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Abstract—In this paper, we study a dual-hop relaying system
exploiting fountain codes, where both the source node and the
destination node have one antenna, while the relay node is a
device with two antennas. Moreover, the relay node is a energy
limited device, so it must harvest the radio frequency signals to
assist the source node to transmit its data to the destination node
with full-duplex mode which increases double channel capacity.
We analyze the system performance through the derived exact
outage probability expression over Rayleigh fading channels.
Finally, Monte-Carlo simulations are performed to confirm the
theoretical results of the proposed model.

Index Terms—Fountain codes, dual-hop relaying system, full-
duplex, energy harvesting.

I. INTRODUCTION

Recently, the mobile users enhance connectivity quality,
widen the coverage area, data transmission, and process in-
formation among devices to devices together, such as Internet
of Thing (IoT) networks, smart cities, automation driving car
[1]. However, multiple service platforms are supported which
create many challenges as high data rates, low latency, high
energy, and spectrum efficiency. To solve these problem, many
new technologies have been researched and proposed to be
applied in wireless communications, e.g. dual-hop/multi-hop
systems [2], [3], non-orthogonal multiple access [4], short
packet communications [5], massive MIMO [6], cognitive
radio [7], energy harvesting (EH) from radio frequency signals
[8], and full duplex (FH) transmission [9]. In particular, EH
considered as a potential solution which can prolong the
operation time of the devices, it is very suitable for machine
with limited power sources such as sensor nodes, multi-
hop relaying networks [10]. Moreover, FH help to improve
spectrum efficiency due to the devices with FD can receive
and transmit signals in band at the same time which increases
double channel capacity when comparing with traditional half-
duplex mode [11]. Besides, self-interference cancellation (SIC)
scheme used in FD devices to improve the bit error rate (BER)
performance. However, it is difficult to design and implement
antennas to completely eliminate interference in FD systems
which always exist the residual self-interference (RSI) level to
increase the noise floor in the wireless system.
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There are some literatures combining the advantages of
FD and EH in relaying communications which have attracted
much attention of researchers to enhance the reliability, capac-
ity, delay time, energy efficiency and coverage area [12]- [16].
Particularly, the authors in [12] have considered a dual-hop
two-way full-duplex network with EH at the relay applying
amplify-and-forward (AF) scheme to forward the transmission
data and spatial modulation at the source. The results showed
that the BER performance and the spectrum efficiency with
FD mode reach better when comparing with the normal half-
duplex one. In [13], the authors studied the power allocation
methods in a two-way FD system under impact of RSI via the
exact expressions of optimal power allocation parameter and
presented that the performance of studied protocol outperforms
the regular power allocation one. The FD-EH relay system
performance through the derived exact closed-form expression
such as the symbol error probability has also analyzed in [14].
In the work [15], the authors considered a FD-EH relay system
via the exact expressions such as outage probability (OP)
and symbol error rate (SER) over cascaded Rayleigh fading
channels. The results present that the performances for OP and
SER which are significant lower when comparing with ones
over Rayleigh fading channels. The work in [16] evaluated the
outage probability in FD-EH relaying networks in which the
destination has multi-antennas using selection combining (SC)
or maximal ratio combining (MRC) technique to improve the
quality for received signals.

Fountain codes (FC) can adapt with different channel con-
ditions which recently has attracted the attention of many
researchers [17]- [21]. Different with fixed-rate codes, a trans-
mitter in FC do not require the knowledge of channel state
information (CSI) before transmitting encoded packets, so
that the receivers can maintain flexible decoding performance.
The Fountain encoder can generate an unlimited number
of encoded fountain packets, and then sends these encoded
packets to the pre-determined receivers. If the receivers obtain
enough fountain packets, they can decode the original data
[18]- [21].

To the best of our knowledge, there are no literatures
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that refer to exploit FC in FD-EH dual-hop relaying system.
Therefore, in this paper we carry out research the FD dual-hop
system performance using FC with EH based TS method at
the relay node to enhance the power consumption, capacity
level and reliable transmission. We reach the exact expression
for the outage probability (OP) over Rayleigh fading chan-
nels. These mathematical expressions will be verified through
Monte Carlo simulations.

The structure of our paper is arranged as follows: In
section II, we represent the proposed model. In section III, we
examine the system performance. Section IV gives simulation
results and theoretical analysis ones. Finally, we conclude the
paper in section V.

II. SYSTEM MODEL

Energy Harvesting — —»
Residual Self Interference (RSI) »
Data Transmission ——»-

Fig. 1. System model of the proposed protocol.

