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Abstract: In this paper, we investigate a relay-assisted cooperative spectrum sharing for the considered
non-orthogonal multiple access (NOMA) scheme in cognitive radio networks, where the relay node
assists the base station (BS) to transmit the superimposed composite signal to two receivers by
utilizing an amplified-and-forward (AF) technique with simultaneous wireless information and
power transfer (SWIPT). The exact expressions for outage probabilities of two receivers are derived in
closed forms. Moreover, a joint optimization of power allocation and the proportion of information
splitting for energy harvesting is proposed in terms of energy efficiency (EE) maximization under
required data reliability. Simulation results validate the analytical results since the analytical results
match well with simulation results and demonstrate the performance advantages of the proposed
scheme over other schemes and direct transmission.

Keywords: relay-assisted NOMA; simultaneous wireless information and power transfer;
amplified-and-forward relaying; outage probability; energy efficiency optimization

1. Introduction

Non-orthogonal multiple access (NOMA) has been regarded as a promising multiple access
technique for supporting massive machine-type communication scenarios due to its higher spectral
efficiency for ultra-dense network deployment [1,2]. The NOMA scheme is based on assigning higher
power to users with worse channel conditions, which will lead the users in cell-edge to get more energy.
Unlike conventional orthogonal multiple access (OMA) scheme, NOMA techniques can effectively
utilize same resource blocks such as time, frequency, and power, to implement multiple-access
applications, which could effectively improve the system transmission performance [3]. Therefore,
NOMA can provide massive connectivity, low latency, as well as high spectral efficiency and reliability
compared to OMA. However, the inter-cell interference is more severe in NOMA compared to OMA
due to biased power allocation toward users in cell-edge.

In addition, the improvement of the spectral sharing were widely studied in cognitive radio (CR)
networks, where the secondary users can either access the licensed spectrum belonging to primary
users without causing interference or opportunistically assist the data transmission of the primary
users in exchange for the spectrum sharing [4,5]. In practice, simultaneous wireless information and
power transfer (SWIPT) has emerged recently for low-power electronic devices, which can harvest
energy and process the information from radio frequency (RF) signals concurrently [6,7].

In the context of CR, the NOMA techniques have been investigated in [8–10]. A cooperative
transmission scheme aimed at exploiting the inherent spatial diversity of CR-NOMA system was
proposed for the application of downlink transmission [8]. The authors in [9] integrated the
NOMA technique into cognitive orthogonal frequency-division multiplexing (OFDM) systems.
An alternate iteration framework was proposed to jointly optimize the parameters, i.e., sensing duration,
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user scheduling, and power allocation, for maximizing the capacity of the system. A dual-hop underlay
CR-NOMA network was considered and the outage probability of the end-to-end was analyzed
as performance metric [10]. Furthermore, the reliability and security performance of cooperative
NOMA in CR networks was evaluated by developing a tractable analysis framework [11]. Recently,
combining NOMA with wireless-powered communication (WPC) networks has received a large
amount of attention. In [12], NOMA for the SWIPT system with two energy harvesting users was
investigated and the boundary of the rate region for the downlink was then derived. The authors
in [13] proposed a cooperative SWIPT-based NOMA protocol in multiple-input single-output (MISO)
systems, where the optimal beamforming and power splitting has been analyzed by utilizing equivalent
transform with semidefinite relaxation technique. Moreover, the error rate of relay-assisted NOMA
networks with SWIPT technique was investigated and the exact expression of pairwise error probability
was derived [14]. The EE optimization for CR-NOMA systems were also analyzed in [15] and [16].
In [15], an EE optimization problem with satisfying quality of service (QoS) for all users was considered
in a CR-NOMA network. In order to solve the non-convex optimization problem, an algorithm based
on Sequential Convex Approximation (SCA) method was then developed. For the SWIPT-based
CR-NOMA systems, the authors in [16] analyzed the EE optimization in both overlay network and
underlay network with corresponding transmission protocols. A cooperative NOMA scheme with
SWITP was proposed in underlay CR networks [17], where a relay first harvested energy from the
secondary transmitter based on power splitting scheme and then cooperatively forwarded the encoded
signals to two receivers.

