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Abstract—This letter studies the application of non-orthogonal
multiple access to a downlink cognitive radio (termed CR-
NOMA) system. A new cooperative transmission scheme is
proposed, aiming at exploiting the inherent spatial diversity
offered by the CR-NOMA system. Closed-form analytical results
are developed to show that the cooperative transmission scheme
gives better performance when more secondary users participate
in relaying, which helps achieve the maximum diversity order
at secondary user and a diversity order of two at primary user.
Simulations are performed to validate the performance of the
proposed scheme and the accuracy of the analytical results.

Index Terms—Non-orthogonal multiple access (NOMA), coop-
erative NOMA, cognitive radio, multicast.

I. INTRODUCTION

NON-ORTHOGONAL multiple access (NOMA) is emerg-
ing as a spectrally efficient multiple access technique

for the fifth generation (5G) mobile networks, where multiple
users are served at the same time or frequency, but with dif-
ferent power levels [1]. Most recently, NOMA has been used
in various systems, i.e. uplink transmissions [2], coordinated
systems [3], and wireless power transfer networks [4].

On the other hand, cognitive radio (CR) has been recognized
as a promising approach to improve spectral efficiency [5]. By
introducing NOMA to CR systems (termed CR-NOMA), the
opportunity of secondary users (SUs) to access the licensed
spectrum and the system throughput can be largely increased.
For example, if conventional multiple access is employed, the
orthogonal spectrum allocated to primary user (PU) cannot be
access by SUs, even if PU may be in poor channel condition,
thus leading to a long delay for SUs to be served and low
system throughput. The use of NOMA ensures that both
PU and SUs can be served simultaneously, without causing
too much performance degradation at PU, which effectively
improves the spectrum utilization. In [6], NOMA has been
applied to underlay CR networks, and its performance is
evaluated by using stochastic geometry.

For multicast services in CR-NOMA systems, it still re-
mains an open issue to use cooperative transmission to further
enhance the system performance. The key idea of cooperative
CR-NOMA lies in the fact that, multicast SUs can provide
cooperation for the compensation of obtaining the opportunity
to access PU’s spectrum. In a little more detail, with the help of
successive interference cancellation (SIC) at SUs, the message
intended to PU can be decoded by SUs. As a result, these SUs
can serve as potential relays to improve the performance of
the CR-NOMA systems via diversity techniques. To the best of
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our knowledge, the above cooperative transmission scheme has
not been investigated in the current literature on CR-NOMA,
such as [6].

In this letter, we consider unicast/multicast transmissions in
a downlink CR-NOMA system, where two different messages
are sent by a base station (BS) to a unicast PU and a group of
multicast SUs. A cooperative transmission scheme is proposed
for the system, where the best SU acts as a relay to forward the
PU’s and SUs’ messages. Recall that the performance of the
multicast group degrades with an increased number of SUs
[7], as thus, a question naturally arises: is it beneficial for
the CR-NOMA system to increase the number of SUs? This
letter is to answer this question by evaluating the performance
improvement of the CR-NOMA system when increasing the
number of SUs. Closed-form expressions for the exact and
asymptotic outage probabilities are developed to facilitate the
performance analysis of the proposed cooperative transmission
scheme. Our study demonstrates that: 1) Different from non-
cooperative scheme for the CR-NOMA system, the proposed
cooperative transmission scheme ensures that a diversity order
of the number of SUs is achieved at the SUs, and a diversity
order of two is obtained at the PU; 2) When increasing the
number of multicast SUs, the CR-NOMA system can achieve
superior outage performance by the proposed scheme.

II. SYSTEM MODEL

Consider a downlink CR-NOMA system, a BS provides uni-
cast/multicast services to a PU and a group of multicast SUs,
denoted by N = {1, 2, · · · , N}. By employing the NOMA
signaling, both messages of high priority for the PU and low
priority for the SUs are transmitted simultaneously from the
BS. We assume all nodes are equipped with a single antenna
and operate in a half-duplex mode. All channels experience
independent but not necessarily identically distributed (i.n.i.d.)
Rayleigh block fading. The total transmit power at each node is
limited by P , and the additive white Gaussian noise (AWGN)
is represented by a zero-mean, complex Gaussian variable with
variance N0. The proposed cooperative transmission scheme
is described as follows.

