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Abstract- In this paper, we study the throughput and outage probability (OP) of two-way relaying (TWR) communication
system with energy harvesting (EH). The system model consists two source nodes and a relay node which operates in
full-duplex (FD) mode. The effect of self-interference (SI) due to the FD operation on the system performance is evaluated
for both one-way full duplex (OWFD) and two-way full duplex (TWFD) diagrams where the amplify-and-forward (AF) relay
node collects energy harvesting with the time switching (TS) scheme. We first propose an individual OP expression for
each specific source. Then, we derive the exact closed-form overall OP expression for the OWFD diagram. For the TWFD
diagram, we propose an approximate closed-form expression for the overall OP. The overall OP comparison among hybrid
systems (Two-Way Half-Duplex (TWHD), OWFD, TWFD) are also discussed. Finally, the numerical/simulated results are
presented for Rayleigh fading channels to demonstrate the correction of the proposed analysis.

Keywords— Two-way relaying communications, Relaying, Full-duplex, Energy harvesting.

1 INTRODUCTION

The spectral efficiency is an important system specifi-
cation for designing next-generation wireless networks.
To address spectral efficiency problem, some works
proposed the cognitive radio technique in the two-
way1 relaying network [1-4]. However, almost current
wireless systems are operating in half-duplex (HD)
mode with different frequencies for down-link and up-
link channels. Recently, full-duplex (FD) transmission
had been proposed with the promise of significant
improvements in spectral efficiency due to shared same
frequency and time slot [5, 6]. However, SI caused by
simultaneous transceiver operation of the FD mode
affects the system performance [7]. To evaluate the
effect of SI on the OWFD and TWEFD systems, the
authors [8] proposed the analysis on the average end-
to-end rate and the OP. Compared to the OWFD, the
TWED achieves higher spectrum efficiency but suffers
more SI [9]. Moreover, EH from radio frequency signals
is an emerging technology helping prolong the life-
time of wireless devices. EH was proposed for internet
of things (IoT) applications [10] and 5G full-duplex
communications [11-13]. As such, FD communication
system with EH can obtain both high spectral efficiency
and high energy efficiency.

TAll the works in [1-4] did not mention the full-duplex relaying.

1.1 Related Works

This section conducts the survey of the (OWEFD,
TWEFD) communications systems with EH. The OWFD
communications in cooperative relaying networks with
EH was considered in the recent works. The authors
in [14] studied the influence of SI on the OWEFD
transmission where the optimal protocol was proposed
to choose either the TWHD or the OWFD with the
AF relay to minimize the OP. The selected AF relay
to maximize the information rate subject to the total
power limitation was proposed in [15] where the op-
timal transmit power can be obtained by Lagrangian
multiplier method. Considering the AF and decode-
and-forward (DF) operations, the authors [16] analyzed
the OP combined with the selection of relay nodes to
compare with direct links under the imperfect channel
state information (CSI). Analyzing the individual OPs
with the relay node using AF and DF techniques for
comparison between FD and HD was performed in [17]
but only simulations were demonstrated for the a — u
fading model. Optimizing the OP and quality of ser-
vices (QoS) for non-linear EH models was implemented
in [18] where the proposed FD DF relaying model was
deduced by the optimal solution based on the golden
section method. The authors in [19] solves the power ef-
ficiency optimization problem for EH FD relaying with
the joint power and time allocation scheme to obtain
different source transmit powers. While [20] proposed
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the optimum transmission algorithm with significantly
reduced complexity, [21] optimized channel capacity.
In [22], the beam-former design to maximize the signal-
to-noise ratio (SNR) for a DF relay was implemented
but only simulations were shown to prove that the
multi-antenna relay performs better than the single-
antenna relay. An optimization algorithm proposed for
the multiple-input multiple-output (MIMO) orthogonal
frequency division multiplexing (OFDM) networks to
achieve spectral efficiency for OWFD networks was
conducted in [23]. Finally, the analysis on the OP and
the throughput in the FD cognitive radio networks was
carried out in [24].

In TWFD systems, the SI caused by the FD operation
was available at all nodes. The authors in [25] analyzed
the exact individual OP for each node for the AF relay.
The design of energy signal and decoder for TWFD
networks was studied in [26] and the sum-throughput
comparison between the TWFD and the TWHD was
also presented there. The authors in [27] proposed two
schemes called relay selection (RS) and all-participant
(AP) to optimize the power splitting factor in order to
minimize the OP and maximize the sum capacity. The
simulation results in [27] illustrated the sum capacity of
the RS higher than that of the AP. Bit error rate (BER)
analysis with spatial diversity was studied in [28] and it
is noticeable that when the quality of the SI cancellation
is improved, the BER performance of FD is better than
HD. Then, the analysis of the individual OP with the
DF relay was carried out in [29] and [30] where the
imperfect CSI was also considered. The authors in [31]
proposed the optimal power allocation scheme and the
optimal relay node placement strategy to minimize the
OP for the AF relay but did not perform the closed-
form analysis. The beam-forming design to optimize
the time division ratio for EH FD networks was studied
in [32]. To assess the effect of SI on TWFD systems, the
authors in [33] proposed a two-node model to exchange
information through multiple relay nodes, using AF
technique, TS and power splitting (PS) methods. The
analysis of individual OP and specific throughput for
each node was also studied there. To implement the
overall OP, the authors further proposed the analysis at
approximately high SNRs for Rayleigh fading channels.

1.2 Motivation and Contribution

The above survey exposes that the effect of SI on
the performance of the TWFD communication system
with energy harvesting has not been fully evaluated
yet, especially for the overall OP. Also, the spectral
efficiency needs to be compared and evaluated among
different diagrams (TWFD, OWFD, TWHD).

The contributions of this paper can be summarized
as follows:

1) Propose the overall exact closed-form OP expres-

sion for the OWFD communication system.

2) Suggest the overall approximate closed-form OP

expression for the TWFD communication system.

3) Compare and evaluate the effect of SI on the sys-

tem performance in terms of OP and throughput
for three diagrams: TWFD, OWFD, and TWHD.
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Figure 1. OWFD and TWFD system models.

The rest of the paper is organized as follows. In
Section 2, we describe the system model. Section 3
presents a detailed performance analysis. The results
are presented in Section 4 whilst the conclusions are
given in Section 5.

2 SystTEM MODEL

Figure 1(a) shows the OWFD system model. The relay
R has the limited power; therefore, R collects radio
frequency (RF) energy from S; or S; in the first time slot
of aT. For the TWFD communications in Figure 1(b), R
collects energy from both S; and S,. It is noted that for
the OWFD communications, only R operates in the FD
mode while for the TWFD communications, all three
nodes operate the FD mode.

We define the residual SI channels at S; as hyp, at
Sy as hp, and at R as hy,. The corresponding SI can
be modeled as a Gaussian random variable with zero
mean and variance of 07, =03, =07 =03, as in [6, 9, 33].

