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Summary

Here, energy harvesting DF (decode-and-forward) relaying with
beamforming is studied in x — ufading environment. In this
system, a source and a destination are equipped with multiple
antennas, and communication from the source to the destination
takes place via a single antenna DF relay. The relay is an energy-
constrained node and harvests energy from the received source
RF (radio-frequency) signal. Then, using the harvested energy,
the relay transmits information to the destination. The x — u
shadowed fading includes different classical fading models as
distinctive cases: Rayleigh, Nakagami-7i, x — u, Rician, and
Rician shadowed fading. Using a PSR (power-splitting relaying)
protocol, new and exact analytical expressions for the average
capacity and throughput are derived in a delay-tolerant
transmission mode. The system performance is analyzed for
different number of antennas in different fading and shadowing
environment. The derived analytical results are justified through
Monte Carlo simulation.
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1. Introduction

Wireless energy harvesting is a process to extract energy
from radio frequency (RF) signals, and has been proposed
as an emerging solution to extend the lifetime of wireless
networks [1-14]. RF signals can carry both energy and
information simultaneously [1], therefore, using an RF-
based energy harvesting technique, energy can be
harvested from the ambient RF signals and can be stored
in a rechargeable battery [1].

Wireless energy harvesting in a dual-hop relaying is an
important  application and has been extensively
investigated [4-14]. In a dual-hop relaying, an intermediate
node (i.e., relay) receives information signals from the
source node and forwards it to the destination node [2].
There are two main kinds of relaying techniques: amplify-
and-forward (AF) and decode-and-forward (DF) relaying.
In a DF relaying technique, relay decodes the received
signal from the source and forwards it to the destination
after encoding it [5]. Recently, wireless energy harvesting
in a DF relaying technique received much interest [4-14].
For a dual-hop relaying, there are two main energy
harvesting protocols in the literature: time-switching-based
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relaying (TSR) and power-splitting-based relaying (PSR)
protocol [4]. In a TSR protocol, time is divided
alternatively between the energy harvesting and
information processing at the relay. In a PSR protocol, the
received power at the relay is divided into two parts, one
part is utilized for the information processing and second
part is utilized for the energy harvesting [4].

A single antenna source has a lower efficiency to transfer
wireless energy towards a destination, as the RF signals
propagates from the single antenna source in all directions,
therefore, signals can heavily be affected by shadowing,
fading, and path loss before reaching to the receiver [5].
Multi-antenna beamforming techniques have greater
efficiency to combat the shadowing, fading, and path loss,
and are used to transfer the energy towards the receiver in
a narrow beam to increase the signal gain [5]. In a relaying
system, utilizing beamforming techniques at the source
and destination, can enhance the system capacity and
overall quality of the links [5] [15].

Wireless energy harvesting in a dual-hop DF relaying
networks has been studied in several works. In [6],
throughput performance was analyzed of a DF relaying
system over Rayleigh fading channels for PSR and TSR
protocols. Wireless energy harvesting relaying with an
interference-aided scheme is studied for Rayleigh fading
chanels in [7]. In [8], a dynamic DF relaying network for
energy harvesting is investigated and the system
performance is analyzed for the outage probability under
Rayleigh fading environments. In order to increase the
diversity gain in a dual-hop energy harvesting relaying, in
[9], authors investigated the relay selection schemes,
where the system performance was analyzed in terms of
outage probability for non-identical Rayleigh fading
channels. In [10], the outage and diversity performances of
simultaneous wireless information and power transfer in
DF cooperative networks with spatially random relays
have been investigated for Rayleigh fading channels. This
work was extended in [11] for relay selection where the
relays have storage devices and they forward the data to
the destination when are fully charged by the received RF
signals. In [12], partial relay selection protocol using DF
non-linear energy harvesting is studied. In [13], energy
harvesting in DF relaying system is investigated in mixed
k — u and n — p fading environment, where approximate
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expressions for the outage probability, throughput, and bit-
error rate are derived. Recently, in [14], an energy
harvesting dual-hop relaying system with beamforming is
studied for k — p shadowed fading channels, where the
outage probability and throughput expressions are derived
in a delay-limited transmission mode, and system
performance is analyzed for different fading and
shadowing parameters.

In the above mentioned work [14], an energy harvesting
dual-hop relaying network is studied in a delay-limited
transmission mode, and outage probability and throughput
performance was analyzed in a x — u shadowed fading
environment. Despite the importance of a delay-tolerant
transmission mode in a dual-hop energy harvesting
relaying network, the system performance is not analyzed
over k — p shadowed fading channels.

