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ABSTRACT Non-orthogonal multiple access (NOMA) is one of the promising radio access techniques in 5G
communication networks. In this paper, a cooperative NOMA relaying scheme with two-phase superposition
coding is proposed to enhance the performance of NOMA relaying systems. In the proposed scheme,
the source simultaneously transmits two symbols using superposition coding in the first time slot, while
the relay decodes the symbols by employing the successive interference cancellation. In the second time
slot, the relay forwards the two symbols with a new superposition coding to the destination, which jointly
decodes them by employing maximum-ratio combining technology over the received signals from both the
source and relay. In order to reveal the benefits of the proposed scheme, its achieved ergodic sum rate, outage
probability, and throughput are analyzed with imperfect channel state information taken into account. Our
examination shows that the proposed scheme can significantly outperform existing schemes in terms of
achieving a higher ergodic sum rate, a lower outage probability, or higher throughput at the cost of a slightly

increased complexity.

INDEX TERMS Non-orthogonal multiple access (NOMA), power allocation, relay network, sum rate.

I. INTRODUCTION

Wireless communications are becoming ubiquitous in our
daily life due to the increasing number of smart devices
and related applications, which leads to the ever-increasing
demand for massive wireless connections and large amounts
of data traffic [1]. The emerging non-orthogonal multiple
access (NOMA) technique has the ability to guarantee these
requirements. Thus, NOMA is considered to be a key tech-
nique and research focus for the next generation communi-
cations, which benefit from the superior spectral efficiency
and high rate of NOMA [2]-[5]. NOMA generally can be
divided into two categories, namely power-domain NOMA
(PD-NOMA) [6] and code-domain NOMA, including sparse
code multiple access (SCMA) [7]. In a PD-NOMA sys-
tem, the transmitter side allows multiple users to share the
same time, code or frequency resource simultaneously, but
with different power levels. For a SCMA system, the signal

of each user is transmit with various codebooks. At the
receiver side of NOMA systems, the successive interference
cancellation (SIC) will be employed to decode the desired
signals sequentially [8]. For SCMA, the message passing
approach (MPA) is applied to detect the signal of each
user [9]. Moltafet et al. [10] compared the SCMA with
PD-NOMA system and their results showed that the SCMA
can achieve a higher sum rate than the PD-NOMA at the
cost of a higher system complexity. Furthermore, a new
approach of cellular networks called power domain sparse
code multiple access (PSMA) is proposed in [11], where
the power domain and the code domain are both adopted
to transmit multiple users’ signals over a subcarrier simul-
taneously, and as shown the PSMA gains better spectral
efficiency at the cost of an increase in the system complexity.
Considering the low system complexity, we focus on power-
domain NOMA in this paper. Henceforth, this paper refers to
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PD-NOMA simply by NOMA. In [12], the performance in
terms of the outage probability and achievable sum-rate for a
particular user of NOMA scheme was discussed. The
system-level performance was discussed for NOMA scheme
in [13], which shows that NOMA can achieve a remarkable
gain over the orthogonal multiple access (OMA) scheme.
It should be noted that the perfect SIC is only considered in
this paper.

