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Abstract

In this paper, we propose a two-way relaying scheme using non-orthogonal multiple access
(NOMA) technology. In this scheme, two sources transmit packets with each other under the
assistance of the decode-and-forward (DF) relays, called as a TWDFNOMA protocol. The
cooperative relays exploit successive interference cancellation (SIC) technique to decode
sequentially the data packets from received summation signals, and then use the digital
network coding (DNC) technique to encrypt received data from two sources. A max-min
criterion of end-to—end signal-to—interference—plus-noise ratios (SINRS) is used to select a
best relay in the proposed TWDFNOMA protocol. Outage probabilities are analyzed to
achieve exact closed-form expressions and then, the system performance of the proposed
TWDFNOMA protocol is evaluated by these probabilities. Simulation and analysis results
discover that the system performance of the proposed TWDFNOMA protocol is improved
when compared with a conventional three-timeslot two-way relaying scheme using DNC
(denoted as a TWDNC protocol), a four-timeslot two-way relaying scheme without using
DNC (denoted as a TWNDNC protocol) and a two-timeslot two-way relaying scheme with
amplify-and-forward operations (denoted as a TWANC protocol). Particularly, the proposed
TWDFNOMA protocol achieves best performances at two optimal locations of the best relay
whereas the midpoint one is the optimal location of the TWDNC and TWNDNC protocols.
Finally, the probability analyses are justified by executing Monte Carlo simulations.
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1. Introduction

In recent years, wireless networks have become one of the most common communication

methods due to its flexibility in different environments. With the development of smart
devices, internet services and advanced multimedia applications such as mobile TV and online
game have surged to increase amounts of wireless connections [1-5]. To advance the data rate
and the consumed energy in the next generation of wireless communications, non-orthogonal
multiple access (NOMA) has been recently received great considerations from the researches
in wireless systems as a promising technology to improve spectrum efficiency. The power
domain NOMA is one of the popular operation methods where multiple-access users are
allocated with different transmit powers although the same time and frequency [1]. Transmit
signals of source users are combined by superposition coding, and destination users apply
successive interference cancellation (SIC) to subtract co-channel interferences and decode
desired data [6]. The authors in [1, 6] showed that the NOMA technology helps to improve the
system throughput and to decrease transmission latency in wireless communications.

In order to deploy NOMA in a range of wireless systems, it is needed to combine with
cooperative communications. In recent years, there are a lot of researches about cooperative
communications to improve diversity capacity, and hence to increase the coverage and rate of
wireless networks [7-10]. In the first timeslot, the sources broadcast their data to the relays
while in the second timeslot, the relays assist the sources to transfer the received signals to the
destinations by solutions as amplify-and-forward (AF) and decode-and-forward (DF) relaying
techniques [11-14]. The opeartion of the DF technique is to decode data from received signals
and forward re-coded data to the intended destinations whereas the relays in the AF technique
only amplify the received data-carried signals and forward all to the destinations. As a result,
the AF technique avoids the difficulty of the decoding operations but experiences from the
noise addition caused by the amplification of both desired data-carried signals and noise. A
combination of cooperative communications and NOMA is researched in [15-23]. J. B. Kim
and I. H. Lee studied achievable average rate analyses of NOMA-applied relaying schemes
[15]. S. Lee et al. in [18] investigated the system performance of NOMA-based AF relaying
schemes in which the partial relay selection is used to obtain the best cooperative relay.

Two-way relaying protocols in [24-26] are investigated to improve the spectral utilization
efficiency and enlarge the radio coverage of the wireless networks in which the sources
interchange data via middle relays. The physical network coding such as digital network
coding (DNC) and analog network coding (ANC) is a modern signal combination to decrease
the number of transmission timeslots in the two-way cooperation protocols. Therefore, the
physical network coding enhances bandwidth exploitation efficiency. In the DNC, the
cooperative relays mix received data from the sources in the first and second timeslot by XOR
procedure before forwarding coded data back to these sources in the third timeslot [24-25].
Whereas the relays in the ANC only use two timeslots and simply amplify received
data-carried signals of the sources in the first timeslot, then these sources decode the desired
data from the amplified version at the remaining timeslot [26]. The authors in [27-32]
researched the two-way DF relaying networks and analyzed the system performances in terms
of bit error rate (BER) [27], symbol error rate (SER) [28], block-error-rate (BLER) [29],
maximum achievable sum-rate [30], frame error rate [31] and (sum) outage probability [32].
Opportunistic relay selections have been considered in [31-32] with different operating
conditions to achieve maximum end-to-end signal quality. P. N. Son and H. Y. Kong in [33]
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investigated the performance improvements of two-way DF schemes by a combination of
energy harvesting and DNC relays. A few researches for considering the NOMA technology
two-way cooperative communications have been discussed to increase spectrum utilization
efficiency [34-35]. However, the authors in these researches only use a relaying node to
support packet transmission between two sources.

Encouraged by the above discussed problems, in this paper, we propose a two-way
cooperative NOMA scheme with multi DF relays to enhance the spectral utilization efficiency
where the best relay owning a maximum end-to-end signal-to-interference-noise ratio (SINR)
is selected (called as a TWDFNOMA protocol) to assist two sources and using the SIC and
DNC technology solutions to decode and encode received data from these sources.

The highlight contributions of our paper are given as the following results. Firstly, we
propose the TWDFNOMA protocol where the best relay is found by the opportunistic relay
selection method considering end-to-end SINRs. Secondly, exact closed-form expressions of
(sum) outage probabilities are solved and then are validated by Monte Carlo simulations.
Thirdly, the proposed TWDFNOMA protocol is better than a conventional three-timeslot
two-way relaying scheme using DNC (called as a TWDNC protocol), a four-timeslot two-way
relaying scheme without using DNC (called as a TWNDNC protocol) and a two-timeslot
two-way relaying scheme with AF operations (called as a TWANC protocol). In addition, the
system performance of the proposed TWDFNOMA protocol is improved when we have more
cooperative relays.