In this paper, we consider a DF relaying network where a
multi-antenna source is communicating with a multi-
antenna destination via a single-antenna relay. It is
assumed that the relay is an energy-constrained node
which harvests energy from the received source signal.
Considering a power splitting-based relaying approach [4],
we analyze the system performance over k — p shadowed
fading channels. First, we derive the exact analytical
expressions for the average capacity and throughput in a
delay-tolerant transmission mode. In the delay-tolerant
transmission mode, a receiver can buffer the received
information blocks and can tolerate the delay in decoding
the received signal [4]. Then, using the derived analytical
results, we analyze the system performance under x — p
shadowed fading environment for various scenarios at
different system parameters, such as, power splitting ratio,
number of antennas, noise variances, distances between
source-relay and relay-destination, and fading and
shadowing parameters. It is worth to note that the k — p
scenario is general and can be specialized to some
particular cases such as Rayleigh/Rayleigh, Nakagami-
m/Nakagami-m, Rician/Rician, Rician shadowed/Rician
shadowed, and mixed k —p shadowed, x — p, Rician

shadowed, Rician, Nakagami-ii, and Rayleigh fading links.

This paper is arranged as follows: The system and channel
models for an energy harvesting DF relaying network is
described in Section 1. In Section 2, exact analytical
expressions for the average capacity and throughput are
obtained. Special cases are discussed in Section 4. Section
5 presents the numerical results. In the last, Section 6
concludes this paper.

2. System and Channel Models

2.1 System Model

A three node relaying network is considered, where a
single antenna relay R helps a source S to communicate
with a destination D. The source and the destination have

multiple antennas, N and N2, respectively. There is no
direct communication from the source to the destination
and all nodes know the CSI (channel state information).
We consider a PSR receiver [4] at the relay node R, where

a power splitter splits the received signal in #:1-~
proportion where # <(©.1) is the power splitting ratio [4].
For information processing and energy harvesting at node
R, the transmission block structure R, is shown in Fig. 1

[4],

T

Energy Harvesting at B (oF)
E—D
Information Transmiszion
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- ] =
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Fig. 1 Transmission block structure of the PSR protocol at node R.

herein, P is the received power at R from the source, T is
the block time for a block of information between S and D.
The block length is divided into two sessions. Using MRT
(maximum-ratio transmission) technique [5], the source
sends energy and information to the relay in the first

session, in which a portion of the received power PP is
utilized to harvest energy, and other power portion

(-P)P s utilized to process the information signal.
Using the harvested energy, R forwards its decoded
information to D. The destination combines all received
signals employing MRC (maximum-ratio combining)
technique. The received signal at the node R is given by

(5]

1
Yy, =——=Rhlwx+n,,
\/a (1)

+
where () denotes the conjugate transpose, -1l shows

the Euclidean norm, R designates the transmit power of
the source, ™ shows the N:*2 channel vector between the
source and relay, X is the normalized source information

h
AT
signal, 11 [5], "+ is the distance between S and R,
. 2
@ s the path-loss exponent, and Nort 002,) is the

AWGN (additive white Gaussian noise) at R. Using the
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PSR protocol, the relay node R divides Y®= into two

Jpy

portions: One portion R is utilized to harvest energy
by the energy harvesting receiver, and the second portion
J1- . . .

P is used to process the information by the
information receiver. During T12 the energy harvesting
receiver harvests the energy at node R as [5]

2
d;’
0<p<1

)
shows the energy conversion efficiency.

Subsequently, the relay transmit power P can be written

by

A A L
"TT2 ds

where

®)

At the information receiver, the second portion of the
received signal Vl_pyR, is written by

1
Vi-py, = F\/(l_p)ahiwlx
1

+\/(1_p)na,r +nc,r' (4)

. 2
where o1 ©.0:,) represents the AWGN at the relay node.
Then, using (4), the signal-to-noise ratio (SNR) at the relay
node can be given by

_RINIFd“(-p)

A (1_p)o_§,r +o—cz,r

(®)
Using the harvested power, P,, the relay decodes and
forwards the information signal (4) to the destination. At
the destination, the received signal is given by

yD = dad” qus ” h]_ ||2h?2W2Xr +na,d +nc,d
12 (6)
__h,
T h 1xN
where I | [15], "2 is the =*"™2 channel vector

between R and D, * represents the transmitted signal
d2 indicates the distance between R and D,

Ny (0,021

and 0024w, are the AWGNSs at the
antennas and RF-to-baseband conversion, respectively, at
D. The SNR at the destination 7® is given as

