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Abstract—This paper investigates a two-way relay non-
orthogonal multiple access (TWR-NOMA) system, where two
groups of NOMA users exchange messages with the aid of
one half-duplex (HD) decode-and-forward (DF) relay. Since the
signal-plus-interference-to-noise ratios (SINRs) of NOMA signals
mainly depend on effective successive interference cancellation
(SIC) schemes, imperfect SIC (ipSIC) and perfect SIC (pSIC)
are taken into consideration. To characterize the performance of
TWR-NOMA systems, we derive closed-form expressions for both
exact and asymptotic outage probabilities of NOMA users’ signals
with ipSIC/pSIC. Based on the results derived, the diversity
order and throughput of the system are examined. Numerical
simulations demonstrate that: 1) TWR-NOMA is superior to
TWR-OMA in terms of outage probability in low SNR regimes;
and 2) Due to the impact of interference signal (IS) at the relay,
error floors and throughput ceilings exist in outage probabilities
and ergodic rates for TWR-NOMA, respectively.

I. INTRODUCTION

With the purpose to meet the requirements of future ra-
dio access, the design of non-orthogonal multiple access
(NOMA) technologies is important to enhance spectral effi-
ciency and user access [1]. The major viewpoint of NOMA
is to superpose multiple users by sharing radio resources
(i.e., time/frequencey/code) over different power levels [2—
4]. Then the desired signals are detected by exploiting the
successive interference cancellation (SIC) [5]. Very recently,
the integration of cooperative communication with NOMA
has been widely discussed in many treaties [6-9]. Coopera-
tive NOMA has been proposed in [6], where the user with
better channel condition acts as a decode-and-forward (DF)
relay to forward information. With the objective of improving
energy efficiency, the application of simultaneous wireless
information and power transfer (SWIPT) to the nearby user
was investigated where the locations of NOMA users were
modeled by stochastic geometry [7]. Considering the impact
of imperfect channel state information (CSI), the authors in
[8] investigated the performance of amplify-and-forward (AF)
relay for downlink NOMA networks, where the exact and
tight bounds of outage probability were derived. To further
enhance spectrum efficiency, the performance of full-duplex
(FD) cooperative NOMA was characterized in terms of outage
behaviors [9], where user relaying was capable of switching
operation between FD and HD mode.

Above existing treaties on cooperative NOMA are all based
on one-way relay scheme, where the messages are delivered
in only one direction, (i.e., from the BS to the relay or user
destinations). As a further advance, two-way relay (TWR)

technique introduced in [10] has attracted remarkable interest
as it is capable of boosting spectral efficiency. The basic idea
of TWR systems is to exchange information between two
nodes with the help of a relay. In [11], the authors studied the
outage behaviors of DF relay with perfect and imperfect CSI
conditions. In terms of CSI and system state information (SSI),
the system outage behavior was investigated for two-way
full-duplex (FD) DF relay on different multi-user scheduling
schemes [12].

Motivated by the above two technologies, we focus our
attentions on the outage behaviors of TWR-NOMA systems,
where two groups of NOMA users exchange messages with
the aid of a relay node using DF protocol. Considering both
perfect SIC (pSIC) and imperfect SIC (ipSIC), we derive
the closed-form expressions of outage probabilities for users’
signals. To provide valuable insights, we further derive the
asymptotic outage probabilities of users’ signals and obtain
the diversity orders. We show that the outage performance of
TWR-NOMA is superior to TWR-OMA in the low signal-
to-noise ratio (SNR) regime. We demonstrate that the outage
probabilities for TWR-NOMA converge to error floors due to
the effect of interference signal (IS) at the relay. We confirm
that the use of pSIC is incapable of overcoming the zero
diversity order for TWR-NOMA. Additionally, we discuss the
system throughput in delay-limited transmission mode.