In [17], the signal transmitting can only depend on the relay node when it can harvest energy
and correctly receive both signals for two receivers, i.e., the whole transmission process might be in
outage when the relay node failed to decode the received signals. In contrast with [17], we consider
the scenario whereby the signals can be directly transmitted to the receivers in the first phase while
the relay node performs energy harvesting, then the relay node assists the signals’ transmission to
receivers with AF scheme in the second phase. The main contributions of this work can be summarized
as follows.

• We develop a wireless energy harvesting and signal transmission protocol for the considered
non-orthogonal multiple access (NOMA) scheme in cognitive radio networks. In particular,
the whole transmission block is divided into two phases. During the first phase, the base station
(BS) transmits a superposed signal to receivers while the relay node harvests energy and obtains
data from the received signal. In the second phase, the relay node forwards the BS’s signals by
using the harvested energy.

• The exact expressions for the outage probabilities of both the receivers are derived and the
analytical results are validated through Monte Carlo simulations, which verifies the correctness of
our analyses.

• By considering the maximization of the average EE under the required transmission rates,
we propose a full-search algorithm to obtain the optimal power allocation and proportion
of information splitting coefficients, which provides a practical guideline that the optimized
coefficients enable the proposed protocol to achieve a better performance of EE compared with
other scheme and direct transmission.

The rest of this paper can be organized as follows: Section 2 illustrates the system model
and transmission protocol. In Section 3, exact outage probabilities for both receivers are derived,
and parameter optimization is analyzed. Section 4 contains simulation results and the conclusion of
this paper is summarized in Section 5.

2. System Model

We consider a relay-assisted NOMA scheme with SWIPT in cooperative cognitive radio networks,
as shown in Figure 1, where a BS provides information transmission service to two receivers (U1 and
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U2) with the assistance of relay node R, which harvests energy from the BS. With the execution of
NOMA scheme, more transmit power of BS is allocated for far users, while less transmit power for near
users. Each node is equipped with a single antenna operating in half-duplex mode. All channels are
assumed to undergo the quasi-static Rayleigh fading channel. Let hi j denote the channel from node i to

node j and the channel power gain is expressed as
∣∣∣hi j

∣∣∣2, which follows exponentially distributed with
mean λi j = d−θi j , where di j and θ denote the distance between nodes i and j, and pass-loss exponent,
respectively [18,19].
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The whole operation includes two equal phases. In the first phase, BS transmits the superposition-
coded signal xBS =

√
α1x1 +

√
α2x2 to nodes R, U1, and U2, where x1 and x2 are the desired signals of

U1 and U2, respectively, and power allocation coefficients are comprised as α1 and α2 with α1 + α2 = 1
(α1 > α2). Thus, the received signals at the nodes can be expressed as

yR =
√

PBShBSR(
√
α1x1 +

√
α2x2) + nR, (1)

yI
U1 =

√
PBShBSU1

(√
α1x1 +

√
α2x2

)
+ nU1,

yI
U2 =

√
PBShBSU2

(√
α1x1 +

√
α2x2

)
+ nU2,

(2)

respectively, where PBS is the transmit power of the BS, ni ∼ CN
(
0, δ2

i

)
(i = R, SU1, SU2) denotes the

additive white Gaussian noise (AWGN) at nodes. Based on the power splitting method, the received
signal at the node R can be divided into two streams, one for energy harvesting and the other for
information transfer. The observation for energy harvesting of R is given by√

βyR =
√
βPBShBSR(

√
α1x1 +

√
α2x2) +

√
βnR, (3)

where β ∈ (0, 1) denotes the portion of information split for energy harvesting. Then, the transmit
power of relay node R can be calculated as

PR = ηβPBS|hBSR|
2. (4)

Correspondingly, the received SINR in the first phase at U1 is given by

γI
U1 =

α1PBS|hBSU1|
2

α2PBS|hBSU1|
2 + δ2

U1

. (5)
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The SIC technique is applied at the U2, which first detects the signal of U1 and then obtains its desired
signal. Therefore, the SINRs for the U2 to detect both the signals of U1 and U2 are respectively
expressed as

γI
U2,1 =

α1PBS|hBSU2|
2

α2PBS|hBSU2|
2 + δ2

SU2

,γI
U2,2 =

α2PBS|hBSU2|
2

δ2
BSU2

. (6)