During the first time slot, the BS transmits the superimposed
signals (ap,1xp + as,1xs) to the PU and the SUs with unit
power, where xp and xs are the messages for the PU and the
SUs, and ap,1 and as,1 denote the power allocation coefficients
at the BS. It is assumed that E[|xp|2] = E[|xs|2] = 1. The
use of NOMA implies that ap,1 > as,1 with a2p,1 + a2s,1 =
1, in order to guarantee high priority of the PU’s message.
The observation at SU n is given by yn =

√
Phb,n(ap,1xp +

as,1xs) + ωn, where hb,n denotes the channel gain between
the BS and SU n, and ωn denotes the AWGN.

The conditions for SU n to successfully decode the mes-
sages xp and xs follow: 1

2 log
(
1 +

a2
p,1|hb,n|2

a2
s,1|hb,n|2+ 1

ρ

)
> Rp, and

1
2 log

(
1 + ρa2s,1|hb,n|2

)
> Rs, where ρ = P/N0 denotes the
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transmit signal-to-noise ratio (SNR). Note that the SUs includ-
ing in a set D, namely decoding set, are able to successfully
decode the messages xp and xs, whose target rates are Rp and
Rs, respectively.

The observation at the PU during the first time slot follows:
yp,1 =

√
Phb,p(ap,1xp + as,1xs) + ωp,1, and the signal-to-

interference-plus-noise ratio (SINR) can be expressed as

SINRp,1 =
a2
p,1|hb,p|2

a2
s,1|hb,p|2 + 1

ρ

(1)

where hb,p is the channel gain between the BS and the PU,
and ωp,1 is the AWGN.

During the second time slot, the best SU n∗ is selected from
D (if D ≠ ∅) to re-encode and forward (ap,2xp+as,2xs) with
unit power, where ap,2 and as,2 are the power allocation coeffi-
cients at SU n∗, satisfying ap,2 > as,2 with a2p,2+a2s,2 = 1. In
particular, the proposed optimal user selection criterion can be
obtained as: n∗ = argmaxn∈D

{
minm∈D̄{|hn,m|2}

}
, where

hn,m denotes the channel gain between SU n and SU m,
and D̄ = N − D denotes the set of all unsuccessful SUs
(who fails in decoding the messages xp and xs). A distributed
user selection is implemented, each SU maintains a timer
and sets an initial value of the timer in inverse proportional
to minm∈D̄{|hn,m|2}, resulting in the optimal SU with the
smallest initial value for its timer. Finally, the optimal SU
exhausts its timer earliest compared with the other SUs, and
then broadcasts a control packet to notify the BS and other
SUs. The unsuccessful SU m tries to decode the messages
transmitted from SU n∗ by using SIC, and the received SNR
for its own message is expressed as SNRm,c = ρa2s,2|hn∗,m|2.

The PU receives the signals: yp,2 =
√
Phn∗,p(ap,2xp +

as,2xs) + ωp,2, where hn∗,p is the channel gain between SU
n∗ and the PU, and ωp,2 is the AWGN. The received SINR
during this time slot is given by

SINRp,2 =
a2
p,2|hn∗,p|2

a2
s,2|hn∗,p|2 + 1

ρ

. (2)

To reduce the complexity of the receiver structure, it is
supposed that selection combining is performed. Therefore,
the end-to-end SINR at the PU can be written as

SINRend,2 = max
{
SINRp,1, SINRp,2 | n∗ ∈ D

}
. (3)

On the other hand, if D = ∅, the PU only receives the message
from the BS, and the end-to-end SINR is given by

SINRend,1 = SINRp,1. (4)

III. PERFORMANCE ANALYSIS

The performance of the considered CR-NOMA system will
be characterized as following.