The considered model shows in Figure 1, in which a source
(S) node wants to send its data to a destination (D) node
with assistance a relay (R) node by decode-and-forward (DF)
technique over Rayleigh fading channels. We also assume
that S and D are one antenna with half-duplex (HD) action
mode while R is equipped two antennas with full-duplex (FD)
approach in the same frequency. Moreover, the relay node is a
energy-limited device, and R must harvest the radio frequency
signals energy from S through time-switching (TS) method.
Therefore, the information transmission from S to D which
split two time slots in which energy harvesting portion is a7,
and data transmission part is (1 — «) T, where « € (0,1) is
TS factor, and T is the transmission period from S to D in the
block signal.

Using the Fountain code, S divides its data into K packets.
Each packet will be appropriately encoded and then sent
sequentially to D in orthogonal time slots. We assume that the
considered system is limited in delay time, and S will finish its
transmission after transmitting Ny, encoded packets to D. In
order perform to decode the original data, D must exactly ob-
tain at least H data packet, where H = (1 +¢) K, H < Npax
and ¢ is a constant depending on the code design [19]. Let
denote Np as the number of encoded packets that D can
receive after Nyax time slots. If Np > H, D can successfully
the original information, and contrary the outage occurs if
Np < H.
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We denote that hgr, hrp, and hrgr are the channel factors
between links S — R, R — D, and the residual self-
interference at R, respectively. We also assume the channels
of devices as Rayleigh fading, so that the channel gains

2 2 2
¥sr = |hsr|", YrRp = |hrp|", and Yrr = |hrr|", have
exponential distribution with characteristic parameters Agg,
ARD, and ARrr, whose cumulative distribution function (CDF)
and probability density function (PDF) are expressed as

Fy (a) = 1 — exp (—wa), ()
fx () = wexp (—wz), )
where X € {ysr, YD, Yrr} and w € {Asr, ARD; ARR } -
The energy harvesting at the relay node is given as
Ejf = naT Pyysr, 3)

where 1 € (0,1) is the conversion energy efficiency, Ps is the
transmission power of the source.

The transmission power at the relay node is given by
o 10T Psisn
R = = 5%

(1-a)T

where = na/(1 — ).

Next, we have the received signal at R and D, respectively
as

= uPsvsR, 4)

Yr = hsrvV Psxs + hrrV PRZR + 1R, ©)
yp = hrp v PrZR + 1D, (6)

where xg and xR are transmission signals of the source node
and the relay node, ng and np are additive white Gaussian
noise (AWGN) with the zero mean and variance Ny (also
assume that all devices of the system which have the same
variance Ny). From (5), we can determine the power of signal
self-interference at R as

E{Pryrr} = pPsE{VrrVsR}, N

where E {.} is the statistical expectation operator.

We assume that the relay node is equipped with self-
interference cancellation (SIC). However, in practice the signal
self-interference at R will not completely eliminate due to
the imperfection of hardware that will still have a part,
called residual self-interference (RSI), it is a Gaussian random
variable which has variance as

Orst = kpbPs, (®)

where « is the SIC efficiency at R.
The signal-to-interference-plus-noise-ratio (SINR) at R and
D is shown as
_ sebs _ 1rplR ©)
drst + No’ No
For the DF relaying protocol, the end-to-end of the system
depends on the lowest SINR level. The equivalent SINR of
the system is as follows:

Usr

(10)

Next, the outage probability (OP) value at D is presented
as

Vo9 = min (Ysr, ¥rp) -

OP = Pr (Np < H|Npax) - (11)
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ITII. OUTAGE PERFORMANCE

Each encoded packet will be decoded successfully if the
end-to-end data rate is larger than a predetermined target rate
which is given by Cyy. Otherwise, the encoded packet will
not be obtained correctly. Therefore, the probability that the
destination cannot accurately decode one encoded packet as

pp = Pr[(1 — a)log, (1 4+ Wege) < Cin)

= Pr(Peze < 7n), (12)

where CYy, is the desired transmission rate of the system, and
App = 20w/ (=) _

We have the probability of a encoded packet which is
decoded correctly as Pr (We2e > Yth) = 1 — pp. Combining
(9), (10), and (12), pp is rewritten as follows:

pp = Pr[min (¥sr, Yrp) < Vin) - (13)
We can implement (13) as below
pp =1 —Pr(¥sr > vtn, YRD > Yen) - (14)

Let X = |hSR|2 and Y = |hrp 2 we can rewrite (14)
follow as
uPs

=1—-Pr{ ———X —XY

PD r <5RSI N, > Yth, No > %h)
(orst + No) N,
=1-Pr X — XY
r < > VYth Ps ) > Yth B
I(a,b)

(15)