The joint application of cooperative relay and NOMA
has recently attracted growing interests to further enhance
the performance of NOMA systems [14]- [16]. The key
idea of NOMA is to allocate more power to the users with
low channel qualities, however, the performance improve-
ment brought by NOMA is relatively constrained. In coop-
erative communications, the source transmits information
to the desired destinations with the assistance of several
relays, which can further improve the system performance.
In [17], the outage and throughput performance of cooper-
ative NOMA systems was investigated, where user near to
the source works as a half-duplex (HD) and full-duplex (FD)
relay using decode-and-forward (DF) strategy to improve the
performance of the far user. To be more specific, a cooperative
communication scheme with NOMA was introduced in [18],
in which the users with high channel qualities can serve as
relays to improve the communication between the users with
poor channel conditions and the base station (BS). Further-
more, in order to improve the communication reliability for
users with poor channel conditions, a cooperative NOMA
transmission scheme with a dedicated relay was introduced
in [19]. Liu et al. [20] introduced a collaborative NOMA
assisted relaying system, where three users were served by
BS, and the user nearest to the BS was served as a relay to
establish the communication between BS and the other two
users. To improve the performance of the cell-edge user, [21]
proposed two cooperative relaying schemes, where an on/off
mechanism was proposed to decide whether the FD/HD
relaying transmission is necessary or not, respectively.
Zhang et al. [22] examined the performance of down-
link cooperative NOMA system with FD relaying, where
the near user acts as a FD relay to help the far user
communicating with BS and the optimal power allocation
was considered by taking the fairness between the near
user and far user into account. Mohammadi et al. [23]
analyzed the throughput of a full-duplex DF system,
where the time-switching protocol was applied by using
multi-antenna relays. Besides, [24]— [26] studied the relay
selection (RS) strategy for multi-relay NOMA networks.
In particular, Ding er al. [24] proposed a two-stage RS
strategy and the analytical results demonstrated that this
strategy can achieve the minimal outage probability and
maximal diversity gain. In [25], Deng et al. investigated the
joint user and relay selection algorithm for the cooperative
NOMA system, where multiple users transmit information
to two destination with the help of multiple amplify-and-
forward (AF) relays. In addition, an optimal selection strategy
was proposed at the user-relay pairs in [25]. The work in [26]
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proposed two optimal RS schemes for the cooperative
NOMA with fixed and adaptive power allocations at the
relays, respectively. In [27], the accurate and asymptotic
expressions of the achievable sum rate for the cooperative
communication relaying systems with NOMA (CRS-NOMA)
scheme were presented. In [28], a novel CRS-NOMA
(NCRS-NOMA) scheme was introduced, where a new detec-
tion scheme with maximum-ratio combination (MRC) was
discussed, which gains better system performance than the
one in [27]. However, since the MRC in [28] requires the
symbol which allocated with lower power in the first time
slot to be decoded first [29] in the second time slot, and the
symbol with higher power can be only acquired from the
source to destination link that suffers from the worse channel
condition, the performance of this system is limited.

In this paper, we propose a cooperative NOMA relaying
system with two-phase superposition coding (CONOMA-
TPSC) scheme. Different from the existing works
in [27] and [28], where the relay only forwards one symbol,
the relay is allowed to simultaneously transmit two symbols
by using new power allocation coefficients in our proposed
scheme. Moreover, the destination will conserve the signal
received from the source instead of decode it until it receives
the signal from the relay, and then the destination decodes
the symbols received from the source and relay jointly by
involving the MRC and SIC. In our proposed scheme, the des-
tination can obtain both the two symbols through the relay to
destination link, enables our scheme to achieve higher per-
formance over the previous works. Furthermore, we analyze
the ergodic sum rate, and outage probability for our pro-
posed CONOMA-TPSC scheme by considering the imper-
fect channel state information (CSI), which has not been
taking into account in the performance analysis of [27] and
[28]. In addition, we also investigate the system throughput
for the CONOMA-TPSC scheme. The system throughput is
denoted as the product of the fixed transmission rate of users
and the communication probability, which is meaningful to
quantify the average amount of the successfully transmitted
information [30], [31]. And simulation results demonstrate
that our proposed scheme achieves a remarkable gain over the
NCRS-NOMA and CRS-NOMA schemes proposed in [27]
and [28], especially when the transmit power of the source is
high.

The remainder paper is organized as follows: Section II
presents the system model of our proposed CONOMA-TPSC
scheme. Section III analytically characterizes the ergodic sum
rate, outage probability, and throughput performance of our
proposed scheme. Then numerical results are discussed in
Section IV to verify the theoretical expressions in Section III.
Finally, Section V concludes this work and introduces future
works.

Il. SYSTEM MODEL

As illustrated in Fig. 1, we propose a CRS-NOMA communi-
cation system which consists of one source (S), one relay (R),
and one destination (D). We clarify that the communication
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FIGURE 1. System models.

between S and D can be conducted via both the direct link
and the relay link, and the relay operates in half-duplex mode
using decode-and-forward strategy. We assume that hsp, hsg,
and hgp denote the channel coefficients from the source to
the destination(S-D), from the source to the relay(S-R), and
from the relay to the destination (R-D), respectively, which
are subject to Rayleigh fading with variances Bsp, Bsr, and
Brp, respectively.