II. SYSTEM MODEL

We consider a two-way relay NOMA communication sce-
nario which consists of one relay R, two pairs of NOMA
users G1 = {D1,Ds2} and Gy = {Ds,Ds}. Assuming
that Dy and D3 are the nearby users in group G; and Ga,
respectively, while Dy and D, are the distant users in group
(G1 and G, respectively. The exchange of information between
user groups GG; and G2 is facilitated via the assistance of
a decode-and-forward (DF) relay with two antennas, namely
A; and A,. User nodes are equipped with single antenna
and can transmit the superposed signals [13, 14]. In addition,
we assume that the direct links between two pairs of users
are inexistent due to the effect of strong shadowing. Without
loss of generality, all the wireless channels are modeled to be
independent quasi-static block Rayleigh fading channels and
disturbed by additive white Gaussian noise with mean power
Ngy. We denote that hy, ho, hy and h, are denoted as the
complex channel coefficient of Dy <+ R, Dy <+ R, D3 <+ R
and D4y < R links, respectively. The channel power gains
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|h1|?, |h2|?, |h3|? and |hy|? are assumed to be exponentially
distributed random variables (RVs) with the parameters 2;,
i € {1,2,3,4}, respectively. It is assumed that the perfect
CSIs of NOMA users are available at 12 for signal detection.

During the first slot, the pair of NOMA users in (G; transmit
the signals to R just as uplink NOMA. Due to R is equipped
with two antennas, when the R receives the signals from the
pair of users in (i1, it will suffer from interference signals
from the pair of users in G2. More precisely, the observation
at R for A, is given by

Yra, =iV a1 Puz1 + ho/asPuxo + wilp,, + NRr,,
ey

where Ig,, denotes IS from Ay with /g, = (hsvazPyxs+
havaysPyxy). ©y € [0,1] denotes the impact levels of IS at R.
P, is the normalized transmission power at user nodes. 1, T2
and x3, x4 are the signals of D1, D9 and D3, Dy, respectively,
ie, E{z}} = E{23} = E{2%} = E{23} = 1. a1, a2 and as,
a4 are the corresponding power allocation coefficients. Note
that the efficient uplink power control is capable of enhancing
the performance of the systems considered, which is beyond
the scope of this paper. ng 4 denotes the Gaussian noise at
R for A;, j € {1,2}.

Similarly, when R receives the signals from the pair of users
in G, it will suffer from interference signals from the pair of
users in (G1 as well and then the observation at R is given by

Yra, = h3V azPux3 + hav/asPuxs + wilp,, +NR,,,
2

where Ir, denotes the interference signals from A; with
IRAI = (hl\/ CLlpuI1 + hQ\/ CLQPuZCQ).

Applying the NOMA protocol, R first decodes D;’s infor-
mation x; by the virtue of treating x; as IS. Hence the received
signal-to-interference-plus-noise ratio (SINR) at R to detect x;
is given by

Ve = ol 3
R—x; — ’

Y plhl?ar + pwr ([l ak + |helar) + 1
where p = Lt denotes the transmit signal-to-noise ratio

0
(SNR), (I, k) € {(1,3), (3, )}, (,7) € {(2,4), (4,2)}.
After SIC is carried out at R for detecting x;, the received
SINR at R to detect x; is given by

plhe|*a;
eplgl® + pwr (|huar + |he*ar) +17

where € = 0 and € = 1 denote the pSIC and ipSIC employed
at R, respectively. Due to the impact of ipSIC, the residual
IS is modeled as Rayleigh fading channels [15] denoted as g
with zero mean and variance €2;.

In the second slot, the information is exchanged be-
tween G and (G2 by the virtue of R. Therefore, just like
the downlink NOMA, R transmits the superposed signals
(Vb1 Prxy + \/bzprxg) and (\/b3P,x3 + /byPrxy) to Go
and G; by A and A, respectively. by and by denote the
power allocation coefficients of D; and D5, while b3 and by

“)

YR—z: =

are the corresponding power allocation coefficients of D3 and
Dy, respectively. P, is the normalized transmission power at
R. In particular, to ensure the fairness between users in G
and G2, a higher power should be allocated to the distant user
who has the worse channel conditions. Hence we assume that
by > by with by + by = 1 and by > bg with b3 + by = 1. Note
that the fixed power allocation coefficients for two groups’
NOMA users are considered. Relaxing this assumption will
further improve the performance of systems and should be
concluded in our future work.
According to NOMA protocol, SIC is employed and the
received SINR at Dy, to detect z; is given by
_ P|hk|2bt 5
o plhi|*by + pwa| by, + 17 )
where wq € [0, 1] denotes the impact level of IS at the user
nodes. Then Dy, detects z; and gives the corresponding SINR
as follows:

plhi by
eplgl® + pwalhil” + 1

Furthermore, the received SINR at D, to detect x, is given
by

(6)

’7Dk—>wl =

- P|hr|2bt
= 3 - (N
plhe|"by + pwwa|hy|” + 1
From above process, the exchange of information is
achieved between the NOMA users for G; and Gs.