During the second phase, the relay node R forwards the residual signal
√

1− βyR based on the AF
scheme. Thus, the broadcasting information at the relay node R can be written as

xR = G
(√

1− βyR + nb
)
, (7)

where nb ∼ CN
(
0, δ2

b

)
denotes the AWGN introduced by the signal conversion from passband to

baseband at the node R, the power normalization factor G is given by

G =
1√

(1− β)
(
PBS|hBSR|

2 + δ2
R

)
+ δ2

b

≈
1√

(1− β)PBS|hBSR|
2

. (8)

Note that δ2
R is much smaller than the noise power introduced by the baseband circuit. Moreover,

compared with the (1− β)PBS|hBSR|
2, δ2

b can be neglected for high SNR. We thus assume δ2
R = 0 and

δ2
b = 0 for simplicity [20]. At the U1 and U2, the received signals can be written as

yII
U1 =

√
PRhRU1xR + nU1, yII

U2 =
√

PRhRU2xR + nU2. (9)

The received SINR for U1 can be given by

γII
U1 =

α1βηPBS|hBSR|
2
|hRU1|

2

α2βηPBS|hBSR|
2
|hRU1|

2 + βηδ2
R|hRU1|

2 +
βηδ2

b
1−β |hRU1|

2 + δ2
U1

. (10)

As previous operation of SIC at the U2, the U1’s signal is detected first and then subtracts the desired
signal of U2 from the residual signal. The corresponding SINRs for the U2 to successively detect two
signals are respectively given by

γII
U2,1 =

α1βηPBS|hBSR|
2
|hRU2|

2

α2βηPBS|hBSR|
2
|hRU2|

2 + βηδ2
R|hRU2|

2 +
βηδ2

b
1−β |hRU2|

2 + δ2
U2

, (11)

and

γII
U2,2 =

α2βηPBS|hBSR|
2
|hRU2|

2

βηδ2
R|hRU2|

2 +
βηδ2

b
1−β |hRU2|

2 + δ2
U2

. (12)

3. Outage Performance and Parameter Optimization

3.1. Outage Probability Analysis

The outage probability is defined as the probability that the achievable rate of the receiver is less
than the required threshold rate during a specified time block [21], which is the basis for calculating the
performance indicators of communication systems, i.e., spectral efficiency and energy efficiency [22–24].
Therefore, we will focus on obtaining the closed-form solution of the system’s outage probability in
this subsection. According to the above analysis, an outage event occurs when the achievable rates
for both users U1 and U2 are lower than the target data rate rD. Based on the SIC process at the U2,



Information 2020, 11, 500 5 of 12

the U1’s signal is detected first in both half phases. Thus, the probability to characterize such an outage
event for U2 can be formulated as

PU2
out =

(
1− Pr

{
γI

U2,1 ≥ RD,γI
U2,2 ≥ RD

})(
1− Pr

{
γII

U2,1 ≥ RD,γII
U2,2 ≥ RD

})
, (13)

where RD = 22rD − 1. By substituting (6), (11), and (12) into (13), the outage probability of the U2 is
given as the following proposition.

Proposition 1. Let a = α1βηPBS, b = α2βηPBS, c = βηδ2
R, and d =

βηδ2
b

1−β . The outage probability of the U2 is
given by

• if RD ≥
α1
α2

or RD < α1−α2
α2

PU2
out =

1− exp

− RDδ2
U2

αλBSU2


(1− 2 exp

{
−
(c + d)RD

bλBSR

} √
δ2

U2RD

bλBSRλRU2
K1


√

4δ2
U2RD

bλBSRλRU2


. (14)

where K1(·) denotes the first order modified Bessel function with second kind [25].

• if α1−α2
α2
≤ RD < α1

α2

PU2
out =

(
1− exp

{
−

RDδ
2
U2

(a−bRD)λBSU2PBS

})(
1− 2 exp

{
−

(c+d)RD
(a−bRD)λBSR

} √
δ2

U2RD

(a−bRD)λBSRλRU2

×K1


√

4δ2
U2RD

(a−bRD)λBSRλRU2

.
(15)

Proof. Please refer to Appendix A. �

For the U1, it will decode its desired signal x1 by viewing the signal x2 as interference during two
half phases. Therefore, the outage probability of the U1 can be expressed as

PU1
out = Pr

{
max

(
γI

U1,γII
U1

)
< RD

}
. (16)

Then, the simplified mathematical expression of (16) is given by

• if RD ≥
α1
α2

PU1
out = 1; (17)

• if RD < α1
α2

PU1
out =

(
1− exp

{
−

RDδ
2
U1

(α1−α2RD)λBSU1PBS

})
×

(
1− 2 exp

(
−

(c+d)RD
(a−bRD)λBSR

) √
δ2

U1RD

(a−bRD)λRU1λBSR
K1


√

4δ2
U1RD

(a−bRD)λRU1λBSR

.
(18)

The derived result of PU1
out is omitted because it is similar to Proposition 1.