_ PPl [P
°  did] (00, +074)

from the relay,
an(Q0;|%)

()

2.2 Channel Model

The x — p shadowed fading is a general fading model and
comprises effects of fading and shadowing simultaneously
[16]. If any link of the dual-hop relaying network
experiences k — u shadowed fading, then, the channel-

oI IP =12 i
power gain ( ) can be considered as ak — pu

shadowed distributed with mean % . The parameter 1 is
the dominant component to the scattered-waves power

ratio and “ is a number of clusters. The PDF (probability
density function) of the I =th link can be given by [15, eq.
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where ™ and T'0 represent the shadowing parameter and

the Gamma function, respectively, 17107 is the confluent
hypergeometric function [17] and which can be written in

Fabiz) =" (a:)Bz”
a summation form as ni(b), [17, eq.
r
(9, = 2P
(9.210.1)] wherein (P) s the Pochhammer
number [17].

The different classical fading models are included in the
generalized k — p shadowed fading model as distinctive
cases, such as, Rician shadowed, k — y, Rician, Rayleigh,
and Nakagami-m fading model. With different set of
parameters, these classical fading models can be obtained
as distinctive cases [15][16]. We summarized in Table 1,

herein, m, and K , respectively, represent the Nakagami-

m and the Rician fading parameters.

Table 1: Special cases of the k — p shadowed distribution [15] [17]
23 TIT

Fading Distribution K
nH K yz =10
Rician shadowed K=K =T TIT=>TTT
Riclan K=K =T =0
Nakagami-m K—>U [ =TT [ TT—>®
Rayleigh KU =T =0




122 IJCSNS International Journal of Computer Science and Network Security, VOL.18 No.3, March 2018

3. Average Capacity and Throughput
Analysis

In this section, the exact analytical expression for the
average capacity is first derived, and, based on the derived
average capacity expression, a new and exact expression
for the achievable throughput is subsequently obtained.

3.1 Average Capacity Analysis

The average capacity is the statistical mean of the mutual
information between the source and destination. In a DF
relay system, the average capacity of the considered
system can be determined by (9), for which the minimum

values of the first-hop average capacity Cr and the
second-hop average capacity Co are used [7, eq. (17)].

C= min(ER,ED) 9)
— 1 — 1
Cr = =E[log,(1+ ;)] Co = =E[log,(1+ )]
where 2 , 2 , and

ELT s the expectation operator. By using (5) and (8), the
following equation can be derived:

Ce=y &(Nym,), 570" [ In(1+ )y
mo NI(Nygy), In(2) o % 10)
_Rd"(1-p)

0=
(1_p)0§r +O—(§r

where According to [18, eq.

(8.4.6.5)], In+7) can be represented in terms of Meijer
G-function as

In(L+7)=G33lr 1} 1] (11)

where S-E1T s the Meijer-G function [17, eq. (9.301)].
Then, by combining (10) and (11), and using the integral

identity [17, eq. (7.813.1)], Cr is derived as

_ 3 SiNum), STy
'nZ; ni(N,4), In(2)

G[ e |
(12)

To derive Co , the PDF of 7o from (7) is first obtained,

as follows:

f, ()= j ) f, (bl]dx
0 |hln2 Iy 12\ X (13)

PP,

where - d7dy (o7, + %) , and i ) and e ) are

given by (8). By using the integral identity [17, eq.
(3.471.9)], the following equation is derived:

2§1§Z(Nlrnl) (N mz) 5 ((95)
)= Y e

. Nl‘ﬁ’Nzl’z*”*i
Nysy +Nopiy +i-2 R -
ot ( oy, |
WV,
XKlel—Nzuszi (2 ¢W1W27)d7 14)
where K.0) is the V -th order modified Bessel function of

the second kind [17]. From (14), we get

Nlpl—Nzyzm—i

CD_zzz(Nrm)(Nm)(WZJ :

mi0 NN 24), (N 8); g
Nouy on i - lel+Nzy2+i—2
(828 0 00) [y, (15)

In(2)

XKNllul—Nz/Jz-#n—i (2V(pl/lll//27/)d7/'

The modified Bessel function in (15) can be expressed as
[18, eq. 8.4.23.1]

K (2\/_)—*620[ viz, ,\),2}' (16)

By using (11), (16), and integral relationship [19, eq. (21)],
the following equation is derived:
N1”17N2”2+”’i

CD_zzz(l\lm)(Nm)[wz] ;

m =0 NMI(N24), (No26) sy
Nouy on i
X §1§2¢ 51 ((pé‘Z) (17)
In(2)
G2 h ' .
) 2’{Q"’“"z|1—N1M+n, 1—N2,u2+i}

3.2 Throughput Analysis

In the delay-tolerant transmission mode, the throughput?
of the considered system at the destination node can be
given by [6]
L/ZC = 1 min{ER,ED}.
T 2 (18)
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The optimal power splitting ratio P and the optimal

throughput 7" is desirable to obtain for a given set of
parameters.