To calculate pp, the first we need to find out integral of
I (a,b). Applying the conditional probability theorem [22],
we have

I(a,b) =Pr(X >a,XY >b)

SO

Yth (5RSI+N0) b=

(16)

where a =
signal-to-noise rat10 (SNR)
From (1) and (2), the integral I (a,b) can be rewritten as

"“Z and A = Ps/Nj is transmit

I(a,b) = )\SR/eXp (=Asrx) exp < ARD — >dx 17

a

With the help of [22, eq. (1.211.1)], we have

b . (=Arpd)"
exp <—)\RDx> = Z %x

m=0

—-m

(18)

Substituting [18] into [17], which yields

)\RDb)nL

I(a,b) = Asr Z X /x_"” exp (—Asrz)dz.

a

(19)

Applying [22, eq. (3.351.2)], we have
/x*m exp (—Asrz)dz = (Asr)™ T (1 — m, Asra)

(20)

where T'(-,-) is the upper incomplete Gamma function [22,
eq. (8.350.2)]. Replacing [20] into [19], we obtain the integral
of I (a,b) as

I (a,b) _)\SRZ

m=0

~Arpb)™ _
EEE X (Asr)™ T (1 = m, Asga) .-

@2y

Similarly, replacing [21] into [15], we get the exact proba-
bility of pp as follows:

PDzl_/\SRZ

m=0

~Arpb)™ _
B X (Asr)™ T (1 = m, Asga) .-

(22)

As mentioned in (11), the exact expression of OP can be
provided as

OP =Pr (ND < H|Nmax)
H-1

:ZC

Np=0

maxpD (1 _ pD)Nmax_ND- (23)

We observed from (23) that the possible values of Np are
0Oto H—1, and C’JJ\%&X are cases for each value of Np.

IV. SIMULATION RESULTS

In this section, we perform Monte-Carlo simulations based
Matlab software which validate the math expressions in Sec-
tion III and evaluate the system’s features. In all simulations,
we set the parameters as the number of required Fountain
packets that need to be reached to restore the original data
(H), target rate (Ciy,), path loss exponent factor (), the
energy conversion efficiency of energy harvesting phase (7)),
total block time (7°) by 3,1, 3,1, 1, and the coordinates of the
node in a two-dimensional plane Oxy as source, relay, and
destination node are (0,0),(0.5,0), and (1,0), respectively.
For all of the figures, we use 5x 10 trials over Rayleigh fading
channels, and the simulation results and theoretical ones are
notated by Sim and Theory.

Figure 2 shows the value of OP in terms of A (A = Ps/Ny)
(dB). In this figure, the SIC efficiency at the relay node (x =
—30 (dB)), maximum number of time slots for transmission
from S to0 D (Nmax = 5) . Observing at this figure, we can see
that OP value decreases when increasing the transmit SNR
(A). Because transmit power level of the source increases
which increases the ability receiving of enough required en-
coded packets to reconstruct the original information at the
destination. The second remarkable point in Figure 2 is the
value of OP increases when decreasing the time duration of
energy harvesting «, for example, the value of o = 0.1,
OP is the highest when comparing with OP at the values of

€ (0.2,0.3), and OP is the smallest when oo = 0.3.
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In figure 3 shows OP based on A in dB when x = —30
(dB) and @ = 0.3. We can see that the value of OP decreases
when increasing the levels of A. Moreover, OP significantly
decreases as increasing the value of N,,x. However, when
Npnax increases which makes to increase the system delay
time.

In figure 4 investigates the impact of the SIC level on the
performance of the considered protocol, i.e., x = —10 dB,
k= —20dB, Kk = =30 dB, and o = 0.2, Nyax = 5. It can
seen that OP value significantly decreases when increasing SIC
level and the transmit SNR (A). Therefore, RSI has seriously
affect on the system performance.

In figure 5, we present OP as a function of o when k =
—30 dB, and A = 30 dB. We can realize that OP decreases
when increasing the value of Np,x, and OP is the lowest at
the value o = 0.5. Moreover, when increasing the maximum
number of time slots (Nmax) that means the delay time of the
system increases which is an important measurement standard
in wireless communication systems.

V. CONCLUSIONS

In this paper, we evaluated the system performance of
the considered FD dual-hop relaying protocol using Fountain
codes, in which the relay node collects the RF signals from
the source, in terms of outage probability expression over
Rayleigh fading channels. The analytical results show that
the performance of the SIC, time switching ratio factor o,
choosing a suitable transmission power level, and the number
of maximum time slots for data transmission are important
parameters that determine the main performance of the system
and should be carefully considered when designing and setting
the system.
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