3.2. Parameters Joint Optimization

In this work, the relay node R first harvests energy and then assists to forward the BS’s signals.
For power allocation coefficients α1 and α2, the NOMA users cannot achieve optimal reception at
the same time. In addition, there also exists a trade-off between the transmit power of node R and
residual signal for information transmission, where the higher proportion of information split β can



Information 2020, 11, 500 6 of 12

guarantee the node R to harvest more energy but less residual signal for information forwarding.
Therefore, the optimal parameter such as α∗1, α∗2, and β∗ can be jointly obtained when each of user’s
performance metrics meets the required QoS. With the development of 5G communication systems,
more and more devices will be connected to the network, which will increase the overall energy
consumption. Therefore, from the perspective of green communications, the optimization of EE is
particularly important. Based on the results of outage probabilities for both users U1 and U2, we aim
to find the optimal parameters that can maximize the average energy efficiency $EE of the proposed
system while protecting the achievable rate for each user. According to (13) and (16), the optimization
problem can be equivalently expressed as (P1)

max
α1,α2,β

$EE = 1
PBS

RD
(
2− PU1

out − PU2
out

)
s.t. C1 : γU= min

{
γI

U1,γII
U1,γI

U2,2,γII
U2,2

}
≥ RD;

C2 : 0 < α2 < α1 < 1, α1 + α2 = 1;
C3 : 0 < β < 1.

(19)

In C1, RD > 0 illustrates the minimum SINR required for the U1 and U2. C2 and C3 denote the power
allocation ratio constraint and information splitting proportion constraint, respectively.

Since the complex expressions of PU1
out and PU2

out, the optimization problem (P1) cannot be solved
analytically. However, it can be solved by a full-search algorithm, which will compute the key
performance indicators of the proposed system with considered parameters. When the system achieves
the maximum energy efficiency, the corresponding parameter values are the global optimal values.
The detailed procedure is described in Algorithm 1.

Algorithm 1. Parameters Joint Optimization.

Define ∆α1 and ∆β as the step size for α1 and β, respectively, and Initialize $max
EE = 0.

1: for the given β = β0 ∈ (0, 1), do S1–S3
2: S1: for the given α1 = α ∈ (0.5, 1), then calculate γU= min

{
γI

U1,γII
U1,γI

U2,2,γII
U2,2

}
3: if γU ≥ RD, then calculate $EE
4: if $EE > $

max
EE , then α∗1 = α, α∗2= 1− α, and β∗ = β0

5: update $max
EE = $EE

6: else keep the original parameter values
7: end if
8: end if
9: end for
10: S2: update α = α+ ∆α1

11: end for
12: S3: update β0 = β0 + ∆β
13: Choose the globally optimal solution from the following equation(
α∗1,α∗2, β∗

)
= arg max

α1,α2,β
Optimization Problem (P1)

It should be noted that the reference [20] also analyzes the optimization problem of maximizing the
whole achievable rate with constraints. By proving that the objective function satisfies the characteristics
of the bi-convex optimization, the global optimal solution can be obtained by a proposed optimization
algorithm, i.e., alternate convex search (ACS) algorithm [26], where only the variables of an active block
are optimized while those of the other blocks are fixed. Moreover, the ACS algorithm can be guaranteed
to converge to the partial optimum. In this paper, we consider the problem of maximizing the EE.
Because the closed form of outage probabilities for both receivers is extremely complex, it is difficult to
prove whether it satisfies the convex optimization. Therefore, in order to further improve the EE of
the system, we will utilize the full-search algorithm to obtain the global optimal solution. Although
the algorithm is more complex than the convex optimization algorithm, the search range is limited
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and the time to obtain the optimal value in actual simulation is not long. For the selection of optimal
parameters, the algorithm complexity is O

(
n2

)
because two parameters need to be traversed jointly.