III. OUTAGE PROBABILITY

In this section, the performance of TWR-NOMA is charac-
terized in terms of outage probability.

1) Outage Probability of x;: In TWR-NOMA, the outage
events of x; are explained as follow: i) R cannot decode
x; correctly; ii) The information z; cannot be detected by
Dy; and iii) Dy cannot detect x;, while D; can first decode
x; successfully. To simplify the analysis, the complementary
events of z; are employed to express its outage probability.
Hence the outage probability of x; with ipSIC for TWR-
NOMA is expressed as

PZ)SIC =1-Pr (’YR%IZ > ’Ythz)

X Pr (’ka%It > ’ytht;’kaﬂzl > ’Ythl) 9 (8)
where e = 1, @ € [0, 1] and w2 € [0, 1]. yen, = 22F1 —1 with
R, being the target rate at Dy, to detect x; and 7y, = 225 —1
with R, being the target rate at Dy, to detect x.

The following theorem provides the outage probability of
x; for TWR-NOMA.

YD, —x;

Theorem 1. The closed-form expression for the outage prob-
ability of x; for TWR-NOMA with ipSIC is given by

3
P;'pSIC 1 e—% H/\i < d.Q _ Dy Y
! b YM+8 e+
L > <— __eneth eieﬂfzzréfgg’”npz,) |
Y 3+5 Qi +epmiQr

©)



where ¢ = 1. Al:patlﬂt’ /\2:pwl¢1zkszk and A3= m
ﬁ—;t:ll' (1)1:()\27)\1)1()\37)\1)’(1)2:()\g A2)(A2 y  and
@3—WM. 9[ é max(n,{}). Tl:p(bl—’y;ihéwhl)
with by > wayn, and gt:P(bt—bl’Y:::t—wz’Ytht) with
by > (bi + @2) Yin,-

Proof. See Appendix A. |

Corollary 1. Based on (9), for the special case € = 0, the
outage probability of x1 for TWR-NOMA with pSIC is given
by

D
QM+5

Do)
et

prsic =1 — ey H/\l (
(10)

2) Outage Probability of z;: Based on NOMA principle,
the complementary events of outage for x; have the follow-
ing cases. One of the cases is that R can first decode the
information x; and then detect x;. Another case is that either
of Dy and D, can detect z; successfully. Hence the outage
probability of x; can be expressed as

P;'fsm =1 —Pr (YRoz, > Vthes YR—a; > Vihy)

X Pr(Ypy—a: > Yne) Pr (YD, 520 > Yen,), (11)
where € = 1, w; € [0,1] and w2 € [0, 1].

The following theorem provides the outage probability of
x+ for TWR-NOMA.

Theorem 2. The closed-form expression for the outage prob-
ability of x; with ipSIC is given by

QL —Btpt— 2
pipSIC _ q _ € H )\/
o @i (1 + EBtPQOtQJ) el
Q
x ( d ) (12)
Bi+ B + U\, G +ﬂt9190t + QA
where ¢ = 1. A= 7pmlakﬂk and )\2 pmla e . By = V;;:,
Qi+pBiasfs
Yt = 00 .
Proof. See Appendix B. |

Corollary 2. For the special case, substituting ¢ = 0 into
(12), the outage probability of xo for TWR-NOMA with pSIC
is given by

zk QT

Ry (/\2 H )\

) . (13)

y ( 9 B Ql
B+ BeSupr + U] B+ B + U,

3) Diversity Order Analysis: To obtain deeper insights for
TWR-NOMA systems, the asymptotic analysis are presented
in high SNR regimes based on the derived outage probabilities.
The diversity order is defined as [16, 17]

log (P2 (p))
log p

where P.7 denotes the asymptotic outage probability of ;.

d=— lim

p—+00

; (14)

Proposition 1. Based on the analytical results in (9) and (10),
when p — oo, the asymptotic outage probabilities of x; for
ipSIC/pSIC with e™® ~ 1 — x are given by

3

10 P20 ®302
ppsIC _ 1 _ )\l.( L T AL >
o0 ﬂ Ot o)
Qk Qk + ngQI TEpQ]Qk ’
(15)
and
q)lQl (I)QQl

N d5Q )
QXs+61)

(16)

PPSIC —1 T\ ( -
oo E QM+ Yra+6

respectively. Substituting (15) and (16) into (14), the diversity
orders of x; with ipSIC/pSIC are equal to zeros.