The involved channels, Sy — R and S, — R, are
denoted as hg r and hg, R, respectively. The coefficients
for R = S; and R — S, channels are also signified as
hgs, and hgs,, correspondingly. We assume that chan-
nel coefficients are independent and the incoming and
outgoing channels are reciprocal, i.e., hs,g = hrs, = hy,
hs,r = hgrs, = hy, with the block Rayleigh fading
distribution. Therefore, X = |h1|* and Y = |h,|* are the
random variables (RVs), with exponential distributions,
i.e., they have the probability distribution functions
(PDFs), fx(x) = )\16_/\1x, fy(y) = /\26_/\2y and the
cumulative distribution functions (CDFs), Fx(x) =1 —
e~ MY F(y) =1- e~MY. Here, the expectation of X
or Y is denoted as y; = Al = d.* with x being the
path-loss exponent and d; béing the transmitter-receiver
distance, i = 1, 2.
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Figure 2. Time Switching Protocol at AF Full-Duplex Relaying.

2.1 SNR in the OWFD Communications

From Figure 2(a), the energy collected in the first
time-slot of aT is

Ex =B (Pill [ +0%) aT. (1)

Similarly, if R only collects the energy from S,, its
collected energy is Egx = B (P2|h2|2 + (7%) aT. Here, Py
and P, are transmit powers of S; and Sy, respectively;
0 < B < 1 is the energy conversion coefficient; 0 < a <
1 is the time switching ratio; T is the block time.

From (1), the transmit power at the R is

Er

Pr=—"=

K (1—-a)T
_ % 2, 2 2
_(1_0() (P1|I’ll| —|—0’R) ()

= ¢ (PP +c3),
where ¢ = %

S1 and S; exchange information via the AF relay.

In the second time-slot of %, the information is

transmitted from S; — R — S,. The signal received
at R in the time-slot ¢ is described as

yr[t] = V/Prhyxi[t] + herxg[t] + nr[], 3)

where E { |x;(t)]*} = 1 with E {} being the expectation

operator; x1(t) and xg(t) are the transmit signals from
S1 and R, respectively; ng(t) denotes the additive white
Gaussian noise (AWGN) at R with zero mean and
variance 01%.

For the AF based OWFD communications, the trans-
mit signal of the relay can be expressed as in [34]

and [35]
xr[t] = v/Préryr [t = 1], (4)

65

where 0; is the power constraint factor at R:
1

b P+ Prlhn P + 0%
The received signal at S; is
yalt] = haxg[t] + na(t) (6)
with E {\xR(t)|2} = Pr.
Replacing (4) and (5) into (6), we have
ya[t] = 011/ Prha x
(\/ITlhlxl[t — 1]+ gt — 1] + nglt — 1]) +molt]
= 01y/Prv/Prhhaxa [t — 1] + 01/ Prhohyrxg [t — 1]

signal SI
+ 61/ PhanR[t — 1] + lem,

noise

0 5)

@)

where n;(t),i € (1,R,2), is the AWGN at Sy, R, S, with

zero mean and variance 0’1-2. Without loss of generality,

2_ 2 _ 2 _ 2
we let 07 = 05 = 0 = 0°.

From (7), the SNR at S is

LOWED _ E {|signal|2}

E {|nozse| } ®)
012PrPy |l ||l |
912(PR)2|h2|20}2, + 912PR|I12|20'2 + o2

Replacing Pr in (2) and 6; in (5) into (8), we have

HOWED
_ Py |1 |*|ha |
= 2, 2
|ha|” (02 + ¢o3,0%) + Py |y |*|ha| 03, + 02(% + %))
_ a1xy
Cby+axy+c’

©)
where a4y = P, b = 0% + ¢03,0%, ¢; = ¢pP1od;, ¢ =
o? (% + (Tgl), E{|in|*} = 0% = 0.
Please see Appendix A for detailed derivation of (9).
Using the same approach as (9), the SNR at S, is

HOWED
B Py |l |?|ha |
- 2 2 2

11 ? (02 + 903,0%) + ¢Pa | [*ha P03, + 02(§ + 02)
- azxy
© bx+oxy+c

(10)
where ay = P, b = 02 + ¢03,0%, c; = ¢pP0%;, ¢ =
o? (% + U§I>.

Please see Appendix A for detailed derivation of (10).
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2.2 SNR in the TWFD Communications

From Figure 2(b), the energy collected in the first
time-slot of aT is

Er =B (Pl + Palhof* + 0} ) aT. (1)
From (11), the transmit power at R is inferred as
Er
Pr=——"—"—
R= =T

= b (PUmP + PaliaP +0) (1)

= ¢ (P1|h1\ + Pyl +aR) :

Unlike the OWFD communications, in the TWFD dia-
gram, 51 and S, exchange information in the same time-
slot of (1 — «)T; therefore, multi-access (MA) phase and
broadcast phase (BC) can perform simultaneously in
one time-slot.

The received signal at R in time-slot ¢ is described as

t] + hypxg[t] + nrlt],

R[] = V/Pihixi[t] + /Pahoxa [t]
(13)

where x1 (), xg(t), and x,(t) are the transmit signals of
S1, R, and S, respectively; ng(t) denotes the AWGN at
R with zero mean and variance (712{.

For the AF based TWFD communications, in {-th time
slot, the signal transmitted by the relay is the amplified
version of the prior received signal as in [6, 9, 33, 36, 37]:

R[] = V/PrOYR [t —1]. (14)
The amplification factor at the AF relay is
1
6= . (15)

VP + Palha 2 + Pl + 02
The received signal at S is given by

1 [t] = hlxR + \/P>1h11X1 + nq ] (16)

where hy7 is residual SI at S;, and n4[t] is the AWGN
at Sl-
Replacing (14) into (16), we have

y1lt]
= 0/ (V/Prl Palt = 1] + /P [ ] xat = 1])
+ 0+/Prhihyrxg[t — 1] + /Pihyyxq[t]

+ 0+/Prhyng[t — 1] + ny[t].
17)

Suppose that the CSI is perfect. Then, in (17) the
component containing x; [t — 1] is the useful signal at Sy
while the component x1 [t — 1] is known by Sy; therefore,
it can be removed. As such, (17) can be written as

t] =0/ PrP, |h1| ‘hz‘ Xz[t — 1]

signal

+0+/ Prhih rer

+ \ P1h11x1 (18)

SI
+ 6+/ PRhli’lR[t — 1] + nﬂt},

noise

where hy; is the SI caused by the FD operation at S;.
From (18), one can infer the SNR at S; as

02PrPy|hy ||| ‘
92PR2|h1 |2‘hrr|2+ QZPR“’Zl |20'1% + P |h11 |2+(01'129)

TWFD __
T =

Replacing Pg in (12) and 0 in (15) into (19) and after
some manipulations, we have

Pyl [*|ha |

2L o3 p(Prln P + Palhaf? + 02) + 02} + kg
(20)

TWFD _
T

From (20), we have

TWFD _ exy
n x[fi(Prx + Py +g1) + g1] +ka -
where e; = D, fi = 0%, &1 =
2 2\ (1, 2
(Pyog; +0?) (4) + (TSI).
Please see Appendix B for detailed derivation of (21).
Following the same derivation as (21), we have

o2, and k; =

FTWFD _ e2xy 22)
2 y[f2(Pix + Py + 82) + 2] + k2’
where %) Pl, f2 = (TéI(P, g = 0’2, and k2 =

(P20g; +0?) ( + ‘751)
Please see Appendix B for detailed derivation of (22).

