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Abstract

In this paper, an enhanced transmission scheme for cooperative relaying networks with non-orthogonal multiple
access (ECRN-NOMA) is proposed. In the proposed scheme, two different kinds of transmission schemes are
investigated which are the single signal transmission and the enhanced superposition transmission schemes.
Particularly, for the single transmission scheme, a successive interference cancellation (SIC) is utilized to decode the
received signal, sent by the relay, at the destination. On the other hand, for the enhanced superposition coded signal
transmission scheme, a maximum ratio combining (MRC) is utilized at the destination to improve the ergodic
sum-rate (SR) of the proposed system. Specifically, two power allocation (PA) strategies are comprehensively
discussed to characterize the performance of our proposed scheme. The achievable average SR of the proposed
systems are analyzed for independent Rayleigh fading channels, and also their asymptotic expressions are also
provided. Qualitative numerical results corroborating our theoretical analysis show that the enhanced superposition
coded signal transmission scheme applied to the proposed ECRN-NOMA improves the SR performance significantly in
comparison to the others.
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1 Introduction
A non-orthogonal multiple access (NOMA) technique
has been widely considered as a promising multiple
access (MA) potential candidate for future wireless net-
works due to its superior spectral efficiency [1, 2]. Dif-
ferent from the traditional orthogonal multiple access
(OMA) techniques [3, 4] such as frequency-division mul-
tiple access (FDMA) and time-division multiple access
(TDMA), NOMA explores the non-orthogonal resource
allocation. The key idea of NOMA is to explore the power
domain for realizing MA, where different users are served
at different power levels [5]. In NOMA, signals of mul-
tiple users are superimposed in the power domain at the
transmitter while the successive interference cancellation
(SIC) is conducted on the received superimposed signal at
the receiver, respectively. As composing a superimposed
signal for transmission, an uneven power allocation can
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be used in general so that a receiver with a lower chan-
nel gain is assigned with a higher power and a receiver
with a higher channel gain with a lower power. Further-
more, the authors in [6] provided an overview of the
latest NOMA research and innovations as well as their
applications. Since multiple users can be served simulta-
neously, it is also shown that NOMAnetworks also reduce
the delay since users are no longer forced to wait until
an orthogonal resource block becomes available. A com-
prehensive overview of the present and emerging power-
domain SC-based NOMA research into 5G is studied in
[7], where it also offers a general view of some implemen-
tation issues, including computational complexity, error
propagation, deployment environments, and standardiza-
tion status. In addition, a resource allocation for downlink
non-orthogonal multiple access systems is proposed in
[8], in which, the former pairs the users to obtain the high
capacity gain, while the latter allocates power to users
to balance system throughput and user fairness. Further-
more, the authors in [9] investigated a dual-hop cooper-
ative relaying scheme using NOMA, where two sources
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communicate with their corresponding destinations via a
common relay.
Conventionally, due to the compatibility of the NOMA

technology with other communication technologies, it
can be integrated in existing and future wireless sys-
tems. In [10–13], the secrecy issue of NOMA has been
considered, which improves the security capability, the
reliability and the transmission rate in the physical layer
communication. In [14], the authors have proposed a
complete resource allocation-based user selection scheme
which has a low computational complexity with excel-
lent performance for both perfect and imperfect channel
state information (CSI) scenarios. Moreover, a best-near
best-far user selection scheme is proposed in [15]. The
application of cooperative simultaneous wireless informa-
tion and power transfer (SWIPT) to NOMA networks are
investigated in [15–18], where the NOMA-strong users
are considered as energy harvesting relays to help the
NOMA-weak users. It is worth noting that, on top of their
spectral efficiency and outage performance, the fairness
is also an important issue in NOMA systems [19, 20],
since there is a trade-off between the total throughput
and the user fairness. In addition, since index modula-
tion (IM) [21–26] technology has the superiorities for the
energy efficiency and low complexity, the authors inves-
tigated NOMA-based IM to mitigate inter-user interfer-
ence, while maintaining high spectral efficiency [27, 28].
Moreover, multiple-input multiple-output (MIMO)

[29–31] systems have been widely considered as a candi-
date for the fifth generation (5G) wireless communication
due to their transmission reliability. The authors in [32]
proposed cooperative NOMA systems in MIMO chan-
nels, which maximizes the achievable rate from the base
station to the cell-edge user under transmit power con-
straints and achievable rate constraint from the base sta-
tion to the central user. Considering the imperfect channel
state information (CSI), a robust beamforming design is
investigated for NOMA systems in MIMO channels [33].
Specifically, the joint power allocation and relay beam-
forming design for a NOMA amplify-and-forward (AF)
relay network is studied in [34], where an alternating
optimization-based algorithm is proposed to maximize
the achievable rate of the destination.
Recently, the cooperative relay networks (CRNs) are