In practical systems, it is extremely difficult to obtain
the perfect CSI of the wireless networks due to the channel
estimation errors, which is mainly caused by feedback delay
errors [32]. In this work, we assume the estimation of A;
is ﬁi, i € {SR,SD, RD}, and the channel coefficients can
be modeled as h; = h; + ke;, where e; ~ CN (0, 0,,%)
presents the channel error vector which can be approxi-
mated as a Gaussian random variable and « denotes the
impact factor of estimation error. In addition, we can obtain
Bi = Bi— oel.z by assuming that /; is statistically dependent
of e; [33].

Each data transmission from the source to the destination
takes two time slots. As depicted in Fig. 1, the source trans-
mits two symbols s; and s, simultaneously to the relay and the
destination in the first time slot powers aj Py and aP; as the
transmit power, respectively, where a and a; represent power
allocation coefficients with a; + a» = 1 and P denotes the
transmit power at the source. Thus, the received signals at the
relay and the destination during the first time slot are given,
respectively

yr = (hsg + kesp)(y/arPss1 + v/arPss2) +ng, (1)
yp, = (hsp + kesp)(v/a1Pss1 + v arPss2) + np,, (2)

where ng and np, denote additive white Gaussian noise
(AWGN) with zero mean and variance o2. Without loss
of generality, s; is allocated with more transmit power,
i.e., a; > a». Based on the protocol of NOMA technology,
the relay decodes s first by treating s, as interference, and
then it acquires s, through SIC decoding subject to AWGN
only. In this manner, the effective (signal-to-noise ratios)
SNRs for 51 and s at the relay can be, respectively, expressed
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Meanwhile, the symbol s; only can be acquired from the
source through the S-D link since the relay forwards sym-
bol s, with full power [28]. Hence, the system performance
of this protocol is limited. In order to solve this problem,
the relay forwards both s1 and s with a new superposition
coding to the destination in our proposed scheme. Therefore,
in the second time slot, the received signal at D is given by

yp, = (hrp + kerp)(v/b1Pys1 + v/baPrs2) + np,,  (5)

where P, denotes the transmit power of the relay, np, denotes
AWGN with zero mean and variance o2, by and b repre-
sent new power allocation coefficients with the total transmit
power constraint b 4+ b, = 1 and suppose b > bs.

In our proposed scheme, the destination will conserve the
received signal yp, instead of decoding it, and then the MRC
is adopted to combine the received signals yp, and yp, for
decoding purpose at the destination. By employing the MRC
technology, the transmitted symbol s; is decoded first at the
destination, and the symbol s; will be subtracted from the
received signals yp, and yp, with SIC. Then the symbol s>

- _ 2
will be decoded with another MRC. Define Ag E h(;J s

8 € {SR,SD, RD}. The corresponding effective SNRs for
s1 and s, at the destination are given by

rspa *rpb
V]D - _ SDA1Ps _ RDO10r , (6)
Aspazps +V¥sp,s  ArDb2or + VRD,
Aspazps  Arpb
VQD _ SDA2 Ps RD 2)0r7 %)
wSD,s 1;0‘RD,r

where ;j = k*02pj+ 1,i € {SR, SD, RD}, j € {s, r}.

Based on the fact that the end-to-end transmission rate of
DF relaying is dominated by the worst link [34], the achiev-
able rates of s1 and s; are given by

1 .

Cr = Elogz(l + ).y = min(y{, y), ®)
1 _ . R D

C2 = Slogy(1 +y2), y2 = min(yy', vy, (€

where the factor % is due to the fact that two time slots are
needed to accomplish one round transmission.

Ill. PERFORMANCE ANALYSIS

In this section, we examine the system performance in terms
of the ergodic sum rate, outage probability and system
throughput in order to reveal the benefits of our proposed
scheme relative to the exisiting schemes in [27] and [28].
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A. ERGODIC SUM RATE
Ergodic sum rate is an important performance metric for wire-
less communication, and thus we now focus on the ergodic
achievable rate performance of the proposed system.
The following theorem provides the cumulative distribu-
tion function (CDF) of y; for the proposed scheme.
Theorem 1: The closed-form expression for the CDF of y;
is given by

VSR, s2Y) | Vsp Q)
7( fsw T B )
Fpx)=1—e , 0<x<ai/a,
1, X > ai/a,

(10)

whereQ(@) W 96{7] x}andn—x—Z;.