1) Outage Probability of the Group of Multicast SUs:
The capacity of multicast transmission is dominated by the
SU with the weakest channel in order to minimize outage
and retransmission. Moreover, the use of NOMA poses the
following two conditions [4]: a2p,1 > a2s,1τp and a2p,2 > a2s,2τp,
where τp = 22Rp − 1. The outage probability of the group of
multicast SUs can be formulated as

Pout,s = Pout,s

(
D = ∅

)
Pr
(
D = ∅

)
+

N−1∑
k=1

∑
Dk⊆N
|Dk|=k

Pout,s

(
D = Dk

)
Pr
(
D = Dk

)
(5)

where Pout,s(D = Dk) denotes the outage probability for the
decoding set Dk, Pr(D = Dk) represents the probability that
the SUs belong to the decoding set, and Dk is a subset of N
with cardinality |Dk| = k.

Lemma 1: For i.n.i.d. channels, the exact outage probability
of the group of multicast SUs can be expressed as

Pout,s =
∏
n∈N

(
1− exp

(
− θ

ρλb,n

))

+

N−1∑
k=1

∑
Dk⊆N
|Dk|=k

∏
n∈Dk

(
1− exp

(
−
∑

m∈D̄k

ϕ

ρλn,m

))

×
∏

m∈D̄k

(
1− exp

(
− θ

ρλb,m

))
exp

(
−
∑

n∈Dk

θ

ρλb,n

)
(6)

where θ=max
{ τp
a2
p,1−a2

s,1τp
, τs
a2
s,1

}
, ϕ=max

{ τp
a2
p,2−a2

s,2τp
, τs
a2
s,2

}
,

τs = 22Rs − 1, λb,n = E[|hb,n|2], and λn,m = E[|hn,m|2].
Proof: Please refer to Appendix A.

2) Outage Probability of the PU: Similar to (5), the outage
probability of the PU can be obtained by

Pout,p = Pout,p

(
D = ∅

)
Pr
(
D = ∅

)
+

N∑
k=1

∑
Dk⊆N
|Dk|=k

Pout,p

(
D = Dk

)
Pr
(
D = Dk

)
. (7)

Lemma 2: For i.n.i.d. channels, the exact outage probability
of the PU can be expressed as

Pout,p =
∏
n∈N

(
1− exp

(
− θ

ρλb,n

))(
1− exp

(
− ϖ

ρλb,p

))

+

N∑
k=1

∑
Dk⊆N
|Dk|=k

∑
n∈Dk

Pr(n∗ = n)

×
(
1− exp

(
− ζ

ρλn,p

))(
1− exp

(
− ϖ

ρλb,p

))
×
∏

m∈D̄k

(
1− exp

(
− θ

ρλb,m

))
exp

(
−
∑

n∈Dk

θ

ρλb,n

)
(8)

where ϖ =
τp

a2
p,1−a2

s,1τp
, ζ =

τp
a2
p,2−a2

s,2τp
, λb,p = E[|hb,p|2],

and λn,p = E[|hn,p|2]. In addition, Pr(n∗ = n) is given by

Pr(n∗ = n) = 1 +

k−1∑
r=1

∑
Ar⊆Dk−n
|Ar|=k−1

(−1)r

×
∑

m∈D̄k

1
λn,m∑

m∈D̄k

1
λn,m

+
∑

i∈Ai

∑
m′∈D̄k

1
λr,m′

. (9)

Proof: Please refer to Appendix B.
To obtain further insights, we provide an asymptotic outage

analysis as follows.
3) Asymptotic outage probability of the group of multicast

SUs: As suggested by the fact that 1 − e−x ≃ x for x → 0,
the outage probability in (6) can be expressed as

P∞
out,s ≃ 1

ρN

N−1∑
k=0

∑
Dk⊆N
|Dk|=k

∏
n∈Dk

( ∑
m∈D̄k

ϕ

λn,m

) ∏
m∈D̄k

θ

λb,m
∝ 1

ρN

(10)
for a sufficiently large SNR, i.e. ρ → ∞. Known from (10),
the proposed cooperative transmission scheme can achieve a
full diversity order of N at the group of multicast SUs.
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4) Asymptotic outage probability of the PU: By applying
the same approximation rationale used in (10), the asymptotic
expression of Pout,p is given by

P∞
out,p ≃ 1

ρN+1

∏
n∈N

ϖθ

λb,pλb,n
+

1

ρ2

N∑
n=1

Pr(n∗ = n)
ζϖ

λb,pλn,p

∝ 1

ρ2
+ o
( 1

ρ2

)
(11)

where limx→0 o(x)/x = 0. At high SNRs, all the factors with
1
ρk for k ≥ 3 can be ignored, and the dominant factor of (11)
will be the term of the order of 1

ρ2 . Therefore, a diversity order
of two can be achieved at the PU.