The organization of this paper is showed as follows. Section 2 describes a multi-relay
two-way system model and operation principle of the proposed TWDFNOMA protocol; The
exact closed-form outage probability expressions of the proposed TWDFNOMA protocol are
performed in Section 3; the simulation results of the proposed TWDFNOMA protocol and
existing comparison protocols TWDNC, TWNDNC and TWANC are presented in Section 4;
and our conclusions are summarized in Section 5.

2. System model

Fig. 1 presents a system model of a two-way relaying NOMA scheme with multi-wireless
DF relays denoted as R; (i=1, 2, . . ., M), called as the TWDFNOMA protocol. In this figure,
two sources S; and S, transmit their packets x; and x,, respectively, to each other through the
intermediate relays R;. To achieve optimal packet transmission, a best relay R, using the
NOMA technology is selected to exchange packets between two sources. We have some initial
assumptions as 1) sources S;, S, and relays R; are configured with a single antenna; 2)
variances of zero-mean Additive White Gaussian Noises (AWGN) are identical, denoted as
No; and 3) all channels are suffered to flat and block Rayleigh fadings and do not change
during one transmission timeslot.

Q@
((i)) hands PELEY ((K))
— B —
hrs, d1 \ (":’) [ hrs,da
\ RM

~_

Fig. 1. System model of a two-way relaying NOMA scheme
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In Fig. 1, (hsg,d;), (Nsr.d,), (hgs . d;)and (heg ,d,) are Rayleigh fading channel
coefficients and normalized distances of links S;-R;, S,-R;, Ri-S; and R;-S; respectively. Hence,
the random variables (RVs) gs » =|h; ¢ |*and Ors, =INss, |* have exponential distributions

with the same parameter 4, :dk”, where g is the path-loss exponent, and k {1,2}. The

cumulative distribution function (CDF) and probability density function (pdf) of the RVs
Us.r and g are expressed as R (00=F, (x) =1—e**and fo, (0 =T, (0= A&

respectively.

Prior to transmitting packets x; and x,, the source node S; establishes a connection phase to all
relays and the source node S, by the media access control (MAC) protocol [2-3]. Firstly, the
source nodes S; and S, send in turn to request-to-send (RTS) messages to all relays R;,
ie{1,2,..M}. Next, from receiving the RTS messages, each relay node R; can estimate the

hSkRi , and then broadcasts a helper-ready-to-send (HTS) message which contains the hSkRi to

the sources S; and S,. After receiving the RTS and HTS messages, the source node S, can
estimate the hRiSZ and then sends a clear-to-send (CTS) message which comprises these fading

channel coefficients. Relying on the reception of the messages HTS and CTS of all relays R;
and the source S,, the source S; can estimate h s and detect the fading channel coefficients

hs  andh . Hence, the source node S; knows all necessary channel state information to
1 1

select a best relay Ry. Finally, the source node S; broadcasts its CTS message to the source
node S, and the relays to inform the selected best relay and establish a two-way route from S;
to S, and vice versa through that the best relay in the transmission phase.

The operation of the TWDFNOMA protocol occurs in two timeslots as follows. In the first
timeslot, the sources S; and S, transmit their packets x; and x, to the best-selected relay Ry. In
the last timeslot, with knowledge about the channel gains, the best relay R, employs the
NOMA technology to receive sequentially x; and x,, and then mixing these packets x; and x, to

create a coded packet x as X = X, @ X, (XOR operation in the DNC) before transmitting the

packet x back to the sources S; and S..

In this paper, we compare the proposed TWDFNOMA protocol with three protocols studied
in [14, 31-32]. The details are discussed as follows. The first protocol in [14], denoted as
TWANC, considered the two-timeslot two-way relaying transmission with the ANC solution.
The TWANC protocol also operates in two timeslots as the proposed TWDFNOMA protocol
but a best relay chosen by making the most of end-to-end SINRs amplifies all received signals
at the same time. The second protocol in [31], called as TWDNC, displayed the two-way
relaying scheme with the DNC solution and three-timeslot operation. In the first and second
timeslots, the source nodes S; and S, broadcast the packets x; and x, to all relays, respectively.
In the third timeslot, a best relay selected based on the opportunity relay selection method
transmits the mixed packet to the sources S; and S, by using the XOR method as the operation
of the proposed TWDFNOMA protocol. The last comparison protocol in [32], denoted as
TWNDNC, combines two one-way relaying transmissions to create the two-way relaying
transmission between two source nodes. Therefore, the operation procedure of the TWNDNC
protocol is considered into four timeslots. In the first and second timeslot, a packet x, is sent
from the source S; to the best relay, and from the best relay to the source S,. In the third and
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fourth timeslot, a packet x, is transmitted in the opposite direction from the source S, to the
source S; through another best relay.

3. Outage Probability Analysis

Without loss of generality, we assume that the transmit powers of the sources S;, S, and the
relays R; are identical (denoted as P), and a node successfully decodes the desired packet if its
achievable data rate is larger than or equal a target data rate R,.

At the first timeslot, the received signal at the relay R; from the sources S, and S, are presented
as

Yo = \/Ehisi X+ \/BhszRi X, g, 1

where Ny refer to the AWGNs at the relays R; with the identical variance N,
E{Ix, I’}=E{Ix, ’}=1 (E{} is written for the expectation procedure of y ).

