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Abstract. Due to the tremendous energy consumption growth with ever-increasing connected devices, alternative wireless
information and power transfer techniques are important not only for theoretical research but also for saving operational costs
and for a sustainable growth of wireless communications. In this paper, we investigate the multi-source in decode-and-forward
cooperative networks with the power splitting protocol based full-duplex energy harvesting relaying network over a Rayleigh
fading channel. In this system model, the multi-source and the destination communicate with each other by both the direct link
and an intermediate helping relay. First, we investigate source selection for the best system performance. Then, the closed-form
expression of the outage probability and the symbol error ratio are derived. Finally, the Monte Carlo simulation is used for
validating the analytical expressions in connection with all main possible system parameters. The research results show that the
analytical and simulation results matched well with each other.
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1. INTRODUCTION

Because of the tremendous energy consumption growth with ever-increasing connected devices, alternative
wireless information and power transfer techniques are important not only for theoretical research but also
for saving operational costs and for a sustainable growth of wireless communications. In this regard, radio
frequency (RF) energy harvesting (EH) for a wireless communications system presents a new paradigm
that allows wireless nodes to recharge their batteries from the RF signals instead of fixed power grids and
the traditional energy sources. In this approach, the RF energy is harvested from ambient electromagnetic
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sources or from the sources that directionally transmit RF energy for EH purposes [1-7]. Furthermore,

RF EH, considered as one of the promising techniques, has received much attention as it can provide

unlimited power to the sensor nodes that scavenge energy from the environment (i.e. solar, wind, etc.).

Among these, RF energy radiated by ambient transmitters is almost ubiquitous, which can be harvested

more effectively from wireless RF signals. Since RF signals can carry energy and information simultaneously,

EH and simultaneous wireless information and power transfer (SWIPT) are becoming a more and more

promising research direction [8—10]. With the recent advance of RF EH, wireless powered communication

networks (WPCNs) have become a new wireless networking technology, where wireless devices (WDs)

can be remotely powered by RF wireless energy transfer (WET). Devices in a WPCN are charged by a

dedicated wireless energy source [8—10]. In addition, the energy released by the energy source is adjustable

to satisfy different physical conditions and service criteria [8,11,12]. Bhatnagar [10] investigated the

incorporation of cooperative multiple-input and multiple-output (MIMO) two-way relay systems, where a

full-duplex (FD) amplify-and-forward (AF) relay was equipped with multiple antennas. The work in [13]

was extended in [14], where the achievable sum rate of a cooperative system with FD MIMO AF relaying

was maximized. Cooperative relay networks were studied in [15]. Here, a relay harvests energy from the

RF signals broadcast by a source and then utilizes it to assist in the information transfer from the source to

its final destination.

In our current work, we investigate the multi-source in decode-and-forward (DF) cooperative networks
with the power splitting (PSR) protocol based FD energy harvesting relaying network over a Rayleigh
fading channel. In this system model, the multi-source and the destination communicate with each other
by both the direct link and an intermediate helping relay. First, we investigate the source selection for
the best system performance. Then, the closed-form expression of the outage probability and the symbol
error ratio (SER) are derived. Finally, the Monte Carlo simulation is used for validating the analytical
expressions in connection with all main possible system parameters. The research results show that
the analytical and simulation results matched well with each other. The main contributions of this paper
are as follows:

e The source selection for improving the system performance of the multi-source in DF cooperative
networks with the PSR protocol based FD energy harvesting relaying network over a Rayleigh fading
channel is presented and investigated.

e The closed-form expression of the outage probability and the SER for the proposed system is derived.
The Monte Carlo simulation is used for validating the analytical expressions in connection with all
main possible system parameters.

The rest of this paper is organized as follows. Section 2 describes the system model and the EH
protocol used in this paper. Section 3 provides a detailed performance analysis of the system, including exact
analysis and asymptotic analysis. The numerical results to validate the analysis are presented in Section 4.
Finally, conclusions are drawn in Section 5.

2. SYSTEM MODEL

Figure 1 plots the system model with multi-source (S,), one relay (R), and one destination (D). The
transmission model follows the principles of analog network coding, and this concept is the extension of
linear network coding to multihop wireless networks. In our model, every terminal operates in an FD
mode and the relay works in a DF mode. The multi-source and destination nodes communicate by two
links: one direct link between the multi-source and the destination and one link with the help of the
intermediate relay.