drawing much attention because the relaying transmis-
sion is a promising technique which can be applied to
increase the system capacity. Currently, the CRN-NOMA
systems are widely studied [1, 15, 16, 18, 35–41]. In [35],
a NOMA-based cooperative relaying system over Rician
fading channels is studied and an analytical framework is
developed to evaluate its performance. In [36], an accu-
rate closed form approximation is obtained for the exact
outage probability of a CRN-NOMA with an amplify-
and-forward (AF) relay. Specifically, in [37], the resource

allocation problem is studied for a NOMA wireless net-
work with a one-way orthogonal frequency division mul-
tiplexing (OFDM) AF relay in order to optimize sub-
channel assignment and power allocation. In addition,
the work of the NOMA-based cooperative AF relaying
strategy over Nakagami-m fading channels is introduced,
and the authors show that the cooperative NOMA out-
performs conventional OMA systems [38]. A cooperative
NOMA transmission technique using MRC is studied in
[1]. This technique exploits prior information in NOMA
systems.Moreover, the work of NOMA in the coordinated
direct and relay transmission (CDRT) with the decode-
and-forward (DF) protocol has been introduced in [39],
it includes exact and asymptotic expressions for achiev-
able rates of the system driven in independent Rayleigh
fading channels. Since the performance of the achiev-
able rate is limited by a poor channel, a novel receiver
design for the CRN-based NOMA by using MRC is pro-
posed in [40], which has advantages in the view point of
ergodic SR and outage probability. Unfortunately, the pro-
posed scheme in [40] requires a symbol allocated with
a lower power to be decoded first, which degrades the
outage performance. In order to further improve the out-
age performance, a two-stage power allocation CRS using
NOMA is proposed in [41], in which the relay nodes for-
ward a new superposition-coded symbol with a different
power allocation.
Consider a superposition-coded signal is transmitted to

the relays. In our proposed system, there are three kinds of
transmissions, namely, CTRS-NOMA superposition case,
CTRS-NOMA single case I, and CTRS-NOMA single
case II, respectively. For the CTRS-NOMA superposition
case, both of two relay nodes forward the superposition
coded signal xR to the destination. Without loss of gener-
ality, for the CTRS-NOMA single case, we discussed two
kinds of the power allocation schemes, i.e., for relay nodes
i, the transmitted symbol xi is allocated with a higher PA
factor for case I, while a lower PA factor for case II. There-
fore, in this manner, the proposed CTRS-NOMA sin-
gle case contains all the possible transmission strategies,
which is necessary to employ two relays to support that
of the strategies. In addition, the proposed scheme is pos-
sible to provide the mentality to study the multi-relaying
systems and applicable in the future cooperative NOMA
networks. These motivate us to investigate an enhanced
transmission scheme with two relays. The implementa-
tions and contributions of this paper are summarized in
the following:

• In order to further improve the ergodic SR, we
comprehensively investigate an enhanced 2-stage
superposed transmission scheme for CRN-NOMA
with two relays is considered, where, unlike existing
works, not only the source but also the relays are
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allowed to transmit superposition-coded signals,
which is more general and challenging.

• Without loss of the generality, in the proposed
system, two different kinds of transmission schemes
are proposed. Specifically, the first scheme is named
CTRS-NOMA single case, which is similar to the
single relay scenario. Upon a reception from the
source, each relay decodes-and-forwards a single
corresponding symbol to the destination. Assuming
that the CSI is perfectly known at the destination, the
received signals can be decoded by utilizing SIC. In
addition, two kinds of PA methods are analyzed.
Specifically, the signal with more power at the source
is allocated with a lesser power at the relay, while the
other signal with lesser power at the source is
allocated with a more power at the relay. Otherwise,
an opposite PA scheme is considered. On the other
hand, the second scheme is named CTRS-NOMA
superposition case; unlike the existing works, not
only source but also all relay nodes are allowed to
forward superposition-coded signals to the
destination. Upon a signal reception, MRC is utilized
to maximize the system performance.

• Closed-form solutions of the ergodic SR for all the
transmission schemes at high transmit signal-to-noise
ratio (SNR) are derived with a negligible performance
loss. It is worth noting that, there is few works that
focus on the 2-stage superposed transmission for
multiple relay networks, since it is hard to obtain the
exact expression of the ergodic SR. Furthermore, the
theoretical results are shown to highly agree with the
simulation results, especially in the high SNR region.

• Through the numerical results, both analytically and
numerically, we compare the proposed NOMA
schemes with the TDMA scheme in terms of ergodic
SR. It is shown that, the proposed CTRS-NOMA
superposition case outperforms the TDMA and other
two NOMA schemes significantly.