3 PERFORMANCE ANALYSIS

3.1 The OP of the OWFD Communications
The individual OP of S; is defined as

POIED _ p (490D < <) )

out,i
where i € (1,2), and 7 is the SNR threshold at the
node S;.

Throughput can be calculated through PO%VlF D at the
fixed data rate Rt (bps/Hz). For the OWFD communi-
cations, the throughput is given by

owrp) (1— )
To = Rt (1_P0ut1 ) 2 7 (24)
where T = 2R — 1.

The OP is defined as the probability which the SNR

is less than the SNR threshold:

POIED = Pr (WP < 1)
arxy
= P ]
' <bx+czxy+c < T) (25)
bx+
_ Pr (y < XT(E;TEEO ,ap —Tcp >0
1 L0 —Tcy <0
As shown in Appendix C, Pg}f"lp D'in (25) can be repre-
sented in the closed form for the case of a, —1cy > 0as
_ Ap1d 1’[)
PO =1 Mo T K (VRN), )

4tchy
(ay—7c2)"

where ¢ =
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Following the same approach as (26), we have end-to-end overall OP as
__Jathy
POty P =Pr (VQWFD < T) PQWED — 1 _ )\ (272) /%Kl ( 1,0)\1)
27)
__ MTb 9 ( Ay
1 CEN S o ¢
1—2ze (7™ \//\21(1(\/197\2), +1—Age (@ 1)1/)\72K1( 19A2)
where § = AT Agbt
e e ¥ ( Fka (V)
1
Please see Appendix C for detailed derivation of (27). = (1
- Z( t)' #i (x0)' ~'Ey (/\1x0)>
The end-to-end overall OP of the AF based OWFD =0 ) (32)
communications is defined as N M (e_ (Aayo-Arxo) 1)
szva — Pr ({,Y?WFD < T} U {,YEDWFD < T}) Aayo/x0 + M
_MbT B2
=Pr (’y?WFD < ‘L') +Pr (ygwpl) < T) +Age” (? / A—ZKl (\/ ﬁz)\z)
OWFD POWED (28) ) toot
out,1 out,2 -1 —
- Z%(yo)l 'Er (A2y0)>
—Pr ({'y?WFD <r}m{7§WFD <T}>, =0 ’
)\2 7()\] X()Jr/\zy())
S S —1),
P‘g‘it/’vleD + Axo/ Yo + Az (E )
h /
WOE;ED OWED OWED where a = ay — Tcy, d = a1 — Tc1, X9 = %,
Poutin™ =Pr ({'Yl <T}“{’¥2 <T}) Yo = T(%U(fc), ¢ = —ac+ tb* + cd.
b ( { arxy } { aixy }) Please see Appendix D for detailed derivation of (32).
=DPr ——— < TNy
bx 4+ coxy +c by 4+ cixy+c
— Pr <{y < (Z (b_x:; C))x} n {x < (Z (ZEV:; C)) }) 3.2 The OP of the TWFD Communications
(2 2) ( ! )1 Y The individual OP is defined as
T(bx+c T(by+c
— W
=Pr <{y <— } N {x R }) PIAFP = Pr (4P < 7). (33)
=P +P The throughput of the TWFD communications is
(29) given by
and Ty = R (1 - PLAP) (1 - ). (34)
Apbt
Pr=—Ae” % (1 / %Kl (\/[ﬁ/h) Pﬂt‘{fD is computed as
o PIMTP = Pr (4]VFP < 1)
e ED¢ e (30)
2 £l (x0) t (Mxo) e1xy
t=0 : = Pr ( < T)
x[fi(Px+ Py +g1) +81] + k1
M (efuzwlm _ 1) (35)
Aayo/ X0 + M e
Perform further simplifications, we have
and pTWFD _
Agbe ,32 out,1
Py = —Aye” 4 =Ky (Vv B2A wx(fiPixtfigitg) -tk
’ ’ ( A ( - 2) Pr (]/ < : ;(61—1@}11’2)1 1) 1= ThP >0
- 1 ,el—Tf1P2<0
o q _ 36
- L %(%)1 'Er (/\zyo)> 61 (36)
t=0 As shown in Appendix C, Pg;z‘/f D in (36) can be repre-
_ Ao (ef(AleJr,\zyo) _ 1) sented in the closed form for the case of e;—7f1 P >0 as
Axo/Yo + Az

_Mtasita) [0
PoTthYlFD =1—XAe ahh \/‘P»:Kl (\/ﬁ) , (37)

Replacing (30) and (31) into (29), we obtain Poou?,/lFZD .

47,1k ATfi P
Finally, we achieve the closed-form expression of the where () = ﬁ?ﬁb) and ¥, = elirf}l 1])2 +Aq.
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Following the same approach as (37), we have

TWED TWED
Pout 5 =Pr (’y < T)

_ MT(f282+80) (38)
=1- ) 2L | %Kl (\/Qz‘Pz) ,
2

where 02 = % and 1}12 — MThHHP + Ao,

e—TfoP

Please see Appendix C for detailed derivation of (38).

The end-to-end overall OP of the AF based TWFD
communications is defined as [9, Eq. (9)]

— Pr (min (,)/TWFD, ,YTWFD) < T)

=1-—-"Pr (fyTWFD >T,72TWFD >T).

TWFD
P, e2e

(39)

From (39), we have
=Pr ('yTWFD ”L') + Pr (’szWFD < ”L')

pIWFD pIWFD

out,1 out,2
e ({1 < oy oo < 1)), @0

TWED
Puut 12

TWFD
P, e2e

where POTthVf D and POTJ;‘]; D are given in (37) and (38),

respectively.
We approximate the component PTM"tVfZD in (40) as
TWFD
PIWED = Pr({7{"P < 1} n{1I"FP < 1})
~Pr({yn <t}n{yn <1},

where 17 and 7, are given by

(41)

FTWFD _ e1xy
1 x[fi(Pyx+ Py +g1) + 1] + k1

_ erxy

f1P1x2 + f1P2xy +f1g1x +g1x+ k1
erxy (42)

flPlx +f1P2xy +f1g1x +g1x+ k1

_ e1xy
(fiP1 + f181 + &1)x + fiPaxy + Ky

= 711,

and
FIWED _ 2%y
2 y[f2(P1x + Py + g2) + 2] + k2
B erxy
f2Pixy + f2Poy? + fogoy +yg2 + k2
erxy 43)
sz1xy + f2Poy + fagoy +yg2 + k2
B erxy
(faP2 + f282 + &2)y + faP1xy + k2
= 722-

It is noted that approximations in (42) and (43) are
valid because x and y are channel gains, ie., 0 < x,
y<1l

Without loss of generality, for performance compari-
son between the TWFD and OWFD schemes, we choose
P = P; = P,. Therefore, the approximated SNRs in (42)

and (43) are similar to those of the OWFD, i.e.,
e1xy

(fiP1 + fig1 + &1)x + fiPaxy + Ky

_ e1xy

" Bx+Cuy+C

Y11 =
(44)

and
e Xy
foPixy+ (P + fogo + )y + ko
_ exy
~ By+Coxy+C’

Y22 =
(45)

A A A
whire B= AP+ A1+ = LR+ Hhp+, C=
ki =k, C1 = 1Py, Co = foPa.