In this system model, we denote the channel gain between the node S, and the relay R as /g,p, between
the relay R and the destinations D as /gp, and the direct link between the multi-source and D is Ag,p.
Moreover, the interference at R is /sgg. All the channels are assumed to be Rayleigh fading channels.
Furthermore, the relay has energy only to serve their purpose, so it needs to harvest energy from the node
before forwarding the information messages to the destination. The energy harvesting and information
processing for this proposed model system are presented in Fig. 2. In this protocol, the transmission is
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Fig. 2. Energy harvesting and information processing by the
Fig. 1. System model. adaptive relaying protocol.

divided into blocks of length 7. Each transmission block consists of two time slots. In the first half-time
slot 7/2, the multi-source S, transfers the information to the destination by the direct link between the
source and the destination. In the remaining half-interval time slot 7/2, the multi-source transfers
information to the destination with the helping relay R. In this remaining interval time, the energy
harvesting from the multi-source at the relay node R is pPs,, and the relay R transfers the information to
the destination with the remaining power (1-p)Ps,. Finally, the information transformation from the multi-
source to the destination is accomplished by both the direct link and the helping relay R [16,17].

3. SYSTEM PERFORMANCE

Suppose the source S, is chosen to send its information and energy. During the second time slot, S, sends
the normalized signal x, to the relay R and destination D with the transmit power Ps,. In the second time
slot, the received signals at R and D are, respectively, given by equations (1) and (2):

yr = l_phS”Rxsn +hRer +nr’ (1)

i

where E{|xx|2} :R,E{|x,,|2}=P, and E{e} is the expectation operator with ne(1,2,...,M), hgg 1s the

loopback interference channel, n, is the additive white Gaussian noise (AWGN) with variance Ny;
yzli = hgpx, + n; > (2)

where /gy is the relay to destination channel gain and n, is the AWGN with variance N,.

In the first time slot, S, will transmit the data to the destination directly; the received signal destination
can be given as

2 2
V= hs”st,, +ny, 3)

where 4 ,, is the source S, to the destination channel gain and nj 1s the AWGN with variance N,.

In the second interval, the average transmitted power at the relay can be calculated as

P = Tb;rz =npF; \hsnR\za 4)

where 0<7<lis the energy conversion efficiency, 0< p <1 is the power splitting factor, Ps, is the
transmitted power at source S,, A,z is the source S, to the relay channel gain.
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In this model, we consider the DF protocol. From (1), the signal to noise ratio (SNR) at the relay can be
calculated as follows:

2
(-p)|hg| P,

= : &)
1 |hRR |2 Pr + NO
Substituting (4) into (5) and using the fact that Ny << P, (5) can be reformulated as
2
_ -phg B, a-p) ©
1= 2 i ~ 2"
77/7Psn ‘hS,,R |hRR| +N0 np|hRR|
From (2) and (4), the SNR at the destination in the second time slot can be calculated as
2 2
P,.|hRD|2 npk; ‘hs,,R‘ |hRD|
vy = = . (7
NO NO
From (3), the SNR at the destination in the first time slot can be obtained as
y, = PS” ‘hS"D ‘2 ) (8)
3 NO

After the selection combining (SC) receiver, the received SNR at D with DF relaying is given by the
following equation:

7e2e:maxl:min(71a7/2)a73:|' ©)
Please note that all of the channels belong to Rayleigh fading channels in this system model.
Source selection

From (9), the best source S . could be selected to maximize the received SNR at the destination to

optimize the transmission performance as follows:

n =arg max max[min(;/l,%),;g} (10)

1<n<M

We propose the optimal source selection protocol in which the best selection source is selected as
follows:

2

= max (hy,|). (11)
2

o= max (fs,|). (12)

As in [18], the cumulative density function (CDF) of @, can be given by the following equation:

M
F, ()= (-D"Clxe™™, (13)

p=0

M!

where /, is the mean of the random variable (R) @,, i €(1,3),and C, =————.
pi(M —p)!