The rest of the paper is organized as follows. Section 2
describes a system model of the CTRS-NOMA and two
proposed transmission schemes. In Section 3, the perfor-
mance of two proposed systems in terms of achievable
ergodic SRs are analyzed, and the numerical results are
presented in order to corroborate the performance of two
schemes of our CTRS-NOMA system in Section 4. Finally,
Section 5 concludes this paper.

2 Systemmodel
Consider a simple CTRS consisting of one source, two
relays, and one destination, and assume all nodes oper-
ate in a half-duplex mode, where the decode-and-forward
(DF) scheme is considered, as shown in Fig. 1. The chan-
nels from the source to the relay node i ∈ {1, 2} and from

the relay node i to the destination are denoted as hSRi and
hRiD, respectively, and they are assumed to be indepen-
dent complex Gaussian random variables with variances
αSiR, and αRiD, respectively. In our proposed scheme, each
transmission involves two time slots. Note that according
to the NOMA principle, the power allocation factors a1
and a2 are with a1 > a2 and a1+a2 = 1, which are related
to the quality of the channel coefficients. At the first time
slot, assuming the adoption of the superposition code, the
superposed signal

√
a1Ptx1 + √

a2Ptx2 (1)

is transmitted from the source to the relay node i, where
xi denotes the broadcasted symbol at the source, and Pt
stands for the total transmit power.
The received signal at the relay node i is given by

yRi = hSRi
(√

a1Ptx1 + √
a2Ptx2

)
+ nRi , (2)

where nRi ∼ CN (0, σ 2) denotes the additive white
Gaussian noise (AWGN) with zero mean and variance σ 2

Ri .
Consider that the NOMA decoding principle requires

the symbol with more allocated power to be decoded first.
In order to successfully and simultaneously decode x1 and
x2 at the relay i, the SIC technique is utilized. Obtaining
the transmitted signals in this manner, the reception SNRs
for x1 and x2 at the relay i can be respectively expressed as

γ
(x1)
Ri =

∣∣hSRi
∣∣2 a1ρ

∣∣hSRi
∣∣2 a2ρ + 1

, γ
(x2)
Ri = ∣∣hSRi

∣∣2 a2ρ, (3)

where ρ = Pt
σ 2
Ri
is the transmission SNR.

2.1 Proposed CTRS-NOMA superposition case
At the second time slot of the proposed CTRS-NOMA
superposition case, both of two relay nodes forward the
superposition-coded signal xR to the destination

xR =
√
b1x1 +

√
b2x2, (4)

where bi, with b1+b2 = 0.5 and b1 > b2, is the new power
allocation coefficient, where the similar PA assumption of
ai is considered. By utilizing aMRC reception at the desti-
nation, the corresponding received SNR for x1 and x2 are
given as

γ
(x1)
D = b1

∣∣hR1D
∣∣2 ρ

b2
∣∣hR1D

∣∣2 ρ + 1
+ b1

∣∣hR2D
∣∣2 ρ

b2
∣∣hR2D

∣∣2 ρ + 1
, (5)

and

γ
(x2)
D = b2

∣∣hR1D
∣∣2 ρ + b2

∣∣hR2D
∣∣2 ρ. (6)



Duan et al. EURASIP Journal onWireless Communications and Networking  (2018) 2018:165 Page 4 of 14

Fig. 1 The proposed cooperative two relaying system with NOMA

Therefore, the achievable SR for the proposed CRS-
NOMA can be obtained from

Csum = 1
2
log2

(
1 + min

{
γ

(x1)
R1 , γ (x1)

R2 , γ (x1)
D

})

+1
2
log2

(
1 + min

{
γ

(x2)
R1 , γ (x2)

R2 , γ (x2)
D

})
. (7)

2.2 Proposed CTRS-NOMA single case
In this case, we further investigate a relay transmis-
sion method considered in [39] for our proposed CTRS-
NOMA system as a benchmark. After a signal reception
from the source, two relay nodes simultaneously DF the
signals to the destination node during the second time
slot. In this scenario, we assume that the relay node i for-
wards the signal xi to the destination. The received signal
at destination can be expressed as

yD = √
cihR1Dxi + √cihR2Dxi + nD, (8)

where nD ∼ CN (0, σ 2) denotes AWGN with zero mean
and variance σ 2

RD and ci is the new PA factor with c1+c2 =
1 and c1 > c2.
Case 1: If x1 is allocated with PA factor c1, the corre-

sponding received SNR for x1 and x2 are given as

γ
(x1)
I = c1

∣∣hR1D
∣∣2 ρ

c2
∣∣hR2D

∣∣2 ρ + 1
, γ

(x2)
I = c2

∣∣hR2D
∣∣2 ρ, (9)

with the achievable SR for the proposed CTRS-NOMA
single case I can be obtained from

C(I) = 1
2
log2

(
1 + min

{
γ

(x1)
R1 , γ (x1)

R2 , γ (x1)
I

})