Based on researches about the NOMA with the SIC in [15-23], in a case Osr > sk -

firstly, the relay R, decodes x; in (1), then the component \/B hSlRi X, in (1) will be subtracted to

decode x,. In the first timeslot, the received SINRs y;p . and signal-to-noise ratios
1R 195)R;

>GsyR;

(SNRs) Vs,Rl0sx >0s.r Al the relay R; for decoding the data x; and x, are obtained, respectively,

as follows
v _ P hisi |2 _ VYspr, @
SiRilgsyr >Gsr, P | thRi |2 +N0 ygSzRi +1.
Plhs [
}/SZRilgsiRi>gszRi - N2 = ygSzRi’ (3)

0

where y is defined as a transmit SNR, y = i

0
In the second timeslot, the received signals at the source nodes S; and S, are expressed as

Ys, = \/EhRisj X+ng 4)
where nSj refer to the AWGNSs at the source nodes S; with the identical variance No,

The received SNRs ypq o at the source nodes S; and S, for decoding

>0s,R; and 7R|Sz|gisi >0s,R;
the data X (x = x, @ x, ) are solved, respectively, as

Plhgs I
)/Ri51\gisi>952Ri = NI —= 7gRis1' (5)
0
Plhgs, [
)/Riszlgisi>gszRi = = ngiSZ' (6)

Nq
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In the proposed TWDFNOMA protocol, a best relay R, is decided on a criterion as follows

arg max mln(j/RiSﬂg R >0Osr ! 7Ri52|gSR->gsR ) arg maX mln(}/gRsl’ngSZ) (7)
} SIRi 7 ISR 1R~ YSoRy }

..........

W

Wy
3.1 The outage probability of the source S; in the case Usr, > Us,r,

The outage probability of the source S; in the TWDFNOMA protocol occurs when the
source S, does not decode the data packet x, from the source S, in the case g, r > s and is
expressed as

P51|951Rb>952Rb - Pr[RSsz|gsin>gssz < Rt]+ Pr[RSszmish >0syRy = Rt’ RRbS1|951Rb>gssz < Rt] ! (8)

Pr1.1 Pr1.2
are achievable data rates of connections S,-R;, and

where R and R

S,Ry |951Rb >9s,Ry

Rp-S;, and are obtained as

Rssz\gisb>gSZRb = %Ing (1+ Y $,Rolasm, >0y, ) = % log, (1+ V9s,R, ) : 9)

Ry S1|951Rb >Gs,Ry

1 1
RRb51|951Rb>gssz = Elogz (l+ 7Rb31|951Rb>gssz ) = E Iogz (l+ ngbsl ) ’ (10)

We note that 7s, in (9) and 7R, in (10) are obtained from (3) and (5),

Rol9s1r, > 95,y $119s1r, >UsR,

respectively.
Base on [32, Eq. (51)], Pr1.1in (8) is expressed by

Ql.l

Pri.1= T aPr[gSsz N 0/7’ gSlR" > gS?Rb ' min(ngbsl’ngbSZ ) < X:| » fwb (X)
ax f,, (9

0
where  =2°% —1

To solve the Pr1.1in (11), we use two Lemmas as following.
Lemma 1: A relation of pdf of «,and pdf of , is obtained as

fu, (X)
f, (X)

dx, (11)

= M (L )" (12)

Proof: See in Appendix A
LLemma 2: The following expression is valid of 1. :
OX

o0Q 11 _ ﬁ(1_67(11+12)49/y)e—(11+12)x/y . (13)
OX

Proof: Provided in Appendix B.
The exact expression of the outage probability Pr1.1 is provided by the Theorem 1 as
Theorem 1: The probability Pr1.1 is solved by the closed form expression as

Pri.l1=MA,(1- e“l”f)@’y)x Z( n'C (14)

"+ 1)
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Proof: Substituting Lemma 1 and Lemma 2 into (11), Pr1.1 obtained as

Prll: 'Tﬁ(l_e’(%*ﬂz)gl}’)e*(lﬁrﬂa)xl}/ % M (1_e7(ﬂl+ﬂQ)X/7 )M,]_ dX
0

_M4, (1- e—(mmew)j a2ty o (1_ g (a+A)xly )M dx

M4, EPNPRVIINER < PRI S SRPR et
=—"2(1-¢ )3 > (-D'Cy e 7dX (15)
t=0 0
m)!
where C|, :L
n!(m-n)!

By solving (15), the Theorem 1 is proven successfully.

Similar as Pr1.1in (11), the Pr1.2 in (8) is obtained as

le
wapr[gm >017,955 > Usp s mln(y/gRbsl,79Rsz)<x Ors, <0/7} f, (X)
Pr, = . {8)
O X fy, (%)

In order to solve the probability Pr1.2 in (16), we also base on Lemma 1 and Lemma 3 where
Lemma 3 is presented as follows:
Lemma 3: A derivation of Q, ,versus x is given as

0 ,X>6

oQ
(3)(1.2 14 (Le—(mmaw A+ 2) oGueiantr _ 2o gty x<0. &7
A+, Y Y

Proof: Given in Appendix C
Theorem 2: A following closed-form expression is valid for the Pr1.2 probability:

Pri.2=1,M [—1 e‘“ﬂ”ﬂe’y]
At

C!
z( e
_ —M0ly _ t 1
" g( VO At

Proof: Substituting Lemma 1 and Lemma 3 into Prl.2 in (16), the probability Prl.2 is
expressed as

(1 e—[ww)(tu)]e/y) (18)

_ e—[(ﬂl+ﬂz)t+ﬂz]6’/7)
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Pri2="2 (—1 e-%”ﬂf”yJ
yo \Ath

XJOi (( Iy + A,)e iy _ ﬂze—aa/y—ax/y)X(l_e—ww)x/y)“"‘l dx (19)
0

M-1 0
(4 +4,) Z (-1'c, _J e [ 2)(EDI7 gy
=0 d

_hy ( 1 e(wq)a/y}(

M -1 0 )
21 + /17 _/126—110/;/ Z (_1)tC;A71J‘e—[(zﬁz?)t%]x/ydx
t= 0

By solving (19) with only two single integrals, we prove the Theorem 2 successfully.
From Theorem 1 in (14) and Theorem 2 in (18), the outage probability
=Pr1.1+Prl.2 is solved in the closed-form expression.