1
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Then, the corresponding probability density function (PDF) can be obtained by

M-
Z ) Ch M xe 7 (14)

p=0

Nl»—ﬂ

Jo, (V)=

Outage probability (OP)

From (9), the OP of a DF system can be expressed as

OP =Pr(7,,, <7,) = Pr[ max{min(7,,7,),7,} <7, |

2
npk; |h max Py max|h
= Pr| min 1=p) | RD| lansM S"R‘ <y, |xPr| —1==L S"D‘ <7
77p|hRR| NO No
. (A= P o,
= Pr| min 1-p) P00, | <Y, [Pl ——=<7, |, (15)
i npw No
2 2 2 2 Ps" 2R
where we denote that a)=|hRR » @ = max hS”R‘ , 0, =|hRD , @; = max hg bl 57, N Vs =2" -1 1is the
o T 0
threshold of the proposed system, R is the source rate.
Now, we consider that
.-
R = P{mln( (77/05) 577/7706‘)1”2] < ythi| =1 _Pr|:(77p£) 2 7¢h}Pr(77p70a)1a)2 Vin ) (16)
Let us denote that
_=p)
P —PI‘|:(1 p) 7lhj| P |:W<Mj|:1_e 77,071/,/1, (17)
npw PY
where Ais the mean of RV w.
P, =P >y,)=1-Pr| @, <L 1o [F “Tv o | f (@) (18)
12 r(77p7oa)1w2 =Vin I o, Y@ | ‘pov i | o P -
01 0 0--1
By using (13), equation (18) can be reformulated as
o M _ Ya 7(p+l)f01 M5 - Y _(ptDhoy
N2 C?
12 :%J. (_l)pCﬁ_lMXe npYe A, X e A Z( ) CM 1 J. Kooy X e 4 da)l’ (19)
0 p=0 0

where 4, is the mean of RV w,.
Applying equation (3.324,1) from [19], equation (19) can be rewritten as

M 1
B, =2) (-1)’Cl M x | Lo xK, (2 a7y J (20)
p=0 KA A, KA,

where K () is the modified Bessel function of the second kind and v order.
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Continuing, we consider that

P, o
p=Pr| 2 2cy |=F | Lo 21
2 [ NO }/th] [oN [ }/0 j ( )
From (13) and (21), we have
M _ PV
P=Y(-1)"Cf xe ", (22)
p=0

Substituting (18), (20), and (22) into (15), we have the OP expression as the following

[ _U=p) \  y |
1-2l1=¢ mPrat |y
Z _ PV

- M Pl
p XZ(_I)I;CAZ xe 1h

(1)l M x |—To xKl(Z (P ED7, ”)WJ e
Py, nprvhd, ) |

¢ RN ChS o [+
=N (D7l xe 7 =23 N~ CLCL(K +T)xe P x |—Li k| 2 |22
p=0 =0 1=0 npyehi, npy 44,
M K Py _(=p)
+222(—1)”+ZCA’;C,I<(K+1)><6 Wi e I LXKl 2 4Dy, ) (23)
p=0 10 \ 10702, \ nprdas

Here we denote K =M —1.

OP =

Throughput

r=(1—OP)@=(1—OP)§. (24)

SER analysis

In this section, we obtain new expressions for the SER at the destination. We first consider the outage
probability, which was obtained in [20]. Thus, SER can be defined as

SER=E[ 40,20, |, (25)

| . . . .
where Q(f)=TI€ “2dx is the Gaussian Q-function, @ and @ are constants specific for the
72.[

modulation type, (¢,8)=(1,1) for binary phase-shift keying (BPSK), (¢#,6)=(1,2) for quadrature phase
shift keying (QPSK) and binary frequency-shift keying (BFSK) with orthogonal signaling (¢,6) =(1,0.5)
or minimum correlation (¢,60)=(1,0.715). As a result, before obtaining the SER performance, the
distribution function of y,,, is expected. Then, we begin rewriting the SER expression given in (25)
directly in terms of the outage probability at the source by using integration, as follows:

Mji
Wr o x

SER = F,_(x)dx. (26)
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By substituting (23) into (26) and replacing y,, =x, we have

_PYun _PVm
Z( )P C? xe " 222( DPChCL(K +1)xe -
p=0 1=0
IR NYaalZal
¢f ter | [ (D7, |, oD CuCeK+D
SER = j b K, |2 [0 2N L
\/_ neyehA, npyeA, P01=0 y p 10 5 o WPV
x }/th X[{1 2 (l+1)7/th
\ 107,72 npPYeha,
oo i ]'ze_x[ +ﬁ]
=N ()P e | ———dx
2\/; p=0 M 0 \/;

¢\/§ 1=0

Z( DCHC(K +1)

k), [@eDs
e a1 !e XK‘[z npYohls ]dx
npy, A

MM S _1N\pHoor ! h _X[ ﬁ) _% (l+1)x
+&;;( )7 ChCL(K +1) p— /12'([6 e " xK, m%uz dx

We denote by Ji, J,, and J; as shown by formulas 28-32.