+1
2
log2

(
1 + min

{
γ

(x2)
R1 , γ (x2)

R2 , γ (x2)
I

})
. (10)

Case 2: Without loss of the generality, if x2 is allocated
with PA factor c1, the corresponding received SNR for x1
and x2 are given as

γ
(x1)
II = c2

∣∣hR1D
∣∣2 ρ , γ

(x2)
II = c1

∣∣hR2D
∣∣2 ρ

c2
∣∣hR1D

∣∣2 ρ + 1
, (11)

with the achievable SR for the proposed CTRS-NOMA
single case II as

C(II) = 1
2
log2

(
1 + min

{
γ

(x1)
R1 , γ (x1)

R2 , γ (x1)
II

})

+1
2
log2

(
1 + min

{
γ

(x2)
R1 , γ (x2)

R2 , γ (x2)
II

})
. (12)

3 Achievable ergodic SR analysis
In this section, the achievable ergodic SR of our proposed
CTRS-NOMA system is analyzed in detail; the closed-
form expressions are obtained for the achievable ergodic
SRs assuming that each independent channel undergoes
Rayleigh fading.

3.1 Achievable SR for the proposed CTRS-NOMA single
case I

Further denoting
∣∣hSRi

∣∣2 = βSRi and
∣∣hRiD

∣∣2 = βRiD, we
have

min
{
γ

(x1)
R1 , γ (x1)

R2 , γ (x1)
I

}
=min

{
βSR1a1ρ

βSR1a2ρ+1
,

βSR2a1ρ
βSR2a2ρ+1

,

βR1Dc1ρ
βR2Dc2ρ + 1

}
,

Letting X = min
{
γ

(x1)
R1 , γ (x1)

R2 , γ (x1)
I

}
, the complemen-

tary cumulative distribution function (CCDF) of X can be
obtained as

FX(x) = Pr
{

βSR1a1ρ
βSR1a2ρ + 1

> x,
βSR2a1ρ

βSR2a2ρ + 1

> x,
βR1Dc1ρ

βR2Dc2ρ + 1
> x

}
.

(13)
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Noting that the CCDF of βδ = e−
x
αδ , for δ ∈ {SRi,RiD},

when x < a1
a2 , (13) can be equivalently represented as

FX(x) =
[
EβR2D

[
Pr

{
βR1D >

(
c2βR2D

c1
+ 1

c1ρ

)
x
}]]

FSR1

(
x

a1ρ − a2ρx

)

× FSR2

(
x

a1ρ − a2ρx

)

= 1
αR2D

e
− x

a1ρ−a2ρx

(
1

αSR1
+ 1

αSR2

)
− x

c1ραR1D
∫ ∞

0
e
−u

(
c2x

c1αR1D
+ 1

αR2D

)

du

= c1αR1D
c2αR2Dx + c1αR1D

e
− x

a1ρ−a2ρx

(
1

αSR1
+ 1

αSR2

)
− x

c1ραR1D ,

(14)

where E[ ·] stands for the statistical expectation. For the
case x > a1

a2 , FX(x) = 0 always holds due to

βSR1a1ρ
βSR1a2ρ + 1

<
a1
a2

. (15)

Since the derivatives of (14) with respect to 1
1+x is

quite involved, we try to find an approximation result by
considering the high transmission SNR, i.e., ρ � 0, as
follows

FX(x) ∼ c1αR1D
c2αR2Dx + c1αR1D

e
− x

c1ραR1D , for x <
a1
a2

. (16)

With (16) and using the equality
∫ ∞

0
log2 (1 + x) fX(x)dx = 1

2ln2

∫ ∞

0

1 − F(x)
1 + x

dx, (17)

for the high SNR case, the achievable ergodic rate for x1
can be obtained as follows

C(x1)

I

=
∫ a1

a2
0

1
2
log2 (1 + x) dFX (x) + 1

2
log2

(
1 + a1

a2

)(
1 − FX

(
a1
a2

))

= 1
2
log2

(
1+ a1

a2

)
− 1

2ln2

∫ a1
a2

0

1
1+x

(

1− c1αR1D
c2αR2Dx+c1αR1D

e
− x
c1ραR1D

)

dx

= 1
2ln2

∫ a1
a2

0

c1αR1D
c2αR2Dx + c1αR1D

e
− x
c1ραR1D

1 + x
dx

= 1
2ln2

c1αR1D
c2αR2D−c1αR1D

(

e
1

c1ραR1D
[

Ei
(

− 1
c1ραR1D

)

−Ei
(

− 1
a2c1ραR1D

)]

−e
1

c2ραR2D
[

Ei
(

− 1
c2ραR2D

)

− Ei
(

− 1
c2ραR2D

− a1
a2c1ραR1D

)])

,

(18)

where the second term in (18) is simplified by using
∫ u

0

e−μxdx
x + β

= eμβ [Ei (−μu − μβ) − Ei (−μβ)] (19)

[42, Eq. (3.352.1)], and Ei(·) denotes the exponential inte-
gral function.