Remark 1. An important conclusion from above analysis
is that due to impact of residual interference, the diversity
order of x; with the use of ipSIC is zero. Additionally, the
communication process of the first slot similar to uplink
NOMA, even though under the condition of pSIC, diversity
order is equal to zero as well for x;. As can be observed that
there are error floors for x; with ipSIC/pSIC.

Proposition 2. Similar to the resolving process of (15) and
(16), the asymptotic outage probabilities of x; with ipSIC/pSIC
in high SNR regimes are given by

Ny

PszIC
0y (14 epBroe€r) ()\2 -

Tt,00

M)

O QO )
X A 7 ) (17)
(Bl + B0 YA, B+ B + Ay
and
A1 Ay

i Ny —

pSIC —-1—
M)

Tt ,00

Q Q )
X - — -1, (18)
(Bl + B0 F AL B+ B + U

respectively. Substituting (17) and (18) into (14), the diversity
orders of x; for both ipSIC and pSIC are zeros.

Remark 2. Based on above analytical results of x;, the
diversity orders of x with ipSIC/pSIC are also equal to zeros.
This is because residual interference is existent in the total
communication process.



TABLE I: Table of Parameters for Numerical Results

105 iterations

by =b3 =0.2

bo =by =0.8

R; = R3 = 0.1 BPCU
Ry = R4 = 0.01 BPCU

Monte Carlo simulations repeated

Power allocation coefficients of NOMA

Targeted data rates

Pass loss exponent a=2
The distance between R and D1 or D3 | dy =2 m
The distance between R and D2 or Dy | do2 = 10 m

4) Throughput Analysis: In delay-limited transmission sce-
nario, the BS transmits message to users at a fixed rate, where
system throughput will be subject to wireless fading channels.
Hence the corresponding throughput of TWR-NOMA with
ipSIC/pSIC is calculated as [7]

Ry =(1-P!)Ry + (1~ P%) Ry,
+ (1_P;/;)RCE3+ (1_P;:€1)R147
where ¢ € (ipSIC,pSIC). PY and PY, with ipSIC/pSIC
can be obtained from (9) and (10), respectively, while sz

and P;ﬁ with ipSIC/pSIC can be obtained from (12) and (13),
respectively.

19)

IV. NUMERICAL RESULTS

In this section, numerical results are provide to investigate
the impact levels of IS on outage probability for TWR-NOMA
systems. The simulation parameters used are summarized in
Table I, where BPCU is short for bit per channel use. Due to
the reciprocity of channels between G; and G, the outage
behaviors of x; and xy in G; are presented to illustrate
availability of TWR-NOMA. Without loss of generality, the
power allocation coefficients of x; and o are set as a; = 0.8
and a2 = 0.2, respectively. {21 and {25 are set to be 2y = d; @
and Q9 = d; %, respectively.

A. Outage Probability

Fig. 1 plots the outage probabilities of z; and zs with
both ipSIC and pSIC versus SNR for simulation setting with
w1 = woe = 0.01 and Q; = —20 dB. The solid and dashed
curves represent the exact theoretical performance of x; and
zo for both ipSIC and pSIC, corresponding to the results
derived in (9), (10) and (12), (13), respectively. Apparently, the
outage probability curves match perfectly with Monte Carlo
simulation results. As can be observed from the figure, the
outage behaviors of z; and z2 for TWR-NOMA are superior
to TWR-OMA in the low SNR regime. This is due to the
fact that the influence of IS is not the dominant factor at
low SNR. Furthermore, another observation is that the pSIC
is capable of enhancing the performance of NOMA compare
to the ipSIC. In addition, the asymptotic curves of ;1 and x5
with ipSIC/pSIC are plotted according to (15), (16) and (17),
(16), respectively. It can be seen that the outage behaviors
of 1 and z2 converge to the error floors in the high SNR
regime. The reason can be explained that due to the impact
of residual interference by the use of ipSIC, z; and z2 result
in zero diversity orders. Although the pSIC is carried out in

pSIC gain

Jo- -
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~ 1]
N
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Simulation

Error floor
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Fig. 1: Outage probability versus the transmit SNR.
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Fig. 2: Outage probability versus the transmit SNR, with Q0 =
—20 dB.

