb,l and Eb)z.
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