S119s,r, > s,R,

3.2 The outage probability of the source S in the case g;, >0,

The outage probability of the source S, in the TWDFNOMA protocol occurs when the
source S, does not decode the data x; from the source S; with the case Usp, > Usye, » denoted

asP, of the source node S; in the case

S219s,r, >Is,my

. Similar as the outage probability Py,

19s,r, >Is,R,

s, > Us,g, iN the section 3.1, the probability Py is achieved as

21951, > s,

= >
P52|951Rb>gsznb Pr|:R51Rb|gish>gssz < Rt:| + Pr|:RS1Rb|951Rb>gssz - RT’ RRb52|gisb>gssz < RT il' (20)

Pr2.1 Pr2.2
where R and R are achievable data rates of connections S;-R, and

S1Rol9s;r, > 95,y RoS2195;r, >Us,R,

Rp-S,, and are related to the received SINRs Rolds, >0 and SNR .
1 Rp ~ 9s,Ry

S219s,r, > s,R,

_ 1 _ 1 7gisb
Rsin\gisb>gSZRb - E Iogz (1+ 751Rb|gisb>gSZRb ) - E I0g2 (l-l-m] ' (21)
1 1
RRbszlgisb>gssz = E log, (1+ Y RyS11958, >9s,5, ) = E log, (1"‘ VOr,s, ) . (22)
As result in [32, Eq. (51)], Pr2.1 is shown as
Qz‘l

OPI| Gsg, > Us Oss, <005, +01 7N (7Ges, 7005, ) <X| £, (1)
X

™ f, (0 dx. (23)

Pr2.1:T
0
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Lemma 4: A derivation of 3, versus x is solved as

[ A, _/Ize“iglij[ﬂﬁ/’«z eum)xlyJ 1-0<0
hthy, A+Al Y
0y, _|[_4 (1_e-ul+ma)_L(e—w gl i) L (28)
ox A+, A+ 40
X(Me-%%’*’yj ,1-6>0
y
where a = .
1-0)y

Proof: as given in Appendix D
Theorem 3: The probability Pr2.1 in (23) is obtained by the closed-form expression in two
cases as

-When 6 2>1:
—MOly M-1 1\t
Pr2.1:[ by A8 JxM D o (25a)
A+, A+A0 = (t+1)
-When 6 <1:
M-1 (_\t
prz_lz[i(l_e(mﬂq)a)_L(e210/7_6416/7(4?+210)a)]XM2( 1) Clt\/l—l' (25h)
A+, A+ 40 = (t+1)

Proof: Substituting Lemma 1 in (12) and Lemma 4 in (24) into (23), Theorem 3 is achieved as

21%/12 - jzezl;j x(ﬂl 4 e-WﬂW)x M (1-e a2 ax  1-6<0
+ L+ V4

Pr2.1= (L(l_ g (hth)a ) _L(e—ww _e%9/7(/12+/119)a)}
At A+ 40

X(ﬂi + 2 e(ﬂiw)x/ij M (l_e—ww)x/y )'\"‘1 dx
4

O sy 3

8

,1-6>0

o

(26)

~40ly M-1 ®
( A A jx LRELIY > (-)'CY, [ ew g 1-9<0
Wty Ayt A0 Y Py 0

= (11%(1_ e—(ﬂﬁﬂz)a)_ P i‘z/w (e—w/r _ewwwwma)j

M -1 ©
xM > (-1)'Cy,, Atly j gt )tXlr gy ,1-6>0
t=0 Ve 0

By solving (26), the Theorem 3 is obtained successfully.
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Similarly, Pr2.2 is provided as following
QZ.Z

Osr, > s+ Osp, 2 egssz +01y,

oPr| ( ) 01
= MiN(y0gs 79rs | <X Grs <Oy || f (x
Pr2.2= T s A 2
) X f, (X)
Lemma 5: A derivation of (3, , versus x is shown in two cases as
-When X > 0
0Q,,
—==0. 28
~ (28)
-When X < @:
by gty [ (At 4) ginerpar _ A e—wwe—zﬂx/rJ 1-6<0
A+ A0 /4 /4
Ay )| Lo gaonr(g_gtariony _Ho otiia 2
OX A, + 4,0 A+ A (29)
X( (/11 + 12) e—(zﬁzz)x/;/ _ie—lﬁlye—zix/yj ’1_ 0 > O
7 4

Proof: Given in Appendix E
Theorem 4: The probability Pr2.2 is obtained by the closed-form expression in two cases as

-When 6>1:

M-1
M Z Crtw 1 (1 e (A+2,)( t+1)0/y)
Pro2=—"2 A b 30
' +Al‘9 M 1 1 ) - (30a)
ﬂ? _ ﬂle%ﬁ/r M (1_ e*[(iwq)t%)lﬁly )
t=o C (At A,
- When 6 <1:
Pr2.2= [L g Holr (1—e’(ﬂz+ﬂ¢9)a) +L e(zi%)a]
A+ 40 A+
1 +2)(t+
MZ( 1)'Ct, (+1)(1 g Aty (30D)
1 .
_ e-429/7|v| (_1)tct ) l_e—[(ﬂi%)t%)lﬁw
A Z revswy )

Proof: Substituting Lemmal in (12) and Lemma 5 in (29) into (27), Pr2.2 is addressed in two
cases #>1and <1 as
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-For the case§ >1:

, h  gonorr X[(ﬂl + ) o-Guriaty _ P gty e—aij

Pra2=[| A+40 Y y dx
o M (1_ - Cataa)xly )M‘l

0 31

v Gt) et (1_e—w+zz)x/y)“”*l dx (312

Ay gaot yo %

= —_ p .
A+ 24,0 M i efzze/yj o uxly (1_ (it 2)xly )""‘1 dx
4 0

By calculating (31a), Pr2.2 in (30a) is solved successfully.

-For the case @ <1:

1
Pr2.2= J. (L g A0y (1_ef(ﬂfz+419)a) + 12 e(ﬂﬁlz)aj
o\ A+ 40 Lt

X[(Al +ﬂz) e—(/11+/?/2)X/7 _ie—ﬂqﬂlye—ﬂixl;/] x M (l_e_(jﬂ.zq)x/y )Mljdx
4 /4

A e g+ ab)a A wima
—(—e (1—e )+—e (31b)

Ao+ 40 th

2
v At) [t (g tamaanr )" gy
7 %

X
6

VI J‘ ol (1_e—(ﬂq+zz)x/y)“”*1 dx
4 0
Through solving (31b), Pr2.2 in (30b) is proven successfully.