TWR-NOMA system, z; and xo also obtain zero diversity
orders. This is due to the fact that when the relay first detect the
strongest signal in the first slot, it will suffer interference from
the weaker signal. This observation verifies the conclusion
Remark 1 in Section III.

Fig. 2 plots the outage probabilities of x; and x2 versus
SNR with the different impact levels of IS from w; = wy =0
to @y = wo = 0.1. The solid and dashed curves represent the
outage behaviors of x; and x5 with ipSIC/pSIC, respectively.
As can be seen that when the impact level of IS is set to
be w1 = wy = 0, there is no IS between A; and A, at
the relay, which can be viewed as a benchmark. Additionally,
one can observed that with the impact levels of IS increasing,
the outage performance of TWR-NOMA system degrades
significantly. Hence it is crucial to hunt for efficient strategies
for suppressing the effect of interference between antennas.
Fig. 3 plots the outage probability versus SNR with different
values of residual IS from —20 dB to 0 dB. It can be seen
that the different values of residual IS affects the performance



<y & & & g &
A
< < < < il
2107
".Eu < < < fl
Qo
o
o
)
g
=1 —~ Q = -20, 1 B
8102’ | 0, 10, 0 (dB)
Simulation
—&— x1 - Exact pSIC
—— x2 - Exact pSIC
—©— x1 - Exact ipSIC
—<— x2 - Exact ipSIC J
1073 n L L L
0 10 20 30 40 50
SNR (dB)

Fig. 3: Outage probability versus the transmit SNR, with w; =
wo = 0.

0.2F
0.18F

0.16
0.141
0.12f

0.1
0.08F
0.06

Delay-limited Throughput (BPCU)

0.041

—o— TWR-OMA
—&— pSIC - TWR-NOMA [{
—&— ipSIC - TWR-NOMA|
‘ ‘

0 10 20 30 40 50
SNR (dB)

0.021

Fig. 4: System throughput in delay-limited transmission mode
versus SNR with ipSIC/pSIC, ww; = we = 0.01.

of ipSIC seriously. Similarly, as the values of residual IS
increases, the preponderance of ipSIC is inexistent. When
Q7 = 0 dB, the outage probability of x; and x5 will be in
close proximity to one. Therefore, it is important to design
effective SIC schemes for TWR-NOMA.

Fig. 4 plots system throughput versus SNR in delay-limited
transmission mode for TWR-NOMA with different values of
residual IS from —20 dB to —10 dB. The blue solid curves
represent throughput for TWR-NOMA with both pSIC and
ipSIC, which can be obtained from (19). One can observe
that TWR-NOMA is capable of achieving a higher throughput
compared to TWR-OMA in the low SNR regime, since it has
a lower outage probability. Moreover, the figure confirms that
TWR-NOMA converges to the throughput ceiling in high SNR
regimes. It is worth noting that ipSIC considered for TWR-
NOMA will further degrade throughput with the values of
residual IS becomes larger in high SNR regimes.

V. CONCLUSION

This paper has investigated the application of TWR to
NOMA systems, in which two pairs of users can exchange
their information between each other by the virtue of a relay
node. The performance of TWR-NOMA has been character-
ized in terms of outage probability and ergodic rate for both
ipSIC and pSIC. Furthermore, the closed-form expressions of
outage probability for the NOMA users’ signals have been
derived. Owing to the impact of IS at relay, there were the
error floors for TWR-NOMA with ipSIC/pSIC in high SNR
regimes and zero diversity orders were obtained. Based on the
analytical results, it was shown that the performance of TWR-
NOMA with ipSIC/pSIC outperforms TWR-OMA in the low
SNR regime.