Remaining parameters as defined in (21) and (22), we
have from (41):

AybT
PINED & e~ ( ey

- i Lw(xo)l_tlft (A1x0)>

t=0
M —(Aayo+A
_ e~ (A2vo+Mxo) _ 1
Azyo/XO + M ( ) (46)
AbT
— Are~ a (« / %Kl (\/[32/\2)
2
- Z = t) i (vo)''Er (A2y0)>
t=0
A2 —(A1xo+A2y0)
- " -1),
)\1X0/y0 + )\2 (6 )
where a = e —1Ci, and d = e — 1C, x9 =
§0+\/ ;ﬂ:‘l”[ﬂbz thO+C), q) _ aC+Tb2+Cd.

Please see Append1x D for detailed derivation of (46).

Replacing (37), (38) and (46) into (40), we obtain the
approximate closed-form OP formula for the TWFD
communications.

4 SIMULATION RESULTS

In this section, the simulation results are presented to
evaluate the performance of the OWFD and the TWFD
communications as well as to compare them with the
TWHD communications. The effect of the SI on the
OP is evaluated via key parameters such as SNR, the
time switching ratio &, the energy conversion efficiency
B, the target transmission rate R, the transmit power
of each source. Toward this end, we choose the co-
ordinates of S1 at (0.0, 0.0), and S, at (1.0, 0.0), and
R at (0.5, 0.0). For demonstration purpose, the same
transmit powers are considered, i.e., P = P, = P. The
SI at all the nodes are assumed to be the same, i.e.,
0y = 03, = 05 = 03, = SI. The path-loss exponent
is fixed at x = 3. In the following figures, “The."
and “Sim." represent the analytical and the simulated
results, respectively.

Figure 3 shows the throughput of TWFD, OWFD and
TWHD with B = 0.5, Ry = 1 bps/Hz, 02, = 1 for
two cases of @ = 0.2 and a = 0.5. The throughput of
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Figure 4. OP of the OWFD via SNR.

the OWFD is obtained from (24) while the through-
put of the TWFD is obtained from (34). However, the
throughput of the TWHD is achieved from (24) with
02; = 0. The results show that the theoretical analysis
matches well with the Monte-Carlo simulation. Also,
the throughput is increased with higher SNR because
the OP decreases in (24) and (34). Moreover, when « is
small, the throughput of the TWHD and the OWFD are
greater than that of the TWFD. This can be explained
from the fact that the SI affects the TWFD more than
the OWFD and the TWHD. Furthermore, when a in-
creases, the remaining time for information processing
decreases; therefore, the TWFD only needs one time-
slot for information processing while the TWHD and
the OWFD need two time-slots for signal processing.
This improves the throughput of the TWFD.

Figure 4 evaluates to the effect of the SI on the OP of
the OWEFD. The simulation parameters are « = 8 = 0.5,
two cases of Rt = 0.5 bps/Hz and Rr = 1 bps/Hz,
Uél = 0.5, and 0'%1 = 1. It is seen that the simulated
results match well with the theoretical ones, verifying
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07 The. [0=0.5, o%,=1] ]
osk Vv Sim.[0=03, 03 =1] 1
The. [0=0.3, 0% =1] ¢

05k ¢ sim. [a=0.5, (7;:0.5] ]
o The. [2=0.5, (7;:0‘5]
¢}

4

0.7 0.8 0.9

08k Sim.cx [z7§|=1, R=0.5 bps/Hz]. |]
Vv  Sim.xx [rr;:l, R=0.5 bps/Hz]
0751 The.xx [a;:l, R=0.5 bps/Hz] ]
07k — — —Sim.cx [04 =1, R=0.8 bpsiHz] | ]
% Q¢  Simxx [17;:1, R=0.8 bps/Hz]
0.651 The.xx [0%,=1, R=0.8 bpsiHz] |
N
AN X — — = Sim.cx [04,=0.5, R=0.8 bps/Hz]
- S N 4
0.6 - B Simxx[0%,=0.5, R=0.8 bps/Hz]
The.xx [0%,=0.5, R=0.8 bps/Hz]
0.55
05 - 4

P lo” (dB)

Figure 6. OP of the TWFD via SNR.

the exactness of the proposed closed-form overall OP
in (28). Moreover, when the SNR increases, the per-
formance is improved because the outage gets lower.
Furthermore, the OP increases due to the effect of the
SI because higher SI, the lower SNR is. For the same SI
level, the OP increases with higher fixed transmission
rate. This is because the higher fixed transmission rate
requires the higher throughput; therefore, the same
SNR causes more outage for the system.

The parameters in Figure 5 are P} = P, =4 dB, Rt =
1 bps/Hz, two cases of « = 0.3 and a = 0.5, Ugl =05
and 03, = 1. It is observed that the SI affects the OP
of the OWFD; the higher the SI is, the larger OP is.
Additionally, the OP decreases when « is smaller. This
can be explained from the fact that the OWFD can have
more time for signal processing, improving the system
performance. Furthermore, there is an optimum value
of « and B for the minimum OP.

In Figure 6, we simulate with the parameters: & =
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B Sim. [0%=1, 3=05]

24 e
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Figure 7. OP of the TWFD via «

B = 0.5, two cases of Ugl = 0.5 and (7%1 =1, Rr =05
bpz/Hz and Rt = 0.8 bps/Hz. In this figure, “Sim.cx"
represented by dash lines is the exact simulation of

PIWED in (40) while “Sim.xx" and “The.xx" are the

out,12
simulation and the theory of the approximate PIWEP

in (41). It is clear that the SI affects significantly the
OP performance. Moreover, the higher SI is, the larger
OP is. For higher SNRs, the exact OP bound coincides
the approximate OP. Furthermore, at the lower fixed
transmission rate, the “Sim.xx" line is close to “Sim.cx"
line as illustrated in (42) and (43).

Figure 7 shows the effect of & on the OP of the TWFD
communications for P} = P, =2 dB, Rt = 0.1 bps/Hz,
two cases of B = 0.5 and f = 0.7, and 02, = 0.5 and
02; = 1. The simulation results matched well analysis
results. This figure shows that for the same g, the OP
increases when the SI increases because the TWFD uses
all the nodes which work in full-duplex mode; hence,
they suffer more SI, resulting in the lower end-to-end
SNR. Further, when the f is small, the energy efficiency
gets lower; so, the relay node has no enough energy to
forward the information, causing system outage. When
the « is higher, the OP is higher. This can be explained
as follows. Although the relay node can harvest more
energy, the remaining time for signal processing also
decreases; so, the OP increases.

The parameters in Figure 8 are « = § = 0.5, Rt = 0.5
bps/Hz, two cases of 03, = 0.5 and 0%, = 1. This
figure shows that the OP of the TWFD is greater than
those of the OWFD and the TWHD. This is explained
from the fact that the TWFD suffers more SI than the
OWEFED. For the TWHD, the SI is zero. As such, to
improve the performance of the TWFD and the OWFD,
the SI needs to be removed or minimized. It is seen
that the analysis exactly agrees the simulation, verifying
the precision of the proposed analysis. Additionally, the
outage probability is inversely proportional to the SNR.