IV. NUMERICAL EXAMPLES

Without loss of generality, the BS and the PU are located
at (0, 0) and (1, 1), respectively, and N SUs are uniformly
distributed in the first quadrant of the 1×1 rectangular region.
The average channel gain is set as λi,j = d−η

i,j , with di,j
being the normalized distance between node i and node j,
and η the path loss exponent. It is assumed that η = 3 (which
corresponds to an urban cellular network environment [8]).
The power allocation coefficients are a2p,1 = a2p,2 = 0.8 and
a2s,1 = a2s,2 = 0.2.

Fig. 1 shows the outage probability of the proposed co-
operative transmission scheme for the i.n.i.d scenario, where
Rp = 1 bps/Hz and Rs = 1.5 bps/Hz. It can be observed that
the analytical curves perfectly agree with the simulated ones,
and the asymptotes give tight bounds in the high-SNR region,
which verifies the accuracy of our analytical results. For
the considered CR-NOMA system, the proposed cooperative
scheme ensures that the PU obtains a diversity order of two
and the SUs achieve a full diversity order of N . Whereas, only
a diversity order of one is obtained at both PU and SUs with
the non-cooperative scheme, thus validating the availability of
the proposed scheme. Furthermore, the outage probability of
the PU sightly decreases when increasing the number of SU in
the medium SNR region, since the probability of a non-empty
decoding set becomes large with an increased N , as indicated
by (14). Therefore, it is helpful to implement cooperative CR-
NOMA due to its superior performance gain.

Fig. 2 plots the outage probability of the cooperative/non-
cooperative transmission schemes versus the number of SUs.
Note that the proposed cooperative scheme for the CR-NOMA
system outperforms the non-cooperative scheme, due to the
increased diversity orders for both the SUs and the PU. It can
be observed that, when N increases, the outage probability of
the SUs achieved by the proposed scheme significantly gets
better, whereas that of the non-cooperative scheme becomes
worse. Due to the fact that a diversity order of N is achieved at
the SUs by the proposed scheme while the outage performance
of the non-cooperative scheme is dominated by the worst link.
In addition, it can be also observed that there exists the outage
floor for the PU by the proposed scheme when N ≥ 3.
This is because the probability of a non-empty decoding set
is approaching to one, and thus the outage probability is
determined by the transmit SNR and the target data rate.

V. CONCLUSION

In this letter, a cooperative transmission scheme has been
proposed for a downlink CR-NOMA system, aiming to exploit
the maximal spatial diversity. Closed-form expressions of the
exact and asymptotic outage probabilities have been derived to
demonstrate the achievable performance gain of the proposed
cooperative scheme over non-cooperative scheme under CR-
NOMA system. Simulation results have proved the accuracy
of the analytical results, and have also shown that the proposed
scheme ensures a full diversity order at the SUs, and a diversity
order of two at the PU, respectively.

APPENDIX A

When there is no SUs in the decoding set (i.e. D = ∅), it
is derived that Pout,s(D = ∅) = 1. Conditioned on a2p,1 >
a2s,1τp, the probability of Pr(D = ∅) can be calculated as

Pr
(
D = ∅

)
=
∏
n∈N

(
Pr

(
a2
p,1|hb,n|2

a2
s,1|hb,n|2 + 1

ρ

< τp

)

+ Pr

(
a2
p,1|hb,n|2

a2
s,1|hb,n|2 + 1

ρ

> τp, ρa
2
s,1|hb,n|2 < τs

))

=
∏
n∈N

Pr

(
|hb,n|2 <

θ

ρ

)
=
∏
n∈N

(
1− exp

(
− θ

ρλb,n

))
(12)

where θ and λn are defined in Lemma 1. Furthermore, when
D = Dk ̸= ∅, Pout,s(D = Dk) can be given by

Pout,s(D = Dk)