Proof: The CDF of y; can be written as follows:
Fy x)=Pr{y; <x}=1-=Pr{y1 > x}. (11

By definition, Fm denotes the complementary cumulative
distribution function (CCDF) of y, the process can be calcu-
lated as follows:

F)/l (x) =Pr {min (le, le) > x}

Asrai ps Aspai s
= Pr{= X, =
ASRA2Ps + VSR s ASDa20s + ¥sp,s
ArDb1pr

_ MRDPVPr (12)
ARDD20r + YRD,r

It is challenging to obtain the exact expression of CCDF
directly, so some approximations are made by analyzing the
CCDF of y1 Using the probability density functions (PDFs)
f)»a (x) = 4+e % for 8§ € {SR,SD, RD}, the approximated

)
CCDF of y; is finally obtained as

F)/l )

A i by
~ Pr{= SRA1 Ps - SDa1 Ps + 2.0

ASRA205 + VSR, " hspazps +Ysps b2
~ X
g Pr {)LSR - wSR,s } - Pr {)LSD - 1/fSD,sn }
ayps — XazpPs aips — NazpPs

00 | [— o I -
=/ —e ”SRdv-/ —e Psodu
Ysr,s2(x) PSR Vsp.s2n) PsD

_(m,smn N wsn,smn)>
— ¢ Bsr Bsp , (13)

where step (a) relies on a; > ap x. If this condition is not
satisfied, we have 1’7)/1 (x) = 0. Thus, substituting (13) into
(11), (10) can be obtained and the proof is completed. [ |
We present the CDF of y» for our proposed scheme in the
following theorem.
Theorem 2: The closed-form expression for the CDF of y»
is given by

(@1+w2)x

Fp()=1—gje” +gpe” IO (14)
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where
VYSR,s YsD,s YRD,
w; = —, wy = —, = —
azpsBsr az psBsp bapr BrD
a2 yrp,r PsPSD
¢ =

a¥rp.r PsPsp — b2Vsp.sorPrD
ba¥rsp.sprBrD
a2 YR, r PsBsD — b2¥sp.sPr BRD
Proof: By definition, F',, denotes the CCDF of y, and
can be calculated as follows:

fyz ()
ASRA2Ps Aspazps  Arpb2pr
= Pr > x -
1ﬁSR,s I/ISD,s wRD,r
- X Sena P
= PI‘{)\,SR > WSR’S } - Pr SDA2 Ps + RDD2 Or g
aj Ps IpSD s wRD,r
VSR 5% Uspr T :Z(;ZD'OT WRD, r | )
= ¢ arshsk . 1_/ 205 207 L
0 0 Brp
| _u
- ——e Pspdvdu
Bsp
= (ple_(w1+a>2)x _ ¢2€_(w'+w3)x. 15

Similar to (11), (14) can be obtained from (15), and the
proof is completed. u

Base on Theorem 1, using [;° —10g2 (14 x) f,(x)dx =

1 oo 1-F,
2In2J0 T T+x
given by

(x)dx the ergodic achievable rate of 51 can be

C, = / 1logz (1 +x) fy, (x)dx
0o 2
1 /OO I_Fm(x)dx

2In2 14+x
ar VSR s ) | ¥sp s
LA (e )
— /2 e Bsr fso Jdx.  (16)
2In2 1+x

Similarly, based on Theorem 2, we can obtain the ergodic
achievable rate of s, as follows:

1 *1-F
/ n®
2In2 Jy 1+x

1 o
— (w1+w2)x _ —(w1+w3)x] d
21n2/0 T+x {‘”16 2¢ *

C =

= ——zgﬁi S Bl (—w1 — w2)
%ewl+w3Ei(—w1 — ), (17)

where we use [;° 4 = € dx = —e™Ei(—m) [35, eq. (8.212.5)],
and Fi(-) denotes the exponential integral function
[35, eq. (8.211.1)].
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Finally, based on (16) and (17), the ergodic sum rate of our
proposed scheme is obtained as