The parameters in Figure 9 are « = 0.5, Rt = 0.5
bps/Hz, P; = P, = 4 dB, two cases of 03, = 0.5
and 02, = 1. It is observed that the OP of the TWFD
and the OWFD increases quickly with higher SI level.

10°

#3273

(9373

a
o 10t

o Sim. TWFD [nglil]
The. TWFD [0%,=1]

¢ Sim. TWFD [+,=0.5]

The. TWFD [+%,=0.5]

*  Sim. OWFD [0%=1]
The. OWFD [0%,=1]
©  Sim. OWFD [¢%=05]
The. OWFD [0%,=0.5]
+  sim. TWHD [+%,=0]
The. TWHD [¢%,=0]

1 1 1 1 1

0 1 2 3 4 5 6 7 8 9 10
P /o’ (dB)

1072

Figure 8. OP via SNR
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Figure 9. OP via B.

Furthermore, the OP of the TWHD is the least because
it is not affected by the SI. Moreover, because the TWFD
uses all nodes with FD while the OWFD has only one
FD at the relay. It is inevitable that the TWFD suffers
more severe residual self-interference than the OWFD
and the TWHD.

The parameters in Figure 10 are § = 0.5, Rt = 0.1
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Figure 11. OP via fixed transmission rate.

bps/Hz, Py = P, = 2 dB, two cases of (fgl = 0.5 and
0’%1 = 1. The results show that the lower the SI is, the
lower the OP is. Moreover, for the same SI level, the
OP of the TWFD is greater than that of the OWEFD.
This can be explained from the fact that the TWFD
uses all nodes suffering more SI while the TWHD is
not affected by the SI; therefore, the OP of the TWHD
is the least. Furthermore, with the lower SI level, the
OP of the OWEFD is close to that of the TWHD.

The parameters in Figure 11 are § = 0.5, « = 0.3,
Py = P, = 2 dB, two cases of 0'%1 = 0.5 and 0'%1 =1
It is observed that the OP increases at higher trans-
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mission rate because the higher required transmission
rate needs the higher SNR for the same OP. This figure
also shows the exact agreement between the analysis
and the simulation. Moreover, the outage probability
is proportional to the transmission rate. This can be
explained by the fact that higher demand on target
transmission rates induces the system unable to satisfy,
causing higher outage probability.

5 CONCLUSIONS

This paper presented an efficient method to calculate
the overall OP of the AF relaying systems with the
TWED and the OWEFD. Their OP was also compared
with that of the TWHD. The simulated results validated
the proposed method. Moreover, the TWFD and the
OWEFD communications are considerably deteriorated
by the self-interference due to the FD operation at
the EH relay. Therefore, the SI cancellation techniques
should be further exploited to improve the system
performance for the TWFD and the OWFD communi-
cations, which is our future work.
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APPENDIX A

This section will prove the expressions of the SNRs
in (9) and (10). From (8), we have

JOWFD _ E {\szgnal|2}
E {|noise|2}
B 012 PR Py [l || 1ol *E {x1 [t — 1][2}
B 912PR‘h2|2|hrr‘2E {|xR[t - 1} ‘2} + 912PR|I’12‘20'1% + 0’22
_ 012PrPy |l |2 |ha |
912(PR>2|h2|20§1 + 912PR|h2|20'2 + o2 '

(47)
Replacing Pr in (2) and 6; in (5) into (47), we have
2 2
OWFD _ Py|h1|"|ha|
RI2| %08, + [ha| o +W
_ Py [ |*|hs |
- 2( Py |y |P+Pg b |2 402
|hz|202+PR|h2|20§1+ i G pRR‘ F+o?)
_ Py [y | [ha |
o2 PfRﬁ*Pthw‘z
|h2|*0? + Pg|ha|*0Z; + %

_ Py |y [* o ‘
12?02 + Prlhal 0, + 02 (§ + [ )

(48)



72 REV Journal on Electronics and Communications, Vol. 9, No. 34, July-December, 2019

From (48), we have

FOWED —
P[P o ?
[ha 2024 @ Py |1 | |a|*02,+ lhal 02,02+ 02 (5 + [ [?)
(49)
After some manipulations, we have
FQWED
_ Py |1y [* o
|ha[? (02 + $02,02) + @ P11y |2 P02 + 02(5 + 02))
— nxy
by +coxy+c
(50)
where E{|,|*} = 02 = o3
This completes the proof of (9).
The same approach for S, — R — S1, we have
1
0 = . (51)
\/Pz|hZ|2 + Pl | + 02
The received signal at S; is
y1[t] = hixg[t] + nqt], (52)
where
=V PrOyr [t —1]. (53)

Replacing (51) and (52) into (53), we obtain
[t] = 0/ Prhy %
(\/pjhzx2 [t — 1] + hppxg[t — 1] + nglt — 1}) +mf]

= 0>/ PR/ chlhzxz[t — 1] + 6>/ PRhlhrer[t — 1]

signal SI
+ 02/ Priyng|t — 1] 4+ n1[t]

noise

(54)
From (54), one infers the SNR at S; as
FOWED _
Py [*|ha?
Il (02 + 902,0%) + pPali Pla P, + 0% (5 + o)
axy

~ bx+cxy+c’

(55)

which completes the proof of (10).

APPENDIX B

This section will prove the expressions of the SNRs
in (21) and (22). From (19), we have (56).
We further simplify (56) as

TWFD __
T =

Pyl | ? .
P her P (Prli? + Polha” + 0% ) + Pk + ko
(57)

After some simplifications, we have

TWFD __
T =

Py [ |* (58)
11> {029 (Prlia? + Palial® +02) + 02} + ko

Further simplification of (58) leads to

7TWPD e1xy . (59)
1 x[f1(Pix + Py + g1) + 1] + k1

This finishes the proof of (21). The same procedure
is applied to prove (22).

APPENDIX C

This section will prove the formulas in (26) and (27).
First of all, we start with

~ B (4P < o)

:H<%w<7)
bx 4+ coxy +c

= Pr (axxy < t{bx + coxy +c}) (60)

OWFD
Pout 1

= Pr (apxy — teoxy < T {bx +c})

T{bx+c}
= Pr (}/ < X(”Z*Tcz))
1 L0 —Tcp <0

,ap —TCcp >0

We further simplify (60) for the case of a — ¢y > 0 as

POWFD _ 7Fy (M)fx (x) dx

x (ap — Tcp
0
oo T{b‘(+c}
— /6’ x(ap—1cy) —Alxdx
0
M % 4TE/\2 hx 1
— 1*)\16’ 112 Tcz /6 ‘72 TCZ dx (6 )
0
o ApTh oo "
—1- el [emd Mgy
0

Y114 l/]
=1- )\1(3 (a2-7c2) —Kj (\/ lp)\l) .
V A

This finished the proof of (26). The same procedure
is applied to prove (27).