Correspondingly, letting Y = min
{
γ

(x2)
R1 , γ (x2)

R2 , γ (x2)
I

}
,

CCDF of Y can be obtained as

FY (y) = {
βSR1a2ρ > y,βSR2a2ρ > y, c2βR2Dρ > y

}

= FSR1

(
y

a2ρ

)
FSR2

(
y

a2ρ

)
FR2D

(
y

c2ρ

)

= e
− y

c2ραR2D
− y

a2ραSR1
− y

a2ραSR2 . (20)

By taking derivative of (20), the PDF of Y can be
obtained as

fY (y) =
(

1
c2ραR2D

+ 1
a2ραSR1

+ 1
a2ραSR2

)

e
− y

c2ραR2D
− y

a2ραSR1
− y

a2ραSR2 .
(21)

From (20) and (21), the achievable ergodic rate for x2
can be calculated as

C(x2)
I = 1

2ln2

∫ ∞

0

e
− y

c2ραR2D
− y

a2ραSR1
− y

a2ραSR2

1 + x
dy

= e
1

c2ραR2D
+ 1

a2ραSR1
+ 1

a2ραSR2

2ln2
Ei

(
− 1
c2ραR2D

− 1
a2ραSR1

− 1
a2ραSR2

)
.

(22)

where the integral result
∫ ∞

0

e−μxdx
x + β

= eμβEi (−μβ) (23)

[42, Eq. (3.352.4)] is used. Combing (18) and (22), the
achievable SR can be finally expressed as

C(I)

= 1
2ln2

c1αR1D
c2αR2D − c1αR1D

(
e

1
c1ραR1D

[
Ei

(
− 1
c1ραR1D

)

− Ei
(

− 1
a1c1ραR1D

)

− e
1

c2ραR2D

[
Ei

(
− 1
c2ραR2D

)
− Ei

(
− 1
c2ραR2D

− a2
a1c1ραR1D

)])

+ 1
2ln2

e
1

b2ραR2D
+ 1

a2ραSR1
+ 1

a2ραSR2 Ei
(
− 1
b2ραR2D

− 1
a2ραSR1

− 1
a2ραSR2

)
.

(24)
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3.2 Achievable SR for the proposed CTRS-NOMA single
case 2

Denoting J = min
{
γ

(x1)
R1 , γ (x1)

R2 , γ (x1)
II

}
, the CCDF of J

can be obtained as

FJ (j) = Pr
{

βSR1a1ρ
βSR1a2ρ + 1

> J ,
βSR2a1ρ

βSR2a2ρ + 1

> J , c2βR1Dρ > J βSR1a1ρ
βSR1a2ρ + 1

}
.

(25)

Considering a high SNR case, the closed-form expres-
sion of J is given as

FJ (j) ∼ e
− j

c2ραR1D , for j <
a1
a2

, (26)

with the corresponding ergodic rate as

C(x1)
II = 1

2ln2

∫ a1
a2

0

e
− j

c2ραR1D

1 + j
dj

= 1
2ln2

e
1

c1ραR1D

[
Ei

(
− 1
a2c2ραR1D

)

−Ei
(

− 1
c2ραR1D

)]
,

(27)

wherewhere
∫ u
0

e−μxdx
x+β

= eμβ [Ei (−μu − μβ) − Ei (−μβ)]
[42, Eq. (3.352.1)] is used.
On the other hand, for T = min

{
γ

(x2)
R1 , γ (x2)

R2 , γ (x2)
II

}
, the

CCDF of T can be obtained as follows

FT (t) =
{
βSR1a2ρ > T ,βSR2a2ρ > T ,

c1βR2Dρ

c2βR1Dρ + 1
> T

}

= FSR1

(
t

a2ρ

)
FSR2

(
t

a2ρ

)[
EβR1D

[
Pr

{
βR2D >

( c2βR1D
c1

+ 1
c1ρ

)
t
}]]

= 1
αR1D

e
− t
a2ρ

(
1

αSR1
+ 1

αSR2

)
− t
c1ραR2D

∫ ∞
0

e
−u

(
c2t

c1αR2D
+ 1

αR1D

)

du

= c1αR2D
c2αR1Dt + c1αR2D

e
− t

a2ρ

(
1

αSR1
+ 1

αSR2

)
− t

c1ραR2D ,

(28)

and the corresponding closed-form expression for the
ergodic rate of x2 can be written as follows

