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Abstract. Full-duplex transmission is a promising technique to enhance the capacity of communication systems. In this paper, we
propose and investigate the system performance of an energy harvesting based two-way full-duplex relaying network over a
Rician fading environment. Firstly, we analyse and demonstrate the analytical expressions of the achievable throughput, outage
probability, optimal time switching factor, and symbol error ratio of the proposed system. In the second step, the effect of various
parameters of the system on its performance is presented and investigated. In the final step, the analytical results are also
demonstrated by Monte Carlo simulation. The numerical results proved that the analytical results and the simulation results agreed
with each other.
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1. INTRODUCTION

Relay communication, in which the relay forwards the signal received by a source to a destination, has a
huge consideration in research due to its ability to expand the coverage, increase the capacity, and reduce
the power consumption [1-4]. Moreover, relaying the communication network is an effective way to
combat the performance degradation caused by fading, shadowing, or path loss and is an efficient way to
improve spectrum efficiency and extend coverage. In the first step, the relay node operates in the half-
duplex (HD) mode, in which the node transmits and receives signals in the orthogonal frequency or time
resources. In order to satisfy the increasing data rate demands, the research in the fifth generation (5G)
wireless networks is ongoing, both in academia and industry. In the 5G era, wireless networks should offer
up to tens of Gbps data rate to support a variety of emerging services, which stimulates researchers to
explore innovative techniques continually, with higher spectrum efficiency.
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The concept of the full-duplex (FD) technique, which allows the communication node to transmit and
receive signals over the same frequency band at the same time slot, has been proposed and discussed [1-6].
In comparison with the HD mode, the FD mode can double the spectral efficiency, because it exploits the
resources more efficiently. An FD scheme, where the transmission and the reception are at the same time
on the same channel, achieves up to double the capacity of an HD scheme. Two-way relaying, where two
users exchange information with each other via a single relay or multiple relays, provides improved
spectral efficiency compared to conventional one-way relaying by using either superposition coding or
physical layer network coding at relays. Furthermore, to satisfy the 5G requirements, relaying schemes with
high spectrum efficiency, such as two-way, full-duplex, etc., have recently attracted considerable attention.
Relaying and FD schemes are combined to achieve higher data rates [7—10].

In [7], the authors investigate one-way full-duplex (OWFD) relaying and two-way half-duplex (TWHD)
relaying to minimize/recover the spectral efficiency loss associated with OWHD relaying, which requires
additional resources (e.g. time slots or frequencies) to transmit data. In [8] and [9], the authors present
OWEFD relaying with multiple antennas to provide a solution to overcome the spectral efficiency loss in
OWHD relaying. In [10], the authors investigate OWFD relaying with an opportunistic relay selection to
enhance the performance of OWHD relaying. Most previous studies are focused on OWFD relaying, and
there have been few works on TWFD relaying.

In this paper, the system performance of the energy harvesting based TWFD relaying network over a
Rician fading environment is proposed and investigated. Firstly, we analyse and demonstrate the analytical
expressions of the achievable throughput, outage probability, optimal time switching factor, and symbol
error ratio (SER) of the proposed system. In the second step, the effect of various parameters of the
system on its performance is presented and investigated. In the final step, the analytical results are
also demonstrated by Monte Carlo simulation. The numerical results demonstrated that the analytical results
and the simulation results agreed with each other. The main contributions of the paper are summarized
as follows:

e The system model of energy harvesting based TWFD relaying network over a Rician fading environ-
ment with the time switching protocol is proposed and investigated.
e The closed form of the outage probability and throughput of the proposed system is derived.

The influence of the main parameters on the system performance is demonstrated.

e The optimal time switching factor and SER are investigated and calculated in connection with the main
system parameters.

The remainder of this paper is organized as follows. Section 2 presents the system model of the model
system. Section 3 proposes and demonstrates the analytical mathematical expressions of the outage
probability, throughput, the optimal time switching factor, and the SER of the system. Section 4 provides
the numerical results and some discussions. Section 5 concludes the paper. Finally, the appendices present
the proofs of the theorems.

2. SYSTEM MODEL

In this section, an energy harvesting based TWFD relaying network over a Rician fading environment is

proposed. Figure 1 illustrates the information transmission and energy transfer between the nodes A and B

via the helping relay R. In this system model, both nodes A and B have two antennas, one of which is

responsible for signal transmission and the other for signal reception. The line topology is adopted, where

the relay node is located on the straight line connecting the two source nodes. Assume that the two source

nodes cannot receive signals from each other directly due to the high path loss caused by obstacles [5-7].