In the following, we will prove the formulas in (37)
and (38). We start with

pIWFD _ p, (,hTWFD < T)

out,1

P ( eLxy T)
[fi(Prx+ Py +81) +81] + ki

= Pr(e1xy < tx[f1(Pix+ Poy + g1) + §1] + Tk1)

="Pr(e1xy < t/1Pxy + thHLx {P1x + g1} + TXg1 + ThY)

=Pr(xy{e1 — toila}) < tx (fiPix + fig1 + 81) + zh)
62
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(56)

A TWFD _ Pyl | ?
Py|hyy 2 +0?
PR‘h]‘2|hrr‘2+ |h1|2 1‘ ;2|PR 1
_ Po|h || ha|*
o oo (PP 02) (PP + Palia + Prlhy [+ 3 )
_ Pyl *|ha|*
s ) <P1|h11|2 + Uf) (%R + PR\hrr|2>
Py|h |||
2+ <Pl|hll|2 +0'12> (% + |hrr|2)

Prlta|? by + |1 o

of the TWHD communications is

and 4XY Then, the OP
TWFD _
Pouti Pg;ﬁVHD Pr({m <t}U{rm <7t})
wx(fiPix+f181+81)+7k =
_ ) Pr (y < =4 ]1((6171T}1P2)1 1) ,e1—Tf1P >0 =Pr(y <71)+Pr(n<1) -
1 ,e1 —TfiPy <0 Ay Ay (65)
(63) =Pr({n <tin{n <7t}
A
Now, we compute PTWP D in (63) for the case of ’
e1 —Tf1P, >0 as where
pTWFD _ A1 =Pr(y1 <1
out,l
( aXY )
) =Pr|l——<71
:/F Tx (f1P1x + fig1 +81) + Tky F () dx bX +c
5 Y x (e —tfP2) X =Pr (aXY < 7 {bX +c})
T{bX+c
00 f]P]x+f1g1+g'1) Y Thq = Pr (Y < {}(}>
= /6 e —tf1P 2x(€177f1p2))\1€7)\1xdx . a
T{bX+¢c
; T (D)
Apt(f181+81) ¢ ApThy MTAPL gy 0 aX
=1 —)\13 e1—Tf1P) /e (e1-tfiPr)x  e—ThPy 1 dx o
0 _ / (1 A T{b£{+c}> e M dy
Ay T(f: 4)5 Tk Ay Tfq1P; 0
=1—Ae e 151‘117’51 /e (e1- Tzflplz (6’12—@}1[}2 +/\l)xdx 00
_ T{hX+c} CAgx
0 =1- /e Ae” M Ydx
o0 0
Apt(f181+81)
=1- Ale 2L1 17}11)21 / T_ledx ? zc‘r
/ My / o~ R Mgy
0
_ Mt(fi81+81) 0
:1_)\ e-thh 7K QY) ArbT 4ApcT
e -t “Tl 1(\/ 111 —1- A ZT/e— Mgy
(64) 0

This finished the proof of (37). The same procedure —1_

is applied to prove (38).
and

—1—)\26

APPENDIX D

For the AF based TWHD communications, the SNRs
were given by [38] and [39] as 7 h’gﬁfc and 7, =

Ay =Pr(712 < T)

AybT
/\16_2T /4)\2ch1< /4A1A2cr>
aM a

(66)

4AqcT [4A ApcT
dA, d ’

The derivation of A3 below can use to the proof of
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the OP formula in (29) for Pg{l;vll-;D in the OWFD scheme

and (41) for P;%FZD in the TWFD scheme as

Az =Pr({m <t}nN{m2 < 1})

cr({t <)o <o)
_pr ({y < T(b;cx—i—c)}m {x < T(bgy+C)}>

(bY+C) w(by+e)
T dy
:/ / fry (xy dydx—l—/ / fry (X, y)dxdy
o o s
=P1+ P2,
(68)
2 2
where x, = £IV@ it W yo = T(b;‘;’jc), and ¢ =
—ac + th* +cd.
The formula in (68) can be rewritten as
xo r(b:;rc)
Pr=[ | fou e yyis
0 %,
X0
xo T(b;;»ﬂ)
:/ / Ale_Alx)\ze_’\zydydx
0 %,
i [ Tz
:)\1)\2/ / e MVdy | e~ M¥dx
0 | w,
X0
7 (brr) o
g Ay T(bx+c 240
= _)\1/ <e_ T —e¢ % x>e—)tlxdx
0
0 Ay T(bx+c) 0 A2¥o
= —)tl/e* o e*)”xdx—i—)\l/efﬁxe*)‘]xdx
0
X0 X0
Azhr —AMx —AMx
= —Ae” /e 1dx+)\1/e Wdx
Agbe 0 \210
= —Ae~ o /e Alxdx—i—)tl/e Tem Mgy
0 0
T T
(69)
The 7, term is given by
X
_Ja¥o
T = )Ll/e W0 e MXgy
0
b 7</‘2y0+/\ >x
:Al/e Y ) dy (70)
0

— 7# (e_<A§go +A1)x0 . 1)

Aavo

and
e f
ArbT AyTC
T = —Ae” 4 /e* e MYy
0
Ay bT ¢ ApTC < ApTe
= —Ae” g /e e ’\”‘dx—/e* e MYy
0 X
ArbT < ApTC ¢ Agyte
= —A\e~ 2 /e 2 Mgy /e* i e MYy
0 X0
T Ti2
(71)
Applying [40, Eq. (3.324.1)], we obtain
7 Ay TC
T = /efﬁTfAlxdx
0
= /6742%?7/\1)6(19(
0 72)
= /67%72\1de
0
=/ (VBi),
where g; = 27,
We rewrite 715 in (71) as
F AyTC
T = /enge*Alxdx
(73)

—/ —Fe MYy,

Let ¢ = )‘ZTC Then applying the Taylor series

expansion for e~ 4;1 = Z t,prl , one obtain
=0
® -1 t .t
7-12 _ / Z ( ‘) t(Pl ef)\lxdx
i— tx
X0
(74)
© (<1)'g)! e
=L ! / xt ax
t=0 A
Using the exponent integral
* efzt
E (2) = / ot (75)

1

to write (74) in the closed form as

oo 1\t p t
To=Y T e (). 06)