C(x2)
II = 1

2ln2

∫ ∞

0

c1αR2D
c2αR1Dt + c1αR2D

e
− t

a2ρ

(
1

αSR1
+ 1

αSR2

)
− t

c1ραR2D

1 + t
dt

= 1
2ln2

c1αR2D
c1αR2D − c2αR1D

[

eK1Ei (−K1) − e
c1αR2DK1
c2αR1D

Ei
(

− c1αR2DK1
c2αR1D

)]
,

(29)

where K1 = 1
a2ρ

(
1

αSR1
+ 1

αSR2

)
+ 1

c1ραR2D
. Synthesizing

(27) and (29), the achievable SR can be expressed as

C(II) = 1
2ln2

e
1

c1ραR1D

[
Ei

(
− 1
a2c2ραR1D

)

−Ei
(

− 1
c2ραR1D

)]

+ 1
2ln2

c1αR2D
c1αR2D−c2αR1D

[

eK1Ei (−K1)− e
c1αR2DK1
c2αR1D

Ei
(

− c1αR2DK1
c2αR1D

)]
.

(30)

3.3 Achievable SR for the proposed CTRS-NOMA
superposition case

For our proposed CRS-NOMA scheme, the correspond-
ing SNRs for x1 are given as

min
{
γ

(x1)
R1 , γ (x1)

R2 , γ (x1)
D

}

=min
{

βSR1a1ρ
βSR1a2ρ + 1

,
βSR2a1ρ

βSR2a2ρ + 1
,

b1
∣∣hR1D

∣∣2 ρ

b2
∣∣hR1D

∣∣2 ρ + 1

+ b1
∣∣hR2D

∣∣2 ρ

b2
∣∣hR2D

∣∣2 ρ + 1

}

.

Assuming V = min
{
γ

(x1)
R1 , γ (x1)

R2 , γ (x1)
D

}
, the CCDF of V

can be obtained from

FV(v)

= min
{

βSR1a1ρ
βSR1a2ρ + 1

> v,
βSR2a1ρ

βSR2a2ρ + 1

> v,
b1

∣∣hR1D
∣∣2 ρ

b2
∣∣hR1D

∣∣2 ρ + 1
+ b1

∣∣hR2D
∣∣2 ρ

b2
∣∣hR2D

∣∣2 ρ + 1
> v

}

.

(31)
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a b

Fig. 2 The extended system model. a The K pairs of source nodes scenario. b The T relay nodes scenario

It is clear that the derivative of (31) is quite involved. We
turn to an approximation of it for the higher SNRs. With
the approximations

b1
∣∣hR1D

∣∣2 ρ

b2
∣∣hR1D

∣∣2 ρ + 1
+ b1

∣∣hR2D
∣∣2 ρ

b2
∣∣hR2D

∣∣2 ρ + 1
∼ 2b1

b2
, (32)

βSR1a1ρ
βSR1a2ρ + 1

∼ a1
a2

, and
βSR2a1ρ

βSR2a2ρ + 1
∼ a1

a2
, (33)

for ρ � 1, we have

C(x1)
D ∼ 1

2
log2

(
1 + min

{
a1
a2

,
2b1
b2

})
. (34)

Otherwise C(x1)
D = 0, βSR1a1ρ

βSR1a2ρ+1 < a1
a2 ,

βSR2a1ρ
βSR2a2ρ+1 < a1

a2 ,

and b1βR1Dρ

b2βR1Dρ+1 + b1βR2Dρ

b2βR2Dρ+1 < 2b1
b2 always hold.

On the other hand, for x2, letting

G = min
{
γ

(x2)
R1 , γ (x2)

R2 , γ (x2)
D

}
,

the CCDF of G can be obtained from

Fig. 3 The ergodic SRs achieved by our proposed CTRS-NOMA single case I, CTRS-NOMA single case II, CTRS-NOMA superposition case, and the
TDMA scheme with fixed αSR1 = 5, αSR2 = 1, αR1D = 2, αR2D = 20, b1 = 0.4, and a1 = c1 = {0.6, 0.8} versus the transmission SNR
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Fig. 4 The ergodic SRs achieved by our proposed CTRS-NOMA single case I, CTRS-NOMA single case II, CTRS-NOMA superposition case, and the
TDMA scheme with fixed a1 = c1 = 0.7, b1 = 0.3, αSR1 = αSR2 = 10, αR1D = 2, and αR2D = {10, 40} versus the transmission SNR

FG (g) = Pr
{
βSR1a2ρ > g,βSR2a2ρ > g,βR1Db2ρ + βR2Db2ρ > g

}

= FβSR1

(
g

a2ρ

)
FβSR2

(
g

a2ρ

)[
EβR2D

[
Pr

{
βR1D >

g
b2ρ

− βR2D

}]]

= 1
αR2D

e
− g

b2ραR1D
− g

a2ραSR1
− g

a2ραSR2
∫ g

b2ρ

0
e

u
αR1D

− u
αR2D du

+ 1
αR1D

e
− g

a2ραSR1
− g

a2ραSR2
∫ ∞

g
b2ρ

e
− u

αR2D du

= αR1D
αR1D − αR2D

e
− g

b2ραR1D
− g

a2ραSR1
− g

a2ραSR2

+ αR2D
αR1D − αR2D

e
− g

a2ραSR1
− g

a2ραSR2
− g

b2ραR2D .