= Pr

(
min

m∈D̄k

{
a2
p,2|hn∗,m|2

a2
s,2|hn∗,m|2 + 1

ρ

}
< τp | n∗ ∈ Dk

)
+ Pr

(
min

m∈D̄k

{
a2
p,2|hn∗,m|2

a2
s,2|hn∗,m|2 + 1

ρ

}
> τp,

min
m∈D̄k

{ρa2
s,2|hn∗,m|2} < τs | n∗ ∈ Dk

)
=
∏

n∈Dk

(
1− Pr

(
min

m∈D̄k

{
|hn,m|2

}
>

ϕ

ρ

))
=
∏

n∈Dk

(
1− exp

(
−
∑

m∈D̄k

ϕ

ρλn,m

))
(13)

conditioned on a2p,2 > a2s,2τp. In addition, the probability of
Pr(D = Dk) can be derived as

Pr
(
D = Dk

)
=
∏

n∈Dk

Pr

(
a2
p,1|hb,n|2

a2
s,1|hb,n|2 + 1

ρ

> τp, ρa
2
s,1|hb,n|2 > τs

)

×
∏

m∈D̄k

(
1− Pr

(
a2
p,1|hb,n|2

a2
s,1|hb,n|2 + 1

ρ

> τp, ρa
2
s,1|hb,n|2 > τs

))

= exp

(
−
∑

n∈Dk

θ

ρλb,n

) ∏
m∈D̄k

(
1− exp

(
− θ

ρλb,m

))
. (14)

Now, substituting (12)–(14) into (5), Lemma 1 can be
proved straightforwardly.
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APPENDIX B
If D = ∅, the PU receives xp only from the BS, in this

case, the outage probability of Pout,p(D = ∅) is solved as

Pout,p(D = ∅) = Pr

(
a2
p,1|hb,p|2

a2
s,1|hb,p|2 + 1

ρ

< τp

)
= Pr

(
|hb,p|2 <

ϖ

ρ

)
= 1− exp

(
− ϖ

ρλb,p

)
. (15)

On the other hand, the outage probability of Pout,p(D =
Dk) with a non-empty decoding set can be rewritten as

Pout,p(D = Dk)

= Pr

(
max

{
a2
p,1|hb,p|2

a2
s,1|hb,p|2 + 1

ρ

,
a2
p,2|hn∗,p|2

a2
s,2|hn∗,p|2 + 1

ρ

}
< τp

)
(i)
= Pr

(
|hb,p|2 <

ϖ

ρ

) ∑
n∈Dk

Pr(n∗ = n) Pr

(
|hn,p|2 <

ζ

ρ

)
(16)

where step (i) is due to the independence of the channels and
the total probability theorem. Specifically, Pr(n∗ = n) can be
expressed as

Pr(n∗ = n) = Pr

( Dk∩
l̸=n

(
min

m∈D̄k

{
|hn,m|2

}
> min

m′∈D̄k

{
|hl,m′ |2

}))
.

(17)
Denote X = minm∈D̄k

{
|hn,m|2

}
, whose cumulative den-

sity function and probability density function can be eas-
ily obtained as: F (x) = 1 − exp(−

∑
m∈D̄k

x/λn,m), and
f(x) =

∑
m∈D̄k

1/λn,m exp(−
∑

m∈D̄k
x/λn,m). Using the

law of conditional probability, (17) can be rewritten as

Pr(n∗ = n) =

∫ ∞

0

∏
l∈Dk−n

Pr
(
x > min

m′∈D̄k

{
|hl,m′ |2

}
︸ ︷︷ ︸

χ

)
f(x)dx.

(18)

In (18), χ can be calculated as

χ = 1 +

k−1∑
r=1

∑
Ar⊆Dk−n
|Ar|=k−1

(−1)r exp
(
−
∑
r∈Ar

∑
m′∈D̄k

x

λr,m′

)
(19)

where the multinomial expansion identity is used. Substituting
(19) into (18) and performing the required integral, a closed-
form expression for Pr(n∗ = n) is obtained in (9). Therefore,
combining (18) with (16), we have Pout,p(D = Dk).

Moreover, the probabilities of Pr(D = ∅) and Pr(D = Dk)
can be obtained from (12) and (14). Hence, by substituting the
foregoing results into (7), one can readily prove Lemma 2.
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