Csum = C1 +
ar _ VSR, sR2() | ¥sp s
z;/‘lz 1e(ﬁs1e+ﬁs1) )dx
2In2 Jy 1+4+x
— —2(1'0;2e‘”‘+“’2Ei (—w1 — w))
+ 2ot EBi(—w; — ws). (18)
2In2

B. OUTAGE PROBABILITY AND THROUGHPUT ANALYSIS
Outage probability denotes the probability of an event
that the achievable rate is less than the predefined one,
which is a good metric for quality of service (QoS) in the
communication system design [36]. The outage probability
is a decisive factor of the system throughput [37]-[39],
the system throughput evaluates the average achieved rate
where the symbols are successfully transmitted from the
source to the destination. Thus the analysis of system
throughput of our proposed CONOMA-TPSC scheme is
practically significant since it characterize the average
amount of messages which successfully transmitted in each
communication.

Let Ry and R, denote the target rates of s; and s,, respec-
tively. According to the NOMA protocol, the outage events
of s1 occur when %logz(l + y1) < R;. Therefore, the outage
probability of s; can be expressed as

Py, =Pr{y; <1} =1—-Pr{y1 > ¢}

=1—Pr{le>¢1,y1D>¢1}, (19)

where ¢ = 2281 — 1.

The following theorem provides the outage probability of
s1 for the proposed system.

Theorem 3: The closed-form expression for the outage
probability of s; is given by

_(‘PSR,fQ(d’l) . '//sq,sﬂ(f)>
Py=1-c\ e T 0)
where Q (6) = —b——for 6 € {g1.e} e = ¢ — 2.

Note (20) is derived by assuming the condition a; > ax¢; 1s
satisfied.

Proof: Define Pj, as the complementary outage proba-
bility of our proposed scheme, and using (8) we can obtain
Py, as follows:

Py =Pr{rf > o100 > o1}

X ):SDal:Os
" hspazps + Ysp s

XSRalps
= Pr{ =
ASRA2Ps + WSR s

ArDb1 Py
— > ¢
ArRDD20r + YRD,r
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(i) . )N\SRQI,OS
ASRA205 + VSR,

x b
_ SDA1 Ps + o1 > ¢
Aspazps + Vsps b2

= YsrsP1 =
= Pr{ASR > 1O dep >
aips — xazps
7<WSR,§Q(¢I) + '/’SD~.SQ(8))
— e Bsr Bsp

> ¢1,

Ysp,s€ }

ajps — €Az Py

21

where (b) follows from the approximation mentioned above.
Substituting (21) into (19), (20) can be obtained and the proof
is completed. n
Similarly, the outage events at s occur when %logz(l +

y2) < Ry. The outage probability at s, can be expressed as
P

52

=1-Pr{y, > ¢}
= 1—Pr{y2R > ¢z,y2D > ¢2}, (22)

where ¢ = 2282 — 1.

The following theorem provides the outage probability of
52 for our proposed scheme.

Theorem 4: The closed-form expression for the outage
probability of s, is given by

Py, =1-— (wle*(wﬁwz)a’)z _ ¢2e*(w1+w3)¢2)' (23)

Proof: Define Py, as the complementary outage proba-
bility of our proposed scheme, using (9), Py, can be expressed
as follows:

P, = Pr AsRa2 s ’ Aspaz ps n ArDb2O; > b

YSR,s YsD,s YRD,r

_ Py {XSR - 1/fSR,s¢2}

az Ps
A ArDbD
. Pr SDA2 Ps RDD2 Or - ¢2
YsD,s YRD,
— wle_(wl+w2)¢2 _ (pze_(w'+w3)¢2. (24)

Combing (22) and (24), (23) can be obtained and the proof
is completed. n

Based on Theorem 3 and Theorem 4, the outage probabil-
ity of the CRS-NOMA system can be expressed as follows:

Pout =P51+PS2—PX1 -PS2
_VsrsR@1) _ 5D 52
=1-—e¢ Psr Bsp

: (wle—(w1+w2)¢z _ ¢26—<w1+w3)¢2> .25

The source and the relay transmit information at constant
rates Ry and R,, which is subjected to the effect of the outage
probability due to the Rayleigh fading channels. The system
throughput is defined as the product of the transmission rate
and the successful communication probability. In this paper,
we focus on the throughput for the whole system, thus the
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system throughput of our proposed CONOMA-TPSC scheme
can be expressed as follows:

RM" = (R1 + Ro)(1 — Poyr)
_ VsRsR@P1) _ ¥sD.s2e)

= (Rl +R2)e Bsr Bsp
. ((ﬂ]e_(wl +w)pr (pze_(w]+w3)¢2) . (26)

The term 1 — P,,, in (26) represents the successful trans-
mission from the source to the destination of the proposed
CONOMA-TPSC system.

In next section, we will apply numerical simulations to
examine the ergodic sum rate, outage probability, and system
throughput performance.

Remark 1 (Complexity Analysis): In our proposed
CONOMA-TPSC scheme, the relay decodes the two sym-
bols with SIC and forwards the two symbols with a new
superposition coding , and the MRC will be employed in the
destination to detect the symbols. According to the above
analysis, the computational and application complexity of
CONOMA-TPSC scheme is higher since we employ super-
position coding and MRC at the relay and destination, respec-
tively. The NCRS-NOMA [28] scheme comes second due to
that the destination jointly decodes the signals with MRC and
the CRS-NOMA [27] scheme gains the lowest complexity.
Although complexity of our proposed CONOMA-TPSC
scheme is higher than the NCRS-NOMA and CRS-NOMA
schemes, the CONOMA-TPSC scheme achieves significant
gains over NCRS-NOMA and CRS-NOMA, which will be
verified in next Section.

Remark 2 (Signaling Overhead Analysis): There are sev-
eral sources of signaling overhead in NOMA. For example,
to obtain the CSI from different receivers. The signaling
overhead caused by the CSI feedback of our proposed NCRS-
NOMA scheme is equivalent to the NCRS-NOMA and
CRS-NOMA schemes because of the fact that transmission
channel of the three schemes are assumed to be the same.
Another important source of signaling overhead in NOMA
is the encoding and decoding of superposition code and
SIC [6]. The superposition coding is employed both at the
source and the relay in the proposed NCRS-NOMA scheme,
however, only the source employs superposition coding in
the NCRS-NOMA and CRS-NOMA schemes. Therefore,
the CONOMA-TPSC scheme causes little higher signaling
overhead than the schemes in [27] and [28].

IV. NUMERICAL RESULTS

In this section, we provide numerical results to examine the
performance of our proposed CONOMA-TPSC scheme in
terms of the ergodic sum rate, outage probability, and system
throughput. The NCRS-NOMA and CRS-NOMA schemes
in [27] and [28] are shown for comparison under perfect
CSI (i.e., k = 0 in this paper). Furthermore, Monte Carlo
simulations are employed to verify the analytical expressions
given in Section III. Comparisons are made with the recently
proposed CRS-NOMA [27] and NCRS-NOMA [28] schemes
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in two considered system setups: Bsg = Brp = 10 (case 1);
Bsk = 5, Brp = 10 (case 2) with Bsp = 5, a; = 0.9, and
ay = 0.1. Meanwhile, we set 62 = 1 (i € SR,RD,SD) in
the following simulations. In this section, we assume that the
source and relay have different transmit power, which is a
widely adopted assumption in relay systems (e.g., [40], [41])
and in the context of NOMA systems (e.g., [20], [22]).

Fig. 2 and Fig. 3 plot the ergodic sum rate versus the
transmission SNR at the source (i.e. ps;) and the relay
(i.e. pr) with by = 0.7, b, = 0.3, and k = 0, respectively.
In Fig. 2, we set the transmission SNR at relay p, = 10 dB
in case 1 and case 2. The solid and dashed curves represent
the sum rates in case 1 and case 2, respectively. In these
figures, we can observe that the simulation and analytical
results match well for the whole range of py, which validates
the analytical expression of the ergodic sum rate in (18).