4. Special Cases

The k — u shadowed fading model encompasses k — .,
Rician, Rician shadowed, Rayleigh, and Nakagami-mi as
distinctive cases. Therefore, the exact analytical
expressions for the average capacity and throughput for
different shadowing and fading scenarios can be find from
the derived results. These results are not shown here for
the sake of brevity, and can be obtain using (9) and (18)
with the help of table 1.

5. Numerical Results and Discussion

In this section, we analyze the system performance of a DF

relaying system with beamforming under “# shadowed
fading environment where an energy-constrained relay
harvests energy from the source signal. The power
splitting ratio can be optimized to achieve maximum
throughput for a given parameter set. However, in this
section, we focus only on investigating the performance of
our considered system for different number of antennas
and for different values of the fading and shadowing
parameters.

Unless otherwise stated, some system parameters are set as
P =1W

follows: the source transmit power, s , energy-
conversion efficiency, 7 = 1, path-loss exponent, ¢ ~ 2'7;
distances are normalized to unity, %~ % =1 and

average channel gains, =% 1. For simplicity, the
similar noise variances at the relay and each antenna of the

o 2~ 52 =001 2 =52 =001
destination are set as %= ~ Zer and %ad = Tea ,

respectively. The values of # is taken from 01 to 0.9

with a step size of 01 The analytical expressions (9) and
(18) containing infinite series are evaluated to achieve
sufficient accuracy for all cases considered in this paper by
truncating infinite sums to first 20 terms.

Fig. 2 shows the throughput, 7, versus power splitting

ratio, #, for various channel models; such as, 4/ &#
Rician shadowed/Rician shadowed, the “# shadowed
I*=# shadowed, Nakagami- fi / Nakagami- @ , and

Rician/Rician fading models. These results are obtained as
particular cases from the obtained anaytical expressions
over “# shadowed fading channels. The excellent
agreement between the exact analytical and simulated
results verifies the validity of the analysis for the classical
fading channels. The throughput, 7, improves as power

123

splitting ratio, #, increases from Oto an optimal value,

£ and the throughput decreases as the # increases from
its optimal value to 1.
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Fig. 2 Throughput versus power splitting ratio for various channel
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Fig. 3 shows the throughput performance versus the power

splitting ratio for different number of antennas in “#
shadowed fading environment; here, the throughput
improves as the number of antennas increases. Also, in Fig.
3, throughput performance is cross-compared under
various antenna configurations at the source and

destination. The cases with ":”Ne ang Ni<No \yere
analyzed, and the observations show that a large number

of antennas at the source (i.e., N, > Nz) provides a higher
throughput gain compared with a large number of antennas

at the destination (i.e., N, <N, ); this is because the source
with transmit beamforming transfers the energy in a
narrow beam towards the relay. As a result, the relay
harvests a great deal of energy to forward the decoded
signal to the destination.

Figs. 4 and 5 show the throughput performance versus the
power splitting ratio for different number of antennas
when the same fading conditions are assumed for both
links (i.e., identical channels). In Fig. 4, we observe that
the throughput improves as the number of source antennas

increases but the optimal value # remains constant (i.e.,

F =0'65) for all number of the source antennas. On the
other hand, in Fig. 5, it is observed that the throughput
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improves and # becomes smaller as the number of
destination antennas increases, for example, when the
N;=N,=1

=0.65

number of antennas are set as , the maximal

N,=1

throughput is obtained when F , while for

and N2 2, maximal throughput occurs at p= 0.425 "and
SO on.
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6. Conclusion

We studied the energy harvesting in a DF relaying system
with beamforming based on the PSR protocol over ¥~ #
shadowed fading channels. We derived the exact analytical
expressions for the average capacity and throughput under

various symmetric and asymmetric shadowing and fading
conditions. We analyzed the system performance for
different set of parameters. It is concluded that the system
performance improves with increasing number of antennas
at the source as compared to increasing the number of
antennas at the destinaiton. It is also observed that the
system performance is decreased with increasing
shadowing parameters in LoS (line-of-sight) conditions.
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Fig. 5 Throughput for different numbers of antennas at destination when
K =k,=05, yy=pu,=2,and m =m,=05.
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