In this model, the following two assumptions are considered:

e There is no connection between the source and the destination in the results of elimination transmission
information.

e The required power of the data decoding process at the relay is negligible in comparison to the signal
transmission energy from the relay to the destination.
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Moreover, the energy harvesting and information processing at the relay by the time switching protocol
are shown in Fig. 2, where T is the block time in which the nodes A and B are connected with each other
via the helping relay R. In this model, the first interval time a7 is used for energy harvesting at the relay R
from the nodes A and B. After that, the information transmission process between the nodes A and B via
the helping relay R is done in the remaining interval time (1-a)7, a € (0, 1).

3. SYSTEM PERFORMANCE
In this section, the outage probability, achievable throughput, optimal time switching factor, and SER are

investigated.
The total harvested energy of R during energy harvesting time a7 is given by (1):

E,=nP;, (|hAR|2 +|hBR|2)aT’ (D

where 0<7<1 is the energy conversion efficiency, which depends on the rectification process and the
energy harvesting circuitry [11], and P, = P, = P,, denotes the transmission power of the nodes A and B.
The average transmission power of R is computed by (2):

E TP
R = (1—(1;5)T - Zoi a;; (|hAR|2 +|hBR|2): KPyy (|hAR|2 +|hBR|2)7 2)
where we denote x = e .
l-«

Due to the FD system, the multiple-access phase (MAP) and the broadcast phase (BCP) can work at the
same time. Therefore, the received signal at the relay can be expressed as (3):
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Yr = hypX g+ hppxy + hpp Xy + g, (3)

where x,,x, denote the transmission signal from A and B, respectively, h,, is the residual self-
interference channel at R, and n, is the zero-mean additive white Gaussian noise (AWGN) with variance
NOa

2 2 2
E{|xA| } =E{|x3| } =L E{|XR| } =1y,
where E{.} denotes the expectation operation and %, ,/,, are the Rician distribution factors.

In the research model, the amplify-and-forward (AF) protocol is used. Hence, the received signal at the
relay R is amplified by a factor S, which is given by the following:

P
p="t= k : )
Yr \/PAB|hAR|2+PAB|hBR|2+PR|hRR|2+N0

Then the received signal at the node A can be expressed as:

Vi=hgpxg+hyx, +n,, (5
where x, is the transmission signal from R, /,,denotes the residual self-interference channel at the node
A, and n, is the AWGN with variance N.

Combine (3) and (4), then (5) can be rewritten as:
Vi=hgByr+h,x,+n,= hARﬂ[hARxA + Xy + Mg Xy + 11y ] +hyx, +n,
= ﬂth'xA + ﬂhARhBRxB + ﬂhARhRR'xR + ﬂhARnR + hAAxA + nA' (6)
In equation (6), the first term of the equation ( Bh>,x,) can be removed due to the network coding as

presented in [12]. By substituting (2) and (4) into (6), with some mathematical manipulation, the received
signal to interference noise ratio (SINR) at the node A can be obtained as:

07 o Vi (e

Va= 2 2 2 > ™
([l + e Yo (sl ¥ 4, ) | +1
where we denote y = P __Lu )
Q.+l Q, +1
In the high SINR region, (7) can be approximated as follows:
Ky XY KQo,.
7/A ~ l// — (0 1772 (8)

kXN, +N, o +1’

where we denote ¢ =Nl,a)1 =|h| @, = |hye| -
0
In this analysis, please note that for convenience, the residual self-interference at the three nodes is

modelled as AWGN with zero mean and variance of Q,,,Q,,,Q ., which are identical [13]. In addition,

please note that if we set Q=Q,, =Q, =Q,, =0 and « :lzﬂ [4], 7, turn into SINR of the HD AF
-a

relay system.
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For similarity, we can obtain SINR at the node B as:

_ kpww,

€)

? Ko, +1°

3.1. Outage probability

In this work, we consider the delay limited transmission mode, where the average throughput can be
computed from the outage probability.