Applying equation (3.361

Ma

g o
N

Il
=1

p

Applying equation (6.614,

U SR R L C7 o ey
[ » T npYy iy ( (+D)A,
o0+ -K,
2npA 4 (YA + p)

4 =0 1=0

2,

p=0 1=0

S )MCLCL(K +1)

=0

>3-

—x[6’+—]
Yok

oL
)P ClH | ——=—dx.
N Wz J Jx
,2) from [19], equation (28) can be rewritten as

J :¢\/§i =D"Cy

o)
Yol

5) from [19], equation (30) can be reformulated as

dx

1 Tex[a%’;g]xKl[z (I+Dx J dr.
Pyl \ 07,22

(I+1)A4,

Yol

® _dor P | _(=p)
l)p”CAIj[CII((K +1) ;J.e ( 7013je 1pxXA XKI 2 (l +1)X dx.
nPYehAy g \ 707, A4,

27

(28)

(29)

(30)

. (31

(32)
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We apply Taylor series as follows:

_{Q+JL]
Yok

s

e

e I S

i

<
<

<

i

)

%

eﬁpﬁ:i{ px/;)} f(—l)’{[mﬂ 1
! 0

=0 1=0 npA tlx

Substituting (33) and (34) into (32), J; can be rewritten as

_MM K o o (_1)[7+l+v+t p v (l—p) ! . l
LT ;;Z;Zo: vlt! Hm%ﬂgﬂ K npA ﬂ CMCK(KH)\JUM&%
xTxV"xKI(Z ﬂ}dx.
0 Ay

Here we employ the following equation (6.561,16, from [19]):

0

nyKn (aX)dx: 2ﬂ_la_ﬂ_lr(1 +§+”Jr[l+g_nj s

0

where F(O) is the gamma function.

By changing the variable x = \/; , equation (36) can be reformulated as

]iy/;lKn(a\/;)dyzﬁa”T(l+ﬂ+njf(l+#_nj.

) 2 2

Applying formula (37) in case n = 1, we obtain

GV Km J H H(l‘p)ﬂ CLCL(K +1) |——
vit! Yo npA npYehi,
X22V-2t+1>{2 _U+Dh } XF[V—Z+EJXF(V—Z+lj.
\ 7o/ 2 2

Then J; can be rewritten as

) [0

0o vt
t—v—1
X 26— V({/jl) —v-1/2 Xr(v_t-{_gjxr(v_t‘i‘l).
(mo)" " (rhs) 2 2

Finally, the SER of the proposed system can be calculated by the following equation:

M

=0 /=0 v=0 ¢

Il
o
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(33)

(34)

(35)

(36)

(37

(3%)

(39)
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SERZ¢\/§§ (_l)pcjl,)[ _¢\4/gii(_l)p+lcﬁl;clz< 1 \[(Z+1)

p=0£9+pJ p=0 [0+pj3x77p70ﬂ112
Yol Vol

xeMX{K( I+, }_K( (+1)4, H
200220+ p)) "\ 20pA 2Oy + p)

SO (_l)p”.w Km - H K(l ;”)H ChCL(K +1)

— xr(v—t+%jxr[v—t+%) (40)

y I+
(np)Zt—v—l/Z (7()}1/12)

4. NUMERICAL RESULTS AND DISCUSSION

In this section, we investigate the multi-source in DF cooperative networks with the PSR protocol based
FD energy harvesting relaying network over a Rayleigh fading channel. In this system model, the multi-
source and the destination communicate with each other by both the direct link and via an intermediate
helping relay [16—18]. The simulation parameters are listed in Table 1.

The influence of the power splitting factor p on the outage probability and throughput of the model
system is shown in Fig. 3a and 3b, respectively. In the simulation process, the main parameters of
the proposed system are set as follows: M =2, Ps/Ny=5dB, R=0.25, 0.5, 1. The outage probability
decreased and the throughput increased slightly while p varied from 0 to 1 (Fig. 3). Moreover, the analytical
results agree well with the Monte Carlo simulation results, validating the theoretical derivations.