!
=0 t!
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From (69), we have where ) = % and
P = Tl + Tz « _ AyTe
_ Agbt Hypp = /6 dy Ei/\zydy
=—Me 7 (T +Ti2) o
\ " (82)
_ 1 (6—(/\2y0+/\1x0) _ 1) 2y
Aayo/x0 + M = /e Ve 2Ydy.
Yo
_)\2[77.' ﬁl 77
= —Ae s —Kj \/ﬁlTl ( ) ¢ ) t
< V M ( ) Let ¢, = 1. Then, we have eV = Y (11,)yt¢2t and
=0
[=9) t
1 t 00
Z XO Et ()Lpfo)) © (1
= le _ / Z ( t|3/t¢2 e—/\zydy
t=0 :
_ )\/#A (e—(/\zyo-i-/\lxo) _ 1) ) vo
2o/ X0 + A o (_1\tae t % —Ay
_y 12'4)2 /e iy (83)
t=0 :
Following the same derivation as P;, we have vo
skipped some manipulation of P, in (78) _ i - Y B (Aayo)
y T(by+c) t=0
0
P, = / / Foy (x,)dxdy Inserting (79) and (80) into (78), we have
0 X P2 =Hy + H
Y
y+c _ MbT
o = —Aye 4 (\/izKl (\/[E) B
= / / Ae M*\pe MY dxdy
0 X 2 (D't gy 84)
T Y (o) Ei (Aayo)
A bt v Aqte n Mxg o
= —)Lze_lT /37 Tdy e /\2ydy+ /\2 / D) ye—/\zydy _ # <67(A1x0+/\2y0) _ 1) )
5 0 /\1X0 / Yo + /\2
5 H, Therefore, combining (77) with (84) results in
(78) A3 =Pr({m1 <t} N{12 <1}
where B
- - e (/B ()
H, = A, /efwye*)‘zydy
> (-1 t _
’ @) - %(XOV 'E; (/\1950))
M (3*(/\1X0+)\2y0) - 1) =0 '
Mxo/yo + Az _ M (e—()\2y0/xo+/\l) _ 1)
and Aayo/xo + M (85)
Yo AqbT /
T AqTe 4 2
H; = —/\23_¥ /e ;y e )\2ydy —Age” Td < %Kl (\/132)\2)
' S (D't 1y
=Y ——(0)" Et(Aawo)
. it
AqbT AqTC Ay Te
= —Ayea /e £ Azydy—l—/ e Mgy " S (e*()\lxo/yOJr/\Z) - 1) _
0 /\1Xo / Yo + /\2
Hyy Hy, ‘ This finishes the proof of Pg};vll;D in (29) and POTJ;szD
(80) in (41).
with
o0 w REFERENCES
Hy = / e Y g
1 . Y [1] H. Van Toan, V-N. Q. Bao, and H. Nguyen-Le, “Cog-
0 (81) nitive two-way relay systems with multiple primary
receivers: exact and asymptotic outage formulation,” IET
_ B K ( /Baks Az) ) Communications, vol. 11, no. 16, pp. 2490-2497, 2017.
Ao [2] H. Van Toan, V. N. Q. Bao, and K. N. Le, “Performance



76

(3]

(4]

[7]

8]

[10]

(1]

(12]

(13]

[14]

[15]

[16]

(17]

(18]

REV Journal on Electronics and Communications, Vol. 9, No. 34, July-December, 2019

analysis of cognitive underlay two-way relay networks
with interference and imperfect channel state informa-
tion,” EURASIP Journal on Wireless Communications and
Networking, vol. 53 (2018), no. 1, 2018.

V. N. Q. Bao, H. Van Toan, and K. N. Le, “Perfor-
mance of two-way AF relaying with energy harvesting
over Nakagami-m fading channels,” IET Communications,
vol. 12, no. 20, pp. 2592-2599, 2018.

P. Nguyen-Huu, H.-V. Khuong, and V.-N. Q. Bao, “Se-
crecy outage analysis of energy harvesting two-way re-
laying networks with friendly jammer,” IET Communica-
tions, vol. 13, no. 13, pp. 1877-1885, 2019.

A. H. Gazestani, S. A. Ghorashi, B. Mousavinasab, and
M. Shikh-Bahaei, “A survey on implementation and
applications of full duplex wireless communications,”
Physical Communication, vol. 34, pp. 121-134, 2019.

X. Sun, D. Zhang, and X. Dai, “Performance analysis of
full-duplex based two-way relaying,” China Communica-
tions, vol. 13, no. 11, pp. 35-48, 2016.

G. Liu, E R. Yu, H. Ji, V. C. Leung, and X. Li, “In-
band full-duplex relaying: A survey, research issues and
challenges,” IEEE Communications Surveys & Tutorials,
vol. 17, no. 2, pp. 500-524, 2015.

Z. Zhang, Z. Ma, M. Xiao, G. K. Karagiannidis, Z. Ding,
and P. Fan, “Two-timeslot two-way full-duplex relaying
for 5G wireless communication networks,” IEEE Trans-
actions on Communications, vol. 64, no. 7, pp. 2873-2887,
2016.

Z.Zhang, Z. Ma, Z. Ding, M. Xiao, and G. K. Karagianni-
dis, “Full-duplex two-way and one-way relaying: average
rate, outage probability, and tradeoffs,” IEEE Transactions
on Wireless Communications, vol. 15, no. 6, pp. 3920-3933,
2016.

A. Rauniyar, P. Engelstad, and O. N. Usterbg, “Perfor-
mance analysis of rf energy harvesting and information
transmission based on noma with interfering signal for
iot relay systems,” IEEE Sensors Journal, 2019.

Q. Zeng, Y. Zheng, B. Zhong, and Z. Zhang, “Minimum
transmission protocol for full-duplex systems with en-
ergy harvesting,” IEEE Communications Letters, vol. 23,
no. 2, pp. 382-385, 2018.

D. Zhai, R. Zhang, J. Du, Z. Ding, and F. R. Yu, “Si-
multaneous wireless information and power transfer at
5G new frequencies: Channel measurement and network
design,” IEEE Journal on Selected Areas in Communications,
vol. 37, no. 1, pp. 171-186, 2018.

X. Ge, H. Jia, Y. Zhong, Y. Xiao, Y. Li, and B. Vucetic,
“Energy Efficient Optimization of Wireless-powered 5G
Full Duplex Cellular Networks: A Mean Field Game
Approach,” IEEE Transactions on Green Communications
and Networking, vol. 3, no. 2, pp. 455-467, 2019.

Y. Wang, K. Xu, A. Liu, and X. Xia, “Hybrid one-
way full-duplex/two-way half-duplex relaying scheme,”
IEEE Access, vol. 5, pp. 7737-7745, 2017.

X. Song and S. Xu, “Joint optimal power allocation and
relay selection in full-duplex energy harvesting relay net-
works,” in Proceedings of the 10th International Conference
on Communication Software and Networks (ICCSN). IEEE,
2018, pp. 80-84.

Q. N. Le, V. N. Q. Bao, and B. An, “Full-duplex dis-
tributed switch-and-stay energy harvesting selection re-
laying networks with imperfect CSI: Design and outage
analysis,” Journal of Communications and Networks, vol. 20,
no. 1, pp. 29-46, 2018.

G. Nauryzbayev, M. Abdallah, and K. M. Rabie, “Outage
probability of the EH-Based Full-Duplex AF and DF
Relaying Systems in a-p environment,” in Proceedings of
the 88th Vehicular Technology Conference (VIC-Fall). IEEE,
2018, pp. 1-6.

X. Xie, J. Chen, and Y. Fu, “Outage performance and qos
optimization in full-duplex system with non-linear en-
ergy harvesting model,” IEEE Access, vol. 6, pp. 44281-
44290, 2018.

[19]

[20]

[21]

[22]

[36]

R. Chen and H. Zhang, “Power efficiency optimisation of
wireless-powered full-duplex relay systems,” IET Com-
munications, vol. 12, no. 5, pp. 603611, 2018.

J. Gong, X. Chen, and M. Xia, “Transmission optimiza-
tion for hybrid half/full-duplex relay with energy har-
vesting,” IEEE Transactions on Wireless Communications,
vol. 17, no. 5, pp. 3046-3058, 2018.

D. Wang, R. Zhang, X. Cheng, and L. Yang, “Full-duplex
energy-harvesting relay networks: Capacity-maximizing
relay selection,” Journal of Communications and Information
Networks, vol. 3, no. 3, pp. 79-85, 2018.