Hence, from Theorem 3 and Theorem 4, the outage probability P, =Pr2.1+Pr2.2is

219s,R, >9s,R,

calculated in the closed-form expression.

3.3 The outage probabilities of the sources S; and S; in the remaining case
Os,r, = Gspr,

Because the system model of the proposed TWDFNOMA protocol is symmetric, thus the
outage probabilities of the sources S; and S, in the remaining case Os,r, > Osp, » denoted as

and P , are inferred respectively from the outage probabilities

S119s,r, > s, S219s,r, >9siRy

and P. of the sources S; and S; in the analyzed case gs, >ds . by

S1195r, > s,my S219s1r, >9s,Ry

changing parameters as 4 <> 4, .
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From the expressions of the P by (14) and (18), the outage probability

1195,R, > Is,R,

PSllgssz>gisb of the source node S; in the remaining case o, > Jsp, 1S obtained in the

closed-form expressions with two cases as

-Whend >1:

2,01y M-1 ¢ 1\t
T T A WYY i = e
N L+A A4+A0 = (t+1)

M-1 1
M _1 tct 1_ e—(ﬂi+/12)(t+l)9/y
2 M,l—(m)( )
(32a)

M-1
+—ﬂ1 e x| —1,e7"M Z (-1'C,, ., _r .
A+ A0 = (A +A)t+ 4,

x (1 I (R Y )

-Whenf <1 :
ﬂ'l (1_e7(21+ﬂ/2)a)
+A M-1 1\t
Aty MSED ci
A (e—wy _e—w/y—(@wwa) = (t+1)
A +A,0
P || A gtny A gt . (320)
S1195,R, >IsiRy ﬂ1+226’ ﬂl_‘_ﬁ?
_ —(L+2A)(t+1)0/
MZ( Ve 1)(1 e 7)
- 1 (Y +2,)t+2,)16/
~,e MY (-1)'Cl 1— @ [a+d)teao)0ly
2; MWA+%ﬁ+%( )
In the same way, the outage probability Pszwgs e is quickly solved from P S 0 m >0 and
is obtained in two cases as
-When8 >1:
e -0y M-1 (_1)t
P52|952Rb>gish _( Al /11 j xM Clt/l—l
tdy A+ A0 o (t+1)
M Z (—1)tC;,,_1L(1—e_%%)(tﬂ)g”) (33a)
+ ﬂl e—/*zﬁ/y v t=0 - (t +l) .
ﬂi + 129 _Azewe/yM Z (_1)tct 1 (1_ ef[(ﬂquﬂq)th)]G/}')

(A )+ 4,

-When8 <1 :
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/11 (1_ e—(ﬁ/ﬁ-ﬂg)a)
M -1 _1 t +
WS o A
= (t+1) A (e%m _e—ww—(wﬁma)
A+ 4,0
P | A e teamny A tuaa (33b)
S2l9s,r, > Isiry ﬂ1+129 ﬂ'z +/'11
M Mz_l(_l)tct 1 (1_e—(/11+12)(t+1)9/7)
M-1
t=0 (t+1)
A0l Mz_l tet 1 ( [(+4,)t+2p)]0/ )
—2,e MY (-1)'Ct,  —————(1—g [l
t=0 ) l(ﬂ1+/12)t+ﬂ2
At this time, we have P, P , and P, on the hand and in
S1l9s,ry > Isom, | SilUs,r, >TsiR,

S219s;r, > 95,y S2195,r, >9sRy

order to analyze two-way relaying transmission between the sources S; and S,, the sum-outage
probability of the proposed TWDFNOMA protocol is inferred as following

Psum

TWDFNOMA

=P, +P, =P

S1195r, > s,R,

(34)

P, + P, .
S1l9s,R, >Isir, S2l9s,r, >9s,R, S2l9s,r, >IsiR,

4. Simulation Results

In this section, we present analysis and simulation results of the outage performances of the
proposed TWDFNOMA protocol. These results are also used to compare with the TWDNC
protocol [31] , the TWNDNC protocol [32], and the TWANC protocol [14] . The simulation
model is considered in the two-dimensional plane with the coordinates as S; (0, 0), S, (1, 0)

and R (x, y), where 0 < x < 1 and ie{L2,..,M}. Therefore, d, =/x*+y* and

d, =/ (@1—x)* +y? . For fair comparisons, the total energy of the protocols TWDFNOMA,
TWDNC, TWNDNC and TWANC are identical, denoted as E. Based on the operation principle
of the protocols TWDFNOMA, TWANC, TWDNC and TWNDNC which are described in the

section 2, the transmit powers are addressed as P =P = TWDNC:% ,

TWDFNOMA TWANC
Prnone = % » where T is the period of a timeslot. The establishment of transmit powers for

fair comparisons between these protocols has been considered in [4-5]. Furthermore, the path-loss
parameter /3 is set to 3 during simulation operations.

Fig. 2 shows the sum-outage probability of the TWDFNOMA protocol versus E/N, (dB)
when the asymmetric network is considered with x = 0.2, y=0, and R, € {0.5,1} (bit/s/Hz). In

Fig. 2, the sum-outage probability of the proposed TWDFNOMA protocol decreases when the
E/N, increase. This can be explained by the fact that applying the NOMA technology and the
opportunistic relay selection as in formulas (2), (3) and (7), the received SINRs and SNRs at
the best relay Ry, the source nodes S; and S, achieve higher values at large E/N, regions as
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formulas (3), (5) and (6). Hence, the decoding capacities at the nodes S;, S, and Ry, become
better at the larger E/N, regions. Furthermore, the proposed TWDFNOMA protocol with R; =
0.5 (bit/s/Hz) is better than with R; = 1 (bit/s/Hz). Finally, the theoretical analyses are valid by
the suitability of the theoretical values and the simulation values.