(35)

Therefore, lettingD1 = − 1
b2ραR1D

− 1
a2ραSR1

− 1
a2ραSR2

and
D2 = − 1

a2ραSR1
− 1

a2ραSR2
− 1

b2ραR2D
, substituting (35) back

into (17), the closed form of ergodic rate for x2 is given as

C(x2)
D = 1

2ln2

∫ ∞

0

αR1D
αR1D−αR2D

eD1g + αR2D
αR1D−αR2D

eD2g

1 + g
dg

= αR1De−D1Ei (D1)

2ln2
(
αR1D − αR2D

) − αR2De−D2Ei (D2)

2ln2
(
αR1D − αR2D

) , (36)

where
∫ ∞
0

e−μxdx
x+β

= eμβEi (−μβ) [42, Eq. (3.352.4)] is used
in the second term. Finally, the closed-form expression of
SR for the conventional NOMA can be denoted as

Csum
D = αR1De−D1Ei (D1)

2ln2
(
αR1D − αR2D

) − αR2De−D2Ei (D2)

2ln2
(
αR1D − αR2D

)

+ 1
2
log2

(
1 + min

{
a1
a2

,
2b1
b2

})
.

Discussion: Figure 2 displays two extended systemmod-
els. One is the multipair scenario with two relay nodes and
K pairs of source nodes while the other is Z relay nodes
scenario with two source nodes, whereZ is an even integer
with Z ≥ 2.
In Fig. 4a, each pair of source and destination (S-D)

want to communicate with each other via two relay nodes,
which can be seen as a group. The received signals at each
relay can be given as

yRi =
K∑

k=1
hSkRi

(√
a1,kPtx1,k + √

a2,kPtx2,k
)

+ nRi , (37)

where hSkRi denotes the channels from the source node
k to the relay node i for k ∈ {1, ...,K}, and i = 1, 2.
a1,k and a2,k are the power allocation factors employed at
source k with a1,k > a2,k and a1,k + a2,k = 1. Without loss
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Fig. 5 The ergodic SRs achieved by our proposed and the conventional OMA schemes versus power allocation factors a1 with fixed b1 = 0.35 and
c1 = 0.7 for different transmit SNRs as ρ = {25, 35} dB

of generality, according to the NOMA principle, the sym-
bol allocated with more transmit power will be decoded
first. Similar to the proposed CTRS-NOMA superposi-
tion case, the relay will forward decoded signals with new
superposition coding to the destination

xRi =
K∑

j=1

(√
bi,2j−1Ptx1,k +

√
bi,2jPtx2,k

)
, (38)

where bi,j is the new PA factor at relay i with
∑K

j=1
(
bi,2j−1 + bi,2j

) = K . Finally, each destination will
decode their desired signal by using SIC.
In Fig. 1b, a cooperative networks consisting of one

source, one destination and L (even number) relay nodes
is considered. It is easy to see that each two relays can be
seen as a group, and the received signal for each relay is
given as

yRi = hSRi
M∑

m=1

√
amPtxm + nRi , (39)

where am is the PA factor at the source for m ∈ {1, ...,M}
with M ≤ L (decodable condition) and i = 1, 2. In this
systemmodel, each relay is feasible to follow the proposed

three transmission strategies. It is worth noting that the
total relay power constraint should be Pt . In addition, for
the CTRS-NOMA superposition case, there are total (T+
1)M PA factors, while for the CTRS-NOMA single case, it
is T + M.
Since that the finite power allocation factors and super-

posed transmission symbols should be considered which
is quite involved to derive the closed-form expressions
of the SR and PA factors, our future work will focus on
finding an approximate way to solve the problems.

4 Numerical results
In this section, we examine the performance of our pro-
posed CTRS-NOMA schemes in terms of the ergodic
SR. All results are averaged over 80,000 channel realiza-
tions. In the following figures, we use “simulation” and
“analysis” to denote the simulation and analytical results,
respectively. Figures 3 and 4 depict the ergodic SR per-
formance of our proposed CTRS-NOMA single case I,
CTRS-NOMA single case II, CTRS-NOMA superposi-
tion case, and the TDMA schemes versus the transmission
SNR. We have set fixed αSR1 = 5, αSR2 = 1, αR1D = 2,
αR2D = 20, b1 = 0.4, and a1 = c1 = {0.6, 0.8} in Fig. 3,
while a1 = c1 = 0.7, b1 = 0.3, αSR1 = αSR2 = 10,
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Fig. 6 The ergodic SRs achieved by our proposed CTRS-NOMA single case I, CTRS-NOMA single case II, and CTRS-NOMA superposition case versus
power allocation factors b2 for different transmit SNRs as ρ = {25, 35} dB