4. Numerical Results

In this section, the numerical results of the derived expressions are presented and the impact of key
parameters on the performance of the considered system is discussed. In all simulations, we consider a
scenario where the distances from BS to node R, U1, and U2 are 5 m, 10 m, and 7.5 m, respectively,
and distances from node R to U1 and U2 are 5 m and 2.5 m, respectively. Path-loss exponent θ is set as
θ = 3 for all channels. The energy conversion efficiency η is 0.5. For simplicity, we assume that the
noise power of all receivers is the same, i.e., δ2

i = −20 dBm.
Figure 2 depicts the outage probabilities for both the U1 and U2 under BS’s transmit power PBS

for different power allocation coefficients α1 and α2. We also compare the proposed spectrum sharing
scheme with other schemes based on underlay CR networks with SWIPT [17] and direct transmission.
For the decode-and-forward (DF) based spectrum sharing scheme [17], the secondary system can use
the licensed spectrum with constraint transmit power. The direct transmission means the BS sends its
signal to receivers without assisting from relay node. Figure 2a,b shows that the outage performance
of both users is improved with the increase of PBS. In Figure 2a, when α1 = 0.9 and α2 = 0.1,
the outage probability of U1 with proposed scheme will be better than that of direct transmission with
the increase of PBS, which is because that the higher transmit power may bring more interference for
decoding. However, when α1 = 0.8 and α2 = 0.2, the outage probability of U1 with the proposed
scheme always higher than that in the direct transmission, which is because that the allocated power
coefficient for U1 is still 0.8 in the second phase and its transmission performance will be affected
negatively. Obviously, the proposed spectrum sharing scheme outperforms the scheme in [17] within
the range of selected parameters in terms of U1’s outage probability. From Figure 2b, we can see that
the outage performance of U2 under the proposed scheme is better than that of direct transmission in
low PBS and then becomes worse with the increase of PBS for different values of α1 and α2. Compared
with scheme in [17], the outage probability of U2 is lower when the proposed scheme is adopted for
α1 = 0.8 and α2 = 0.2. However, when α1 = 0.9 and α2 = 0.1, the outage probability of U2 is only
better than the scheme in [17] within a low range of PBS. Moreover, the derived theoretical expressions
of both the U1 and U2 agree well with simulation results, which indicates the outage performance
analyses are validated.

In Figure 3, we investigate the outage probabilities for both the U1 and U2 with respect to PBS
for different target rates rD. As expect, the outage performance of both U1 and U2 is similar as
Figure 2. Moreover, with the increase of target rates, the outage performance of both U1 and U2 are
deteriorated because it is more difficult for transmission channels to support a higher rate requirement.
As shown in Figures 2 and 3, when the proposed scheme is adopted, the outage performances of U1
and U2 are better than that of direct transmission in the high and low value ranges of PBS, respectively.
Furthermore, it can be seen that the proposed scheme is always superior to the scheme in [17] within
the set value range in terms of outage probabilities of U1 and U2. The exact analytical results are
matched well with simulation results.

Figure 4 plots the average energy efficient improvement ratio of the proposed scheme compared
with the direct transmission without spectrum sharing and scheme in [17]. The proposed parameters
joint optimization algorithm is also employed in this simulation. As shown in Figure 4, the whole
energy efficient improvement ratio of the proposed scheme is deteriorated with increase of PBS since,
although the higher BS’s transmit power can improve the achievable rate, it cannot compensate for
the loss of performance due to power consumption. Even in this case, the overall energy efficient
improvement ratio remains above 100% when compared with direct transmission, while the overall
energy efficiency is also improved compared with the scheme in [17] when PBS is in low range.
Moreover, the higher target transmission rate rD will result in a higher energy efficient improvement
ratio when PBS are less than –5 dB and 1 dB, respectively, because, although it is more difficult for the
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channel to support a higher rate requirement, the achievable rate can be still improved. Therefore,
the overall energy efficiency will be increased due to the lower consumption of power. On the contrary,
when PBS are greater than –5 dB and 1 dB, respectively, the ratio of the energy efficiency with the
proposed scheme to the energy efficiencies of direct transmission and scheme in [17] are approximately
2 and 1, respectively. Therefore, the improvement ratio of the energy efficiencies remains around
100% and 0%, respectively. It can be seen from the simulation results that the proposed scheme can
effectively improve the overall energy efficiency of the system in the whole range of transmit power
PBS when compared with direct transmission, while the proposed scheme still has obvious advantages
over the scheme in [17] in terms of energy efficiency.
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5. Conclusions