10
10°
2
3
[
Q
<l
o
® ]
&
S ]
8 1™ :
(% O
O  M=1(Simulation) h
(o] M=3(Simulation) 1
M=1(Exact Theory) D
M=3(Exact Theory)
10 -2 1 1 1 1 1 1
0 2 4 6 8 10 12 14 16 18 20
E/N o(dB)

Fig. 2. The sum-outage probability of the proposed TWDFNOMA protocol versus E/N, (dB) when
x=0.2, y=0, R, is considered at 0.5 and 1 (bit/s/Hz)

Fig. 3 presents the sum-outage probabilities of the protocols TWDFNOMA, TWANC,
TWDNC and TWNDNC versus E/N, (dB) when M=3, R, = 1 (bit/s/Hz) and the asymmetric
network is also considered with x = 0.2, y=0. From Fig. 3, the sum-outage probabilities decline
in increasing E/N, regions for the reason that of high transmit powers. Furthermore, the
proposed TWDFNOMA protocol does better than the conventional protocols TWDNC,
TWNDNC and TWANC because the proposed TWDFNOMA protocol combines
technologies NOMA and DNC to cancel interferences from the stronger signals by the SIC
solution and increase the bandwidth utilization efficiency by the XOR operation. We note that
all protocols have the same energy for transmitting two signals.
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10 T T T T T T T T T

Sum Outage Probability

o] TWDFNOMA (Simulation)

TWDFNOMA (Exact Theory)

—k— TWANC( [14])
—8— TWDNC ([31])

, | ——— TWNDNC ([32])
0 2 4 6 8 10 12 14 16 18 20

E/N
5(@8)

Fig. 3. The sum-outage probabilities of the protocols TWDFNOMA, TWDNC, TWNDNC and
TWANC as a function of E/N, (dB) when M=3, x=0.2, y=0, Ri= 1 (bit/s/Hz).

10~

Fig. 4 presents the sum-outage probabilities of the protocols TWDFNOMA, TWANC,
TWDNC and TWNDNC as a function of the locations x of the relays on x-axis when y=0.1,
M=3, E/N, = 7(dB), R; = 1 (bit/s/Hz), and x is set to move between 0.1 and 0.9. As shown in
Fig. 4, the TWDFNOMA protocol also has the smaller sum-outage probabilities when
comparing with the protocols TWDNC, TWNDNC and TWANC. Particularly, the proposed
TWDFNOMA protocol achieves best performances at two optimal locations x=0.3 and x=0.7
whereas the midpoint x=0.5 is the optimal location of the TWDNC and TWNDNC protocols.
Hence, the NOMA technology is an effective selection for the asymmetric two-way relaying
networks, i.e. the optimal locations x=0.3 and x=0.7 of the cooperative relays.

(o] TWDFNOMA (Simulation)
TWDFNOMA (Exact Theory)
——f—— Twanc([14])
——H&—— TWDNC ([31])
—F>—— TwnoNe (32)

14 |

12

Sum Outage Probability

0.8 1 1 1 1 1 1 1
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

Fig. 4. The sum-outage probabilities of all protocols as a function of the locations x of the relays on
x-axis, when M=3, y=0.1, E/N, =7 (dB), R;=1 (bit/s/Hz).
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Fig. 5 presents the sum-outage probabilities of the protocols TWDFNOMA, TWANC,
TWDNC and TWNDNC as a function of the locations y of the relays on y-axis when M=3,
E/N, =7(dB), R;= 1 (bit/s/Hz), x is fixed at x=0.2 (the asymmetric two-way relaying networks),
and y is set to move between 0.1 and 0.9. In Fig. 5, the proposed TWDFNOMA protocol
achieves a better sum-outage performance than the existing protocols TWDNC, TWNDNC
and TWANC. It can be seen that when the relays move further on the direction y-axis, the
system performance of the protocols TWDFNOMA, TWDNC, TWNDNC and TWANC
declines, and then goes towards the worst ranges (about y>0.9) because of decreasing

cooperative operations. All protocols TWDFNOMA, TWANC, TWDNC and TWNDNC
perform better when the best relay is set at near locations to the sources S; and S, (y=0.1)
whereas X is fixed to 0.2.

22

2

18

16

1.4
i

1.2 7

lo] TWDFNOMA (Simulation)
TWDFNOMA (Exact Theory)
—3K—— TWANC( [14])

—B8— TWDNC ([31])

| —Pp— TWNDNC ([32])

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

Sum Outage Probability

0.8

y

Fig. 5. The sum-outage probabilities of the protocols TWDFNOMA, TWDNC, TWNDNC and
TWANC versus the locations y of the relays on y-axis when x = 0.2, M=3, E/N, =7 (dB), Ry=1
(bit/s/Hz).

Fig. 6 and Fig 7 show analysis and simulation results of the protocols TWDFNOMA,
TWDNC, TWNDNC and TWANC in which transmit powers of the nodes S;, S, and relays R;,

ie{l,2,..,M} are set to identical values, denoted as

Prwoevoma = Prwane = Prwone = Prwnone = P - The proposed TWDFNOMA protocol and the

TWANG protocol use the least number of timeslots with only two timeslots whereas the
protocols TWDNC and TWNDNC operate with three and four timeslots, respectively. The
evaluations with identical transmit powers and different timeslots have been considered in
[24], [32]. Fig. 6 presents the sum-outage probabilities of the protocols TWDFNOMA,
TWDNC, TWNDNC and TWANC as versus P/N, (dB) when x = 0.2, y=0, M=3 and
R=0.5(bit/s/Hz). As observed from Fig. 6, the sum-outage performances of these protocols
decrease when P/N, increase and we can also see that the proposed TWDFNOMA protocol
also achieves the smallest sum-outage probabilities. These results prove that the proposed
TWDFNOMA protocol gains better performances whereas using the least number of timeslots
(two timeslots). It is implied that the proposed TWDFNOMA protocol is essential to enhance
the performance of the cooperative two-way scheme. Simulations results verify again the tight
accuracy of the derived theoretical analyses.
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Sum Outage Probability

O  TWDFNOMA (Simulation)

TWDFNOMA (Exact Theory)

—— TWANC([14]) >
—8— TWDNC ([31])

| —— TwNDNC ([32])
-5 0 5 10 15 20 25 30

P/N
,(@8)

Fig. 6. The sum-outage probabilities of the protocols TWDFNOMA, TWDNC, TWNDNC and
TWANC versus P/N, (dB) when x = 0.2, y=0, M=3, R=0.5(bit/s/Hz).