αR1D = 2, and αR2D = {10, 40} in Fig. 2. It is clear
that the CTRS-NOMA superposition case shows a bet-
ter performance compared with other three schemes, and
there is a good match between the simulation results and
the analysis results, especially at the high SNR region,
which supports the practical utility of our design. Remark-
ably, in Fig. 4, with increased PA factor a1 and c1, the
ergodic SR performance of CTRS-NOMA single case I
and CTRS-NOMA superposition case are also improved,
but decreased for the CTRS-NOMA single case II. Partic-
ularly, the improvement ergodic SR of the CTRS-NOMA
superposition case is small. This is because, for high SNR
case, i.e., ρ � 1, the ergodic rate of x1 is given as

C(x1)
D ∼ 1

2 log2
(
1 + min

{
a1
a2 ,

2b1
b2

})
= 1

2 log2
(
1 + a1

a2

)
, for

a1 = {0.6, 0.8} and b1 = 0.4. Onthe other hand, in Fig. 4,
the ergodic SR performance of CTRS-NOMA single case
II and CTRS-NOMA superposition case have improved
along with the increased αR2D while nomeaningful change
can be observed for the for the CTRS-NOMA single
case I.
Figures 5, 6, and 7 depict the ergodic SR performance

with respect to power allocation factors a1 and b2 for the
CTRS-NOMA superposition case, CTRS-NOMA single

case I, and CTRS-NOMA single case II, respectively. For
both figures, We have set fixed αSR1 = αSR2 = 10, αR1D =
αR2D = 2. In Fig. 5, comparisons are made with fixed
b1 = 0.35 and c1 = 0.7 for different transmit SNRs as
ρ = {25, 35} dB. As seen from the figure, there exists an
optimal value of a1 that maximizes the ergodic SR for the
CTRS-NOMA superposition case and CTRS-NOMA sin-
gle case I, which always outperforms the maximum value
of the CTRS-NOMA single case II. In addition, with the
increase of the SNR, the corresponding a1 for the opti-
mal ergodic SR will be close to 1. Particularly, in Figs. 6
and 7, to simplify the analysis, we further assume that
c2 = 2 ∗ b2. From the Figs. 6 and 7, we observe that the
optimal SR exists when b2 is close to 0.5 for the CTRS-
NOMA superposition case; and b2 is close to 0 for the
other two cases. Furthermore, for an increased a1, the
corresponding ergodic SR will be also increased for these
three cases.
Figures 8, 9, and 10 compare the ergodic SR perfor-

mance of the proposed CTRS-NOMA schemes versus
power allocation factors with fixed αSR1 = 1, αSR2 = 10,
αR1D = 1, αR2D = 2, and ρ = 25 dB. Themaximum results
of the ergodic SR are 3.9059 bps/Hz, 3.2252 bps/Hz, and
3.3605 bps/Hz, respectively, for Figs. 6, 7, and 8. In sum,
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Fig. 7 The ergodic SRs achieved by our proposed CTRS-NOMA single case I, CTRS-NOMA single case II, and CTRS-NOMA superposition case versus
power allocation factors b2

Fig. 8 The ergodic SRs achieved by our proposed CTRS-NOMA superposition case versus power allocation factors a1 and b1 with fixed αSR1 = 1,
αSR2 = 10, αR1D = 1, αR2D = 2, and ρ = 25 dB
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Fig. 9 The ergodic SRs achieved by our proposed CTRS-NOMA single case I versus power allocation factors a1 and c2 with fixed αSR1 = 1,
αSR2 = 10, αR1D = 1, αR2D = 2, and ρ = 25 dB

the ergodic SR of CTRS-NOMA superposition case has an
outstanding advantage over the other two CTRS-NOMA
schemes.

5 Conclusions
In this paper, considering the CTRS-NOMA system,
two cases named CTRS-NOMA superposition case and
CTRS-NOMA single case have been studied. Specifically,
for the CTRS-NOMA single case, two PA strategies have
been investigated. Also, for each one of three PA schemes,

the closed-form expression for the achievable ergodic
SR is derived. Numerical results have been presented to
corroborate the theoretical analyses, and the results have
shown us that the performance of the ergodic SR for
the CTRS-NOMA superposition case gains a significant
improvement and also outperforms the CTRS-NOMA
single case. It remains a future work to investigate the
design rule for the time slot length and the efficient
slot assignment method for users with different QoS
requirements.

Fig. 10 The ergodic SRs achieved by our proposed CTRS-NOMA single case II versus power allocation factors a1 and c2 with fixed αSR1 = 1,
αSR2 = 10, αR1D = 1, αR2D = 2, and ρ = 25 dB
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