Theorem 1. The outage probability at the source nodes A and B can be computed by equations (10):

k+n-1 2m+k-n-1 k—n+1
+

_bz}’m o o I m I+k m
K 2 2 2 ,
B}ut_A = 1 - 2a1a2 xe ’ ZZ Z Z bl b2 k+n+1 [7_;;] % I</"—n+l {2 bliz;/th J)

ORS00 N m =) (kY)Y K 2

(10)
W o w1 om Kl'*kb%bzm*—];_n_l m+k7;+l bb
Pomj =1-2aa,%xe * ZZZZ : 1 kil (QJ XKk—n+1(21/L%h}
1=0 k=0 m=0 n=0 l!n!(m—n)!(k!)zl(' 2 4 KQ

where K () is the modified Bessel function of the second kind and vth order.
Proof. See Appendix A.
3.2. Achievable throughput
The achievable throughput at the source nodes A and B can be computed by:

7, =(-P, )xRx(-a), (11

where j € (4, B).

3.3. Symbol error ratio analysis

In this section, the expressions for the SER at the nodes A and B of the proposed system are obtained.
Thus, we have SER equations as (12) and (13) below [14].

SER, = E[wg(\/zTyj )], (12)
1

J2r
for the modulation type. Here (@ ,6) = (1, 1) for binary phase-shift keying (BPSK) and (@ ,8) = (1, 2)
for quadrature phase shift keying (QPSK).

As a result, before obtaining the SER performance, the distribution function of y, is expected. Then,
we begin rewriting the SER expression given in (12) directly regarding the outage probability at the source
by using integration, as follows:

where je(4,B), O(t) = J‘e’lezdx is the Gaussian Q-function and @ and @ are constants specific
t

SER, = ZZU—\/‘/;E [ e\/; F, (x)dx. (13)
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Theorem 2. The SER at the nodes A and B of the proposed system can be calculated as follows:

\/5 ; Kl kbk+zf2b2m+k2—n—2 . ,(M]
o w1 om . 2
SERA%_%X;ZZ b ,c_,,x[—zw

— _ —0 n— —_ +—
SO EOm0n0 o — )V (k) k 2 @ 2

xF[m+l XFEm—n+k+§jxeXp & XW gmnikst konst L > (14)
2 2 2kb, +2x0p ST ke {b, + O

k+n-2  2m+k-n-2 (2m—n+k+1)

® o I m ltkp 2 2 2
SER, =2 - 4TN0 g Kb P b 2 H{ﬂﬂ
2 yNi3 L I )k 2o 2 LP

xr(m+ljxr(m—n+k+éjxexp L XW ikt ki L . (15)
2 2 2ib +2K0p | | kb + Op)

2 2

Proof. See Appendix B.

3.4. Optimal time-switching factor
dr,(a)
a
throughput expression in (10) and (11), this optimization problem does not admit a closed-form solution.
However, the optimal " can be efficiently solved via numerical calculation, as illustrated below.
Here we can use the Golden section search algorithm to find the optimal factor «". This algorithm has

been used in many global optimization problems in communications, for example in [15]. The detailed
algorithm, as well as the related theory, is described in [16,17].

The optimal value o can be obtained by solving the equation =0. Given the achievable

4. NUMERICAL RESULTS AND DISCUSSION

In this section, we investigate the system performance (in terms of the throughput, outage probability,
optimal time switching factor, and SER) of the energy harvesting based TWFD relaying network over
a Rician fading environment by using Monte Carlo simulation [16,17]. The simulation parameters are
listed in Table 1.

The influence of the Rician K-factor K on the outage probability and throughput of the model system is
shown in Fig. 3a and 3b, respectively. In this simulation process, the main parameters of the proposed system
are set as a.=0.5; Pyp/Ny=20dB; Q=0, 0.5, 5, 15. Figure 3 demonstrates that the outage probability

Table 1. Simulation parameters

Name Symbol Value

Energy harvesting efficiency n 0.7
Mean | Nur | 2 A4 0.5
Mean | hgr | 2 A 0.5
Rician K-factor K 3
SNR threshold Yih 7
Source power to noise ratio PAp/Ny 0-30 dB
Residual self-interference Q,,=09,,=0Q,,=0Q 0-15 dB

Source rate R 1.5 (bit/s)/Hz
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Fig. 3. Outage probability (a) and the achievable throughput (b) of the system model versus the Rician K-factor K.

decreased and the throughput increased crucially while K increased from 0 to 10. Moreover, the analytical
results agree well with the Monte Carlo simulation results, validating the theoretical derivations.

The influence of residual self-interference Q on the outage probability and the achievable throughput
of the model system is illustrated in Fig. 4a and 4b. Here, a is set at 0.5, 0.1, 0.9 and the ratio Pap/N, at
20 dB. From the simulation, it is clear that the achievable throughput increases and the outage probability
decreases significantly while Q increases from 0 to 15. In these cases, the figures reveal that the simulation
results match tightly with analytical expressions in Section 3.