In this paper, we have proposed a relay-assisted spectrum sharing scheme by adopting AF
technique with SWIPT in a NOMA-based cognitive radio network. Analytical expressions of outage
probabilities for both receivers U1 and U2 were derived exactly. Analytical deductions were validated
via numerical simulations. In order to obtain the optimal value of parameters, we proposed a
joint parameter optimization algorithm to maximize the average energy efficiency under required
transmission rates. The simulation results revealed that the proposed optimization algorithm for
spectrum sharing scheme can provide significant performance improvement for considered system in
terms of energy efficiency. For the number of users in this system model, we consider two users as
an example, aiming to verify the availability of the proposed spectrum sharing scheme with optimal
parameter allocations. Next, we will investigate more complex system model, such as several relay
nodes, first to harvest energy and then assist to forward signals of N users, which are clustered with a
game algorithm in order to achieve the maximal system achievable rate.
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Appendix A

Let X = |hBSU2|
2, Y = |hBSR|

2, and Z = |hRU2|
2, Equation (12) can be rewritten as

PU2
out =

(
1− Pr

{
X ≥

RDδ
2
SU2

α1PBS−α2PBSRD
, X ≥

RDδ
2
SU2

α2PBS

})
×

(
1− Pr

{
Y ≥ (c+d)RD

a−bRD
+

δ2
SU2RD

(a−bRD)Z
, Y ≥ (c+d)RD

b +
δ2

SU2RD
bZ

})
.

(A1)

For the first term of (A1), when α2PBS ≥ α1PBS − α2PBSRD > 0, we have α1−α2
α2
≤ RD < α1

α2
, thus the

data range of X is X ≥
RDδ

2
SU2

α1PBS−α2PBSRD
. When α2PBS < α1PBS − α2PBSRD, we have RD < α1−α2

α2
, the data

range of X is X ≥
RDδ

2
SU2

α2PBS
. Furthermore, when α1PBS − α2PBSRD ≤ 0, we can obtain RD ≥

α1
α2

with

X ≥
RDδ

2
SU2

α2PBS
. To sum up, the value rang of X can be concluded as

X ≥


RDδ

2
SU2

α2PBS
, if RD ≥

α1
α2

or RD < α1−α2
α2

RDδ
2
SU2

α1PBS−α2PBSRD
, if α1−α2

α2
≤ RD < α1

α2

(A2)

Similar to the above analysis, for the second term of (A1), the value range for Y is given by

Y ≥


(c+d)RD

b +
δ2

SU2RD
bZ , if RD ≥

α1
α2

or RD < α1−α2
α2

(c+d)RD
a−bRD

+
δ2

SU2RD

(a−bRD)Z
, if α1−α2

α2
≤ RD < α1

α2

(A3)

For the exponentially distributed random variables X, Y, and Z, Equation (12) can be generally
written as

• if RD ≥
α1
α2

or RD < α1−α2
α2

PU2
out =

1−
∫
∞

RDδ
2
SU2

α2PBS

1
λBSU2

exp
(
−

x
λBSU2

)
dx


1−

∫
∞

0

∫
∞

(c+d)RD
b +

δ2
SU2RD

bz

1
λBSRλRU2

exp
(
−

y
λBSR
−

z
λRU2

)
dydz

)
. (A4)
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• if α1−α2
α2
≤ RD < α1

α2

PU2
out =

1−
∫
∞

RDδ
2
SU2

α1PBS−α2PBSRD

1
λBSU2

exp
(
−

x
λBSU2

)
dx


1−

∫
∞

0

∫
∞

(c+d)RD
a−bRD

+
δ2
SU2RD

(a−bRD)z

1
λBSRλRU2

exp
(
−

y
λBSR
−

z
λRU2

)
dydz

)
. (A5)

After some mathematical operations, the closed-form expression of (12) can be calculated as (13) and
(14) for different values of RD.
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