Fig. 7 shows the sum-outage probabilities of the protocols TWDFNOMA, TWDNC,
TWNDNC and TWANC as a function of R, when x = 0.2, y=0, M=3 and P/N, is fixed at 10
(dB). From Fig. 7, the rates R; increase, the system performance of all considering protocols
decreases. In addition, the proposed TWDFNOMA protocol achieves better performances
when comparing with the protocols TWDNC, TWNDNC and TWANC in the condition of
identical transmit powers. In this case, we note that the proposed TWDFNOMA protocol only
operates in the two timeslots.

1
10 T T T T T T T T

(o}

TWDFNOMA (Simulation)
TWDFNOMA (Exact Theory)

—f—— TWANC([24])
—F— TWDNC ([31])

—p>— TWNDNC ([32])
0.2 0.4 0.6 0.8 1 1.2 1.4 16 1.8 2

R
t

Fig. 7. The sum-outage probabilities of the protocols TWDFNOMA, TWDNC, TWNDNC and
TWANC versus Ry when x = 0.2, y=0, M=3, P/N, = 10 (dB).

Sum Outage Probability




KSII TRANSACTIONS ON INTERNET AND INFORMATION SYSTEMS VOL. 13, NO. 12, December 2019 5879

5. Conclusion

In this paper, we proposed the two-way relaying scheme with multiple wireless relays in
which the best relay is obtained by the opportunistic relay selection method, called as the
TWDFNOMA protocol. The best relay applied the SIC to decode the sequence of the received
signals and used the DNC solution to encrypt received data from two sources. We analyzed
and evaluated the outage performances by the exact closed-form expressions. Simulation and
analysis results presented distributions as follows. The proposed TWDFNOMA protocol
achieves better performances when compared with the conventional three-timeslot two-way
relaying scheme using DNC (denoted as the TWDNC protocol), the four-timeslot two-way
relaying scheme without using DNC (denoted as the TWNDNC protocol) and the
two-timeslot two-way relaying scheme with AF operations (denoted as the TWANC protocol).
The TWDFNOMA protocol reaches the smallest sum-outage probabilities when the
cooperative relays form the asymmetric two-way relaying network and are moved to two
optimal locations between two source nodes. Furthermore, the proposed TWDFNOMA
protocol is improved as the increasing number of relaying nodes. Finally, the outage
probability analyses in terms of the closed-form expressions are justified by executing Monte
Carlo simulations.

Appendix

Appendix A: Verification of Lemma 1

From denotation of w, in (7), the CDF of w, is obtained as
F, (X)=Pr(w, <x)= Pr[min(ngisl, Y 9gs, < x)]
—1- Pr[min(;/gRiSl, ¥Ogs, x)} =1-Pr(y0qs = X)xPr(7gqs, = X) (A1)
=1—(1— Fy.. (x/ y))x(l— R, (x/ 7)) =1 (a7,

The CDF of w, is given from (7) as

F,, (X) =Pr(w, <x)= Pr{m\%wi < x} :I_M[FWI (x)

i=1...M (A2)
M
= 1_e’(ﬂl+jQ)X/7 — 1_e*(ﬂl+ﬂq)>(/}/ M .
[T )= )
The pdf of w, is inferred as
oF, (X _
f="2" o u <[1-e B T, () (A3)
’ OX i

Hence, proof of Lemma 1 is solved completely.

Appendix B: Proof of Lemma 2

To solve Lemma 2, we calculate €2, ;in (11) as follows:
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Q, = Pr[gssz <0y, 9sp > gssz]xPr[min(;/gRbsl, YOss,) < x}
ol
- f fgssz (y) (1— Foon, (y))dyx{Pr[gRbsl <x1y, Ggs, < gRbSZ] (B.1)
0

+Pr[gRbsz <xly, Ors, < thSJ}.
Applying the pdf of the RVs g.. , 9o, and gz, , and the CDF of the RVs 95, and
Jg,s, INtO (B.1), Q. is addressed as
Oly xly xly
Q.= I ﬂze“?ye‘ﬁlydyx( I e e dy + I ﬂze“?ye‘ﬁlydy]
0 0 0 (BZ)

_ ﬂjf/iz (L e B0 ) (1 g a0 ),

Performing a derivation of ) . in (B.2) versus x, the proof of Lemma 2 is completed.

Appendix C: Proof of Lemma 3

From the definition of €2,,in (16), Q,, is calculated as follows:

Q,,= Pr[gssz 201y, Osp, > gssz]XPr[min(VgRbsl’ 79Res, ) <X, Qg < 9/7]

=(Pr[ gas <017 |-Pr[min(rges, 7ss ) > X, Gng, <017 ]J j foo N (1=F,. ()l
oly

0

= Pr[gRbSl < H/y]x J o (y)(l— Fose (y))dy

oly
Ql.Z.l
_Pr[ X1y <Qes <01y ]x Pr[gRhSz > x/;/]x J' o (y)(l— P (y))dy.
oly
Q22

(C1)

Firstly, we calculate the component €2, ,,in (C.1) as
Ql.Z.l = (1— 97110/7 ) X J. X«zeiqueijlydy = /12 (Le(j’ﬁr%)g/;’J(l_ e*/ﬁw}’ ) (CZ)

Oly ﬂ1 + /12

Next, the component €2, ,, in (C.1) is calculated as

Q=PI X/y <G <01y [xPr[ges, >x/7]x T oo (y)(l— Fo.. (y))dy. (C.3)
Oroa Oly

Tosolve QO ,,in (C.3), Q,,,,need to calculate and the result is obtained as follows:
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0 X=>0 0 X=0
o - _ C4
1221 PY[X/7/< Ors, <,9/7/] X< 8 FgRbs1 (Q/y)—FgRbSl(X/]/),X<0 (C4)