Moreover, Fig. 5a and 5b present the effect of the ratio P,p/Ny on the outage probability and the
achievable throughput with Q =0, 0.5, 5, 15 and a = 0.5 for the proposed system. The results show that
the achievable throughput increased and the outage probability decreased significantly when the ratio

P4/Ny increased from 0 to 30 dB. In Fig. 5, all the analytical and simulation results agreed well with
each other.
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Fig. 5. Outage probability (a) and the achievable throughput (b) of the system model versus the ratio P,5/Ny.

The influence of the source rate R on the outage probability and the achievable throughput of the
system model with P,/Ny=20dB and Q=0, 0.5, 5, 15 is illustrated in Fig. 6a and 6b, respectively.
Figure 6a shows that the outage probability increased crucially with increasing the rate R. However, the
system throughput only increased in the interval of R from 0 to the optimal value around 2. After that,
it significantly fell to O at the rate around 4. In particular, the simulation lines wholly match with the
analytical lines in all the above figures.

Finally, the optimal time switching factor versus the ratio P,/N, is illustrated in Fig. 7. Figure 8 shows
the SER of the proposed system versus P,5/Ny. In these figures, the simulation results match tightly with
the analytical results in Section 3.
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5. CONCLUSIONS

In this paper, the system performance of the energy harvesting based two-way full-duplex relaying
network over a Rician fading environment is proposed and investigated. In order to analyse the system
performance at the destination node, analytical expressions for the outage probability, throughput, optimal
time switching factor, and system error ratio are proposed and investigated. The research results show that
the analytical mathematical expression and the simulation results using the Monte Carlo method totally
matched each other. Moreover, this paper provides practical insights into the effect of various system
parameters on the system performance. The results could provide a prospective solution for the
communication network via a helping relay.

APPENDIX A
PROOF OF THEOREM 1

At first, we need to determine the probability density function (PDF) and the cumulative density function
(CDF) of a random variable (RV) @, whose i € {1,2} .
In [18] the PDF of the RV can be formulated by the following formula:

Jo ()= (A1)

A,

1

A,

1

_ (K+1)x
(K+e ™ —— K(K +1)x
— e Y I|2 |,

where A, is the mean value of RV @, K is the Rician K-factor defined as the ratio of the power of the

line-of-sight (LOS) component to the scattered components, and 1, (0) is the zeroth order modified Bessel

function of the first kind.

(K +1e ™
A '

i i

K+1 x*
= and [ (x

Now, with using a, = ——— [19], equation (Al) can be

rewritten as :

l —bv

bK
Z( )

) (A2)
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The CDF of the RV @, can be obtained like in [20, 21]. We have the following:

F, ()= jf (x)dx = 1——ZZK b7 n gt (A3)

lemO l‘m‘

Then the outage probability at the node A can be calculated as:

KQw, o
PautiA :Fy/‘(j/th):Pr(yA<7/th):Pr[ . <7/[hj‘ (A4)
Ko, +1

Here y, =2" -1.
Now (A4) can reformulated as:

P, —jPr{wz L P }f (@)do, = jF{ <L g }f (@), (AS)
K@, K@,

0 1 1

By combining (19) with (16) and (17), we have:

© m mo ke o
ZI_I&ZZ’:K’@ KoYy + Vi Xebz[ Kpon }xal (b'K)/a)l’e’bl""da)] (A6)
et o by =000 [1m! Ko, = @y
o o o [ K1+kbm Ibk y m 1 " by by
P =1-|aa — 2 l+— | xe ? xe "™ xo'e™dw,. A7
w1 Jaa 3SR ] L feda, AT

Now by applying the equation (x+ )" =Z[m}r’”_”y” to (A7), the outage probability can

n=0
demonstrated as follows:

o o o 1 pltkpkpml " m (m " by _ba
P, zl_jal%zzz% % U™ | xe * xe ™ xaf xe™dw,  (A8)
. Im!(k!