On the other hand, Figs 4a and 4b illustrate the influence of the energy harvesting efficiency # on the
outage probability and the achievable throughput of the model system. Here, Ps/N, is set at 1, 3, 5 dB;
p=0.5; M=1; and R=0.5 bps. From the simulation, it is clear that the achievable throughput increases
and the outage probability decreases slightly while # varies from 0 to 1. In this case, the figures reveal that
the simulation results match tightly with the analytical expressions in Section 3.

Moreover, Fig. 5a and 5b present the effect of the number of sources M on the outage probability and the
achievable throughput with Ps/Ny =1, 3, 5dB; R=0.5 bps; p =0.35; and # = 0.8 for the proposed system.
The achievable throughput increased and the outage probability decreased significantly when M increased
from 1 to 10. In Fig. 5, all the analytical and the simulation results show good agreement with each other.

In the same way, the influence of the source power to noise ratio Ps/N, on the outage probability and
the achievable throughput of the system model with M = {1, 3, 5}, R=0.5 bps, p =0.35, and # = 0.8 are
illustrated in the Fig. 6a and 6b, respectively. As shown, the outage probability decreased and the system
throughput increased crucially when Pg/N, increased from —5 to 10 dB. In particular, the simulation lines
wholly match with the analytical lines in the above figures.

Finally, SER of the proposed system versus M and the ratio Ps/N, are presented in Fig. 7 and Fig. 8,
respectively. In these figures, the simulation results match tightly with analytical expressions in Section 3.

Table 1. Simulation parameters

Name | Symbol | Value

Energy harvesting efficiency n 0.8

Mean of|hSR|2 A 0.5

Mean of|hRD‘2 A 0.5

Mean 0f|hSD|2 A3 0.5

Mean 0f|hRR|2 A 0.5

SNR threshold Yin 1

Source power to noise ratio Ps/N, -5to 10 dB

Source rate R 0.5 (bit/s)/Hz
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Outage probability
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Fig. 3. Outage probability (a) and achievable throughput (b) versus the power splitting factor p.
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Fig. 7. SER versus the number of sources M. Fig. 8. SER versus the source power to noise ratio Ps/Ny.

In this paper, we investigated the multi-source in decode-and-forward (DF) cooperative networks with the
power splitting (PSR) protocol based full-duplex (FD) energy harvesting relaying network over a Rayleigh
fading channel. We presented the source selection for improving the system performance of the model
system. Then, the closed-form expression of the outage probability and the symbol error ratio (SER) were
derived. Finally, the Monte Carlo simulation was used for validating the analytical expressions in connection
with all main possible system parameters. From the research results, we can see that the analytical and
simulation results matched well with each other. The results can be proposed as a novel approach for the
communication network in the near future.
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PSR-protokollil pohinevad tiisdupleksenergia noppega, mitme allika ja Rayleigh’
sumbekanaliga DF-kooperatiivsed vorgud: toimimise analiiiis

Tan N. Nguyen, Minh Tran, Duy-Hung Ha, Tran Thanh Trang ja Miroslav Voznak

Tingituna iilisuurest energiatarbe kasvust, mis tuleneb omavahel vorguiihenduses olevate seadmete arvu
plahvatuslikust kasvust, on iilioluline uurida alternatiivseid traadita info ja voimsuse iilekande tehnikaid.
Uuringud ei ole tdhtsad mitte ainult teoreetilisi tulemusi silmas pidades, vaid ka seepérast, et kokku hoida
vorkude opereerimiskulutusi ja tagada jatkusuutlik traadita side areng. Antud artiklis on uuritud mitme
allikaga dekodeerimise ja edastamise kooperatiivseid vorke voimsuse hakkimise protokollil pohineva tdis-
dupleksenergia noppega vahetusvorkudes iile Rayleigh’ sumbekanalite. Nimetatud siisteemis suhtlevad
mitu allikat ja sihtport teineteisega molemas suunas otse ning ka iile abistava vaherelee. Esiteks on uuritud
allikate valikuid tagamaks siisteemi paremat sooritust. Uuringust on tuletatud valem katkestuse tdendosuse
ja siimboli vea vahekorra mairamiseks. Lopuks on kasutatud Monte Carlo simulatsioone tdestamaks saadud
analiiiitilise valemi kehtivust, arvestades koiki olulisi slisteemi parameetreid. Uurimus niitab analiiiitilisest
valemist ja numbrilistest simulatsioonidest saadud tulemuste omavahelist kokkulangevust.