APPENDIX A: PROOF OF THEOREM 1

Substituting (3), (5) and (6) into (8), the outage probability
of x; can be further given by

Ty
2
plhi|”a;
— Pr > Vth
<p|ht|2at +pen(halar + e Pa) +1 ™
J1
hy|*b
x Pr 5 plhw| b 5 > Yihys
plh|"br + pooa|hy|” + 1
hy|*b
2 p| k| l 2 >F)/thl ) (Al)
eplgl” + pwalhi|” + 1
J2
where ¢ = 1.

To calculate the probability J; in (A.1), let Z = pat|h,5|2 +
P ak|hk|2+pw1ar |hr|2. We first calculate the PDF of Z and
then give the process derived of J;. As is known, |hi|2 follows
the exponential distribution with the means €2;, ¢ € (1,2,3,4).
Furthermore, we denote that Z; = pat|ht|2, Zy = pwlak|hk|2
and Z35 = pwiay|he|® are also independent exponentially
distributed random variables (RVs) with means Alzm,
Ag:m and Ag:m, respectively. Based on [18],
for the independent non-identical distributed (i.n.d) fading
scenario, the PDF of Z can be given by

3
fz () =] N (Rre712 = Boe 2274056 %), (A2)
i=1
_ 1 _ 1
where @11—7(/\2_/\1)(/\3_/\1), @2—7(/\3_/\2)(/\2_/\1) and
P

3T A2
According to the above explanations, .J; is calculated as
follows:

_G+1)By;

Ji = Pr (|hl|2 >(Z+ 1)@) - /OOO fr(2)e ™

dz.
(A.3)



Substituting (A.2) into (A.3) and after some algebraic manip-
ulations, Jj is given by

After some variable substitutions and manipulations,

0, =Pr (|ht|2 > B, (ap|g|2 17+ 1) :

3
B ’
- H)\i ( Pl Dol O30 > 7 |hl|2 > B, (P|ht|2at i 1))
a1 \+S Qde+B 0 QuAs+8 )
(A4) _ ———,Bﬂﬂr
oS (1 + 5Pﬁt90t91)
Yen o0 , (B +8:201)%
where =121 o / fy (Z ) e (B.3)
Jo can be further calculated as follows: 0
a2 — 7 where (; = th;" and ¢ 791“’5”“%
Jo =Pr |hk|2 > max (77, &;) 2 0, |g|2 b ! Substituting (B.2) into (B.3), 61 can be given by
EPT]
e QL —Bipt
61 = ’ ’
0y (14 Biepps€2r) ()\2 - /\1)
2
) / Q Q
e Bl I ( L - )
“Jo Yy pale} B+ BeSupe + AT B+ Beflipr + A,
e (B.4)
:e‘fL.___113§ZL__6‘Eﬁ%%%ﬁiﬂl+a$7, (A.5)
Qi + epm€dy O, and O3 can be easily calculated
thy . 2 _ St
where 5f:p(bt—bmjhf—wmt) with by > (b + @2) Yen,s Oy = Pr (|hk| > gt) —e oy, (B.5)
= T WZ;M with b; > wavyp,. Combining (A.4) and and
(A.5), we can obtaln (9). The proof is complete. .
P P 03 = Pr (|hT|2 > gt) — e (B.6)
APPENDIX B: PROOF OF THEOREM 2 respectively, where &= Vthy with b >

Substituting (3), (4), (6) and (7) into (11), the outage
probability of z; is rewritten as

ipSIC __
Pl =1

2
p|ht| ag Bl

- > /Ythta
eplg)” + poor (|hi*ar + b, Par) + 1
plhila; (2]
D) 2 D) > Ythy
plht|"ar + pwr ([he| ax + |he["ar) + 1
3]
(SF]
2
plhi| b
> Yth,
plhil*by + pra| bl + 1 [4
©
. [5]
P|hr| by
> Vthy | (B.1) [6]

plhe by + pealhe] + 1

Os (7]

where wq = wy € [0,1] and € = 1.

Similar to (A.2), let Z'=pwy a|hy|*+pw1ar| hy|?, the PDF -
of Z is given by
( ) H llz/ ef)\;z/ [9]
)\ / 7 - 7 7 ) (Bz)
—A) (e =)
: ) [10]
where \;|= 7Pw1ak9k and )\2 A

p(be—biyin, —@2ven, )

(b + @2) Ven, -
Finally, combining (B.4), (B.5) and (B.6), we can obtain
(12).

The proof is complete.
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