—— CONOMA-TPSC(case 1)
——NCRS-NOMA
—— CRS-NOMA
[ |- = =CONOMA-TPSC(case 2)
- — -NCRS-NOMA
- — —CRS-NOMA
O Simulation(CONOMA-TPSC)
O Simulation(CRS-NOMA)
x  Simulation(NCRS-NOMA)

~

[}

IS

Ergodic Sum Rate (bits/Hz)
(9]

10 15 20 25 30 35 40
Transmit SNR of the Source p; (dB)

FIGURE 2. The ergodic sum rate achieved by the CONOMA-TPSC,

NCRS-NOMA, and CRS-NOMA schemes versus the transmit SNR ps with
by =0.7, b, = 0.3, « =0, and pr = 10 dB.

41

IS
o
IS a

T T

4
©
@

L4
©

——CONOMA-TPSC

——NCRS-NOMA
——CRS-NOMA
o Simulation(CONOMA-TPSC)
o Simulation(NCRS-NOMA) ]
% Simulation(CRS-NOMA)

Ergodic Sum Rate (bits/Hz)

o
®
%0

10 15 20 25 30 35 40
Transmit SNR of the Relay p, (dB)

FIGURE 3. The ergodic sum rate achieved by the CONOMA-TPSC,
NCRS-NOMA, and CRS-NOMA schemes versus the transmit SNR oy
with b| =0.7, b2 =0.3,k =0, and ps = 20 dB.
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From Fig. 2, we can see that our proposed scheme outper-
forms the two schemes in [27] and [28] for a large transmit
SNR range. From this figure, we also observe that, as the
transmit SNR of the source (i.e., p5) increases for a fixed
transmit SNR of the relay (i.e., p,), the achieved ergodic sum
rate by our proposed CONOMA-TPSC scheme continuously
increases, while those achieved by the NCRS-NOMA and
CRS-NOMA schemes approach to a ceiling. The reasons are
detailed as below. For the CRS-NOMA scheme proposed
in [27], this is due to the fact that the SINR of s; given in (5)
(in [27]) is interference-limited and it only approaches to a
constant as pg increases, while the SINR of s; is limited by the
fixed p, (since the direct transmission of s, from the source
to the destinatsion is not utilized in [27], which is confirmed
by [27, eq. (7)]). For the NCRS-NOMA scheme proposed
in [28], the reason is similar to that of the CRS-NOMA
scheme proposed in [27]. We note that the direct transmis-
sion of s from the source to the destination is used. The
received signals from the source and relay for decoding s, are
combined by using MRC in [28]. However, this combining is
conducted before SIC, which leads to the fact that the SINR
of s is still interference-limited as p; increases. This is con-
firmed by [28, eq. (10)]. For our proposed CONOMA-TPSC
scheme, this is due to the fact that the achievable rate C; is not
interference-limited and can continuously increase as p; (i.e.,
Py) increases, which can be confirmed by our equations (4),
(7), and (9). Intuitively, this is achieved by combining the
received signals from the source and relay for decoding s>
by using MRC after SIC, which leads to the fact that s; is not
interference-limited and its corresponding SNR continuously
increases as oy increases.

In Fig. 3, we plot the ergodic sum rate versus the trans-
mit SNR of the relay p, with a fixed transmit SNR of the
source pg = 20 dB. From this figure, we can observe
that our proposed CONOMA-TPSC scheme obtains signif-
icant advantages over the NCRS-NOMA and CRS-NOMA
schemes when p; # p,. We also observe that the ergodic sum
rates of these schemes converge to some specific ceilings in
the high regime of p,, which is due to the fact that p; is the
dominant impact factor on the performance of these schemes
when p, is high. From Fig. 2 and Fig. 3, we can see that our
proposed CONOMA-TPSC scheme can still outperform the
NCRS-NOMA and CRS-NOMA schemes in the special case
of p; = p;, although the performance gain is lower than that
achieved in the case with pg # p;.

In Fig. 4, we plot the outage probability versus the transmit
SNR at the source. We set by = 0.7, b = 0.3, and R| =
R» = 1. We can find that the performance of the outage proba-
bility is getting better with the increases of the transmit power
of the source in all these schemes, and our proposed scheme
achieves the best performance, especially when the transmit
power of the source is large since we employ superposition
coding at R-D phase.