O. T. Demir and T. E. Tuncer, “Robust optimum and
near-optimum beamformers for decode-and-forward
full-duplex multi-antenna relay with self-energy recy-
cling,” IEEE Transactions on Wireless Communications,
vol. 18, no. 3, pp. 1566-1580, 2019.

A. A. Nasir, H. D. Tuan, T. Q. Duong, and H. V. Poor,
“Full-duplex MIMO-OFDM communication with self-
energy recycling,” arXiv preprint arXiv:1903.09931, 2019.
T. Nam Thanh, D. Dinh-Thuan, and M. Voznak, “Full-
duplex cognitive radio NOMA networks: Outage and
throughput performance analysis,” International Journal
of Electronics and Telecommunications, vol. 65, no. 1, pp.
103-109, 2019.

Y. Wang, B. Xia, and Z. Chen, “Performance analysis
of two-way full-duplex amplify-forward relay systems,”
in Proceedings of the 26th Annual International Sympo-
sium on Personal, Indoor, and Mobile Radio Communications
(PIMRC). IEEE, 2015, pp. 492-496.

J. H. Moon, J. J. Park, and D. I. Kim, “Energy signal
design and decoding procedure for full-duplex two-way
wireless powered relay,” in Proceedings of the URSI Asia-
Pacific Radio Science Conference (URSI AP-RASC). IEEE,
2016, pp. 442-445.

D. Wang, R. Zhang, X. Cheng, and L. Yang, “Relay
selection in two-way full-duplex energy-harvesting relay
networks,” in Proceedings of the IEEE Global Communica-
tions Conference (GLOBECOM). 1IEEE, 2016, pp. 1-6.

A. Kog, I. Altunbas, and E. Basar, “Two-way full-duplex
spatial modulation systems with wireless powered af
relaying,” IEEE Wireless Communications Letters, vol. 7,
no. 3, pp. 444-447, 2017.

X.-X. Nguyen and D.-T. Do, “Bidirectional communi-
cation in full duplex wireless-powered relaying net-
works: Time-switching protocol and performance analy-
sis,” Wireless Personal Communications, vol. 98, no. 1, pp.
879-896, 2018.

C. Li, H. Wang, Y. Yao, Z. Chen, X. Li, and S. Zhang,
“Outage performance of the full-duplex two-way DF
relay system under imperfect CSI,” IEEE Access, vol. 5,
pp. 5425-5435, 2017.

X. Song, Y. Ni, X. Han, and S. Xu, “Optimal power
splitting of full duplex wireless powered communication
networks with two-way relay,” in Proceedings of the 3rd
International Conference on Mechanical, Control and Com-
puter Engineering (ICMCCE). 1EEE, 2018, pp. 374-378.
W. Wang, L. An, R. Wang, L. Yin, and G. Zhang, “Max-
min fair beamforming designs of swipt-aided full-duplex
two-way relay systems,” Physical Communication, vol. 29,
pp. 22-30, 2018.

G. Chen, P. Xiao, J. R. Kelly, B. Li, and R. Tafazolli, “Full-
duplex wireless-powered relay in two way cooperative
networks,” IEEE Access, vol. 5, pp. 1548-1558, 2017.

T. Riihonen, S. Werner, and R. Wichman, “Hybrid full-
duplex/half-duplex relaying with transmit power adap-
tation,” IEEE Transactions on Wireless Communications,
vol. 10, no. 9, pp. 3074-3085, 2011.

D. Wang, R. Zhang, X. Cheng, and L. Yang, “Full-duplex
energy-harvesting relay networks: Capacity-maximizing
relay selection,” Journal of Communications and Information
Networks, vol. 3, no. 3, pp. 79-85, 2018.

H. Cui, M. Ma, L. Song, and B. Jiao, “Relay selection for



P. Nguyen-Huu et al.: Evaluating the Effect of Self-Interference...

two-way full duplex relay networks with amplify-and-
forward protocol,” IEEE Transactions on Wireless Commu-
nications, vol. 13, no. 7, pp. 3768-3777, 2014.

[37] H. Chen, G. Li, and J. Cai, “Spectral-energy efficiency
tradeoff in full-duplex two-way relay networks,” IEEE
Systems Journal, vol. 12, no. 1, pp. 583-592, 2015.

[38] Z. Chen, B. Xia, and H. Liu, “Wireless information and
power transfer in two-way amplify-and-forward relaying
channels,” in Proceedings of the Global Conference on Signal
and Information Processing (GlobalSIP). 1EEE, 2014, pp.
168-172.

[39] Y. Liu, L. Wang, M. Elkashlan, T. Q. Duong, and A. Nal-
lanathan, “Two-way relay networks with wireless power
transfer: design and performance analysis,” IET Commu-
nications, vol. 10, no. 14, pp. 1810-1819, 2016.

[40] A. Jeffrey and D. Zwillinger, Table of integrals, series, and
products. Elsevier, 2007.

Phong Nguyen-Huu received the B.E. degree
in Telecommunications Engineering from Uni-
versity of Transport and Communi cations-
Campus II (UTC2), Vietnam in 2006, and the
Master’s degree in Telecommunications Engi-
neering from Posts and Tele communications
Institute of Technology (PTIT), Vietnam in
2014. Currently, he is working towards a Ph.D.
degree in Ho Chi Minh City University of
Technology (HCMUT), Vietnam. His research
interests are two-way communications, full-
duplex transmission, and energy harvesting.

77

Khuong Ho-Van received the B.E. (with the
first-rank honor) and the M.S. degrees in Elec-
tronics and Telecommunications Engineering
from Ho Chi Minh City University of Technol-
ogy, Vietnam, in 2001 and 2003, respectively,
and the Ph.D. degree in Electrical Engineering
from University of Ulsan, Korea in 2007. Dur-
ing 2007-2011, he joined McGill University,
Canada as a postdoctoral fellow. Currently, he
is an Associate professor at Ho Chi Minh City
University of Technology. His major research
interests are modulation and coding techniques, diversity techniques,
digital signal processing, energy harvesting, physical layer security,
and cognitive radio.

W

¥

Vo Nguyen Quoc Bao was born in Nha Trang,
Khanh Hoa Province, Vietham. He received
the B.E. and M.Eng. degree in electrical engi-
neering from Ho Chi Minh City University of
Technology (HCMUT), Vietnam, in 2002 and
2005, respectively, and Ph.D. degree in elec-
trical engineering from University of Ulsan,
South Korea, in 2009. In 2002, he joined the
Department of Electrical Engineering, Posts
and Telecommunications Institute of Technol-
ogy (PTIT), as a lecturer. Since February 2010,
he has been with the Department of Telecommunications, PTIT,
where he is currently an Assistant Professor. His major research
interests are modulation and coding techniques, MIMO systems,
combining techniques, cooperative communications, and cognitive
radio. Dr. Bao is a member of Korea Information and Communi-
cations Society (KICS), The Institute of Electronics, Information and
Communication Engineers (IEICE) and The Institute of Electrical and
Electronics Engineers (IEEE). He is currently serving as the Editor of
Transactions on Emerging Telecommunications Technologies (Wiley
ETT). He is also a Guest Editor of EURASIP Journal on Wireless
Communications and Networking, special issue on “Cooperative
Cognitive Networks” and IET Communications, special issue on
“Secure Physical Layer Communications”.