=\n )| ko,

T
(=]
T
(=]
3
(=3
~
=
Pl
=

by m I+k 3.k .m—1 by
P, s=l-aa,xe * ZZZZ Ko, ”(%hj j "xe " xe " da,. (A9)

=0 k=0 m=0 n= Ol'n!(m—n)!(k!)zlc

Using Eq. [3.471,9] in the Table of Integrals [19], equation (A9) can be reformulated as follows:

k—n+1
bYn o o m + m— m R
P, =1 20axe ¢ 3333 KIhH Lof 2] T | 222 | qar0
ot ne 170 ko m=ono L!m!(m — n)'(k')z ! bxp o Kp ’
k+n-1 2m+k—n—1 k—n+1

bt o w1 m I+kp 2 2 " bb
P, ,=1-2aa,xe * Y K7h * b — (7—'} ka_nHLz /—1;7 | (A1)
=0 k:0m:0n:0I!n!(m_n)!(k!)ZK 2 ¢ ¢
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The proof for the outage probability at the node B is similar:

k+n-1 2m+k—n-1 k—n+1

_M w o [ m I1+k m+
K'™b, > b > ; T
Poutile—Zalazxe ? 2 2:2 p) | — (7_%} xK, |2 OV i . (A12)
1=0 k=0 m=0 n=0 2 (] KQ

Mnlm-m)W(k)'x 2

O

APPENDIX B
PROOF OF THEOREM 1

From (13), we have:
call (o
NCRINE

SER, =

k+n—1  2m+k—n-1 k—n+1
m+——

_box

© o | m l+k 2 2 2
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0 k=0 m=0 n= 0 'n|(m n)'(k') K 2 Kq)

oo Fe™ o a,a,m/0
Jx Jr

k+n-1 2m+k—n-1

O o o m I+k 2m—n+k ] ﬁ+
.[ ZZZI:Z £ bl : b2 k+nz+l k—n+1 X X ? xe LD 0} x I<Ic—n+1 (2 wj dx' (B2)
0
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In these equations, we denote

B e

J, = B3)
N I f (
o 2m-n+k —x[fﬂﬂ X
Jy=[x 7 xe " IxK, |26 | |dx. (B4)
0 Ko
Using equation (3.361,1) from [19], we have
J, _aVo Jr_a@ (B5)
Wz oo 2
By using equation (6.643,3) from [19], we have:
.Ttﬂ_%e_mK (Zﬂ\/;)dt—a—_”l“[ —v+ljl“( +v+ 1)ex i w i (B6)
J » 25 TV T ) 0 ) e e )

where I'(e) is the gamma function and W (e) is the Whittaker function.
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Finally, we can reformulate (B4) to the following:

2m—n+k+1
— — 5
J,= £+t9 xﬂxl“[m+l)xl“(m—n+k+gjxexp b—
@ 2b 2 2 2xb +2k0p
b2
xW —, B7
,2m—r;+k+1’k—;z+l K{b + 0(/)} ( )
5 \/_ ., i _2m—n+k+1
o I m +k g m+k— ) /
SERA ZE_MXZZZ £ b k+n+l k—n+1 X|:£+0:| X i
2 \/; =0 k:Om:OnzOl!n!(m_n)!(k!)ZK 2 ¢’”+ 2 4 2b
2 2
xF(m +1jxr(m -n +k+§jxexp b XW it hnst _r . (B8)
2 2 2xb +2k0p - K'{b + 9@}
From (B7) we can have formula (14).
In the same way as node A, the SER of the node B can be demonstrated as formula (15). O
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Energia kogumine kahekanalilises tiisduplekstranslatsioonivorgus, kasutades Rice’i
kustumismeediumi: efektiivsuse analiiiis

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

Taisdupleksiilekanne on kommunikatsioonisiisteemide ldbilaskevdime suurendamiseks paljulubav tehnika.
Artiklis on esitatud ja uuritud siisteemi suutlikkust energia kogumisel, mis baseerub kahekanalilisel tdis-
duplekstranslatsioonivorgul, kasutades Rice’i kustumismeediumi.

Esimeses etapis on analiilisitud analiiiitilisi valemeid ja need on dra toodud esitatud siisteemi ldbilaske-
vOime, joudeaja tdendosuse, optimaalse ajalise liilitusfaktori ning siimbolite veasuhte (SER) arvutamiseks.

Teises etapis on esitatud siisteemi suutlikkuse erinevate parameetrite mdju ja nende uuring. Ldppetapis
on esitatud analiiitiliste tulemuste analiiiis Monte Carlo simulatsioonimeetodil. Numbrilised tulemused,
mis néitavad ja kinnitavad analiiiitilisi ning simulatsiooni tulemusi, on omavahel tdielikus vastavuses.