From Fig. 2 and Fig. 4, we can observe that the
NCRS-NOMA scheme gains little advantage over the
CRS-NOMA scheme in this situation. We can also find that
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FIGURE 4. The outage probability achieved by the CONOMA-TPSC,
NCRS-NOMA, and CRS-NOMA schemes versus the transmit SNR ps
with b] =0.7, bZ =0.3, pr = 10 dB, k=0, and R] = RZ =1

our proposed scheme significantly outperforms the existing
CRS-NOMA schemes, since we employ the superposition
coding at the relay.

In Fig. 5, we plot the system throughput versus the
transmission SNR at the source for CONOMA-TPSC,
NCRS-NOMA, and CRS-NOMA schemes. We set the target
rates as Ry = 0.8 and R, = 1.2. It can be easily
seen that the proposed CONOMA-TPSC scheme outper-
forms the NCRS-NOMA, and CRS-NOMA schemes in
terms of throughput performance. It can also be observed
that the system throughput converges to a constant for
the CONOMA-TPSC, NCRS-NOMA, and CRS-NOMA
schemes with the increase of p;. Furthermore, the through-
put of the CONOMA-TPSC tends to the sum value of
R1 and R», and the throughput ceilings of the NCRS-NOMA
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FIGURE 5. The system throughput achieved by the CONOMA-TPSC,

NCRS-NOMA, and CRS-NOMA schemes versus the transmit SNR ps
with b| =0.7, b2 =0.3, pr =10dB, ¥« =0, and Ry =Ry =1.
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FIGURE 7. The ergodic sum rate achieved by the CONOMA-TPSC scheme
versus the transmit SNR ps with different values of « when b; = 0.7,
bz = 0.3, and pr = 10 dB.

and CRS-NOMA schemes are lower than that of our proposed
scheme. The reason is that in the high transmission SNR
region, the successful transmission probability 1 — Py, is
small and has little effect on the system throughput, and the
throughput only depends on the fixed target transmission
rates Ry and R;. In addition, we can observe that the outage
probabilities of the NCRS-NOMA and CRS-NOMA schemes
tend to specific constants with the increase of p; in Fig. 4,
thereby making the system throughput slightly lower than the
sum value of R; and R;.

In Fig. 6, we investigate the influence of power alloca-
tion coefficient by (by = 1 — by) over the performance of
ergodic sum rate and outage probability for our proposed
CONOMA-TPSC scheme. In the top sub-figure, we show
the impact of the power allocation over the performance of
ergodic sum rate, while in the bottom sub-figure, the impact
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FIGURE 8. The outage probability achieved by the CONOMA-TPSC
scheme versus the transmit SNR ps with different values of x when
b] = 0.7, bz = 0.3, and pr = 10 dB.

on outage probability with Ry = R, = 1 is provided. It is
obvious that a good power allocation coefficients based on
the balance of the ergodic sum rate and outage probability
can achieve a remarkable gain in the NCRS-NOMA scheme
compared to the NCRS-NOMA and CRS-NOMA schemes.
In Fig. 7 and Fig. 8, we further examine the impact of the
channel estimation error on the ergodic sum rate and outage
probability. In this two figures, we can observe that the perfor-
mance of the system performance in terms of the ergodic sum
rate and outage probability becomes worse with the increase
of k, since a bigger « indicates a severer imperfect impact.

V. CONCLUSION

In this paper, we proposed a cooperative NOMA relaying
system CONOMA-TPSC and we derived the ergodic sum
rate, outage probability, and system throughput to character-
ize the performance of our proposed scheme with imperfect
CSI taken into account. The numerical results indicated that
our proposed scheme achieved a remarkable gain over the
existing schemes in [27] and [28]. It is noteworthy that power
allocation coefficients are very important to the performance
of CONOMA-TPSC. For future work, possible schemes that
allow the source to transmit the signal in the second time slot
with full-duplex decode-and-forward relay will be involved
in order to make a further enhancement on the system perfor-
mance, and new emerging technologies like Massive MIMO
will be considered in our future works.
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