Substituting (C.4) into (C.3), Q, ,, is obtained as
0 , X>6

Q,,,= —(FgRbsl @1y) - FgRbsl(X/y))x Pr[gRsz > X/;/] (C.5)

x T o (y)(l— Foe, (y))dy , X< 6.
oly

Substituting the pdf of the RV g, . .and the CDF of the RV g, . into (C.5), Q,,, is

addressed in two cases as
-When x>6: Q,,,=0

-When x< 6
(e e (e J ey
oly (C.6)
=4, [ . i AZ e(ﬂl+ﬂQ)9/}/J(e(ﬂ1+;{2)X/7 — @ AOlr=AXly )
Substituting (C.2) and (C.6) into (C.1), €, , is obtained as
/12( 1 g~ (ArA)0ly (1_e,,119,7) X>0
A+l
1 —(4+ / - 40/
Q,=Q 5 +Q,,= 12(—9 e (]'_ej1 y) X<0 (C.7)
_22 1 e—(lﬁ/lz)&/? (e—(ﬂiw)x/y_e—ﬂﬁ/y—ﬂaxly).
A+ 4

Performing a derivation of Q3 ,in (C.7) versus x, Lemma 3 is proven completely.

Appendix D: Proof of Lemma 4

To resolve Lemma 4, we calculate Q2 , , in (25a) as
é ¢

Q,, = Pr[gsZRb <Gsg, <095z +<9/7/]>< Pr[min(ngbSl,ngbSZ ) < x] (D.1)
Firstly, ¢ in (D.1) is calculated as follows
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¢ = Pr[gssz <Osp, < t9gssz +‘9/7]

I fgSsz (Y)(—nglpb (x) + ngmb (Ox + l9/}/))dx . 1-0<0

0
a

[0 (-F, (0+F,_(0x+01))dx . 1-0>0.

0

where a =

(D.2)

1-0)y
Applying the pdf of the RV Os,r, and the CDF of the RV Osr, into (D.2), ¢, is resolved as
0 —h0ly
J‘ﬂze—,&zx (e—/llx _ ef&(9x+9/}/) )dX= ﬂz _ A’Ze . 1-0<0
0 Aty A+l

¢1 _ jl'ﬂ?e_@x (e—ﬂix _e—xi(exw/y) )dX
0
__ 4 (l_e—mw)a)_L(e-W_e-%"’y-(‘?%‘”a) ,1-6>0.
21 + ﬂz /LZ + 219
Next, ¢, in (D.1) is obtained as
@, = Pr[min(ngbsl,ngbsz)< x} :1—Pr[min(J/gRble/gRbsz)Z X]
=1- Pr[;/gRbSl > X]x Pr[;/gRbsz > X] :1—(1— P, (X/J/))X(l— FRbsz(X/V)

—1— g irta)¥r
Substituting (D.2) and (D.4) into (D.1), €, , is obtained as follows:

—A0l
L%%ﬂ —jﬁ %;Jx@—e*%%“”) , 1-6<0
+A4, A+

—(4+4)a A - - —(+40)a
Q, = [ﬁ(l_e (1) )_/12 +2/119(e Hbly _ o hbly=(i+ 1) )J

x@—y%%wq . 1-6>0.

(D.3)

(D.4)

(D.5)

Performing a derivation of Q, in (D.5) versus x, the proof of the Lemma 4 is solved

completely.
Appendix E: Proof of Lemmab

To resolve Lemma 5, we express €2 ,,in (27) as
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¢

Q= Pl‘[gisb >0sr 105 2005k +9/]/:|
" ED)

xPr[ Min(ygs,, 79xs,) < X, Ggs, <017 ]
Firstly, ¢3 in (E.1) is calculated as
Pr[gisb 2‘9gssz +01y] , 1-60<0

P = Pr[gisb 2 t9gssz +01y, Os,r, < Qgisb +01y] 1950
+Prlgse > 9sp s 2005 +6017] !
[ 1, (NQ-F,_(@y+01y)dy 1_9<0
0
= [ o (1-F,_ (0y+017))dy E2)
i o , 1-6>0.
+[ £, (1-F,, ())dy

Applying the pdf of the RV Os,r, and the CDF of the RV Usk, into (E.2), ¢, is addressed as

Tﬂze‘%ye“l‘ey”’“ dy g , 1-6<0
5 A, + 4,0
— Iﬂ‘ze_j’z)/e_ﬂi(gy*-g/}/)dy_'_ J‘lze_A’ZYe_ﬂ’lydy (E3)
0 a
Y ’12]10 e M (1—e B0y 4 —ﬂfﬂi e A2 1 1-9>0.
+ +

Similarly, ¢4 in (E.1) is solved as following
@, = Pr[gRbsz < 6?/7/]— Pr[min(;/gRbSl,ygRbsz ) > X, g, < 0/7]
=Pr[gRbSZ <49/7/]—Pr[ X1y <Qgs, <6?/;/]><Pr[gRbsl > X/]/] (E.4)
(1—e‘*29’7)—(e‘ﬂfx’7 —e‘w’y)x(e‘*ix’y) X<
) (1-e7") X > 6.

From (E3) and (E4), it is easy to show that whenx > @, €2, ,is not a function of x, then

derivation of €2, , versus x equals to 0.

-When X < @, substituting (E.3) and (E.4) into (E.1), 2, , is obtained as follows:
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12 izﬂlg e A0l o [(1_ g ~%0l7 ) _ (efqu/y _g R0l )x (efﬂlx/y )J 0>1
Q,,= {—ﬂz j?ﬂle e 07 (1—g (2 rh0a) +/1sz11 e“ﬁ”ﬁ’a} (E.5)
X[(l_e-z,za/y)_(e—zzx/y _e—ﬂ,ﬁ/y)x<e—/ﬁ>(/}’ ):l 0<1

Performing a derivation of (3., in (E.5) versus x, we solved the proof of the Lemma 5
successfully.
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