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Abstract—With the exponential increase of the number of
devices in the communication ecosystem toward the upcoming
sixth generation (6G) of wireless networks, more enabling tech-
nologies and potential wireless architectures are necessary to
fulfill the networking requirements of high throughput, massive
connectivity, ultra reliability, and heterogeneous quality of service
(QoS). In this work, we consider an uplink network consisting
of a primary user (PU) and a secondary user (SU) and, by
integrating the concept of cognitive radio and multiple access,
two protocols based on rate-splitting multiple access and non-
orthogonal multiple access with successive interference cancella-
tion are investigated in terms of ergodic rate. The considered
protocols aim to serve the SU in a resource block which is
originally allocated solely for the PU without negatively affecting
the QoS of the PU. We extract the ergodic rate of the SU
considering a specific QoS for the PU for the two protocols and
perform a qualitative and quantitative comparison between the
two protocols. In the numerical results, we validate the theoretical
analysis and illustrate the superiority of the considered protocols
over two benchmark schemes.

Index Terms—RSMA, NOMA, SIC, cognitive radio, uplink
network, ergodic rate

I. INTRODUCTION

W ITH the development of the Internet of Things (IoT)
and the consequent integration of a huge amount of

heterogeneous wireless devices, sharing the same orthogo-
nal resources is necessary to achieve the goals of the next
generation of wireless communication networks, including
higher connectivity and data rates, as well as reduced delay
and energy consumption [1]. To efficiently explore enhanced
networking functionalities in such complicated wireless com-
munication scenarios and meet the heterogeneity of network-
ing quality of service (QoS) requirements, enabling network
slicing techniques, evolutionary multiple access mechanisms,
and advanced cognitive radio (CR) technologies are required.
The use of this concept as the enabler of next generation
multiple access (MA) schemes [2] has attracted considerable
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research interest. Specifically, a promising way to break or-
thogonality is non-orthogonal multiple access where the power
domain is utilized to provide MA. In this case, multiuser
detection techniques are required to retrieve the users’ signals
at the receiver, such as successive interference cancellation
(SIC). To this direction, rate-splitting multiple access (RSMA)
provides flexible decoding and, thus, a more general and robust
transmission framework in comparison with the conventional
NOMA mechanism in [3]. Especially, in uplink, RSMA en-
ables any point in the capacity region of the multiple access
channel (MAC) to be achieved without requiring time sharing
[4]–[6].

Moreover, considering the characteristics of spectrum sha-
ring in the modern MA framework, the integration of MA
and CR is expected to have a significant impact on coping
with spectrum scarcity, as well as on meeting the satisfactory
spectrum efficiency and the heterogeneity of QoS require-
ments. Specifically, in [7] and [8], CR inspired NOMA was
presented where a secondary user (SU) occupies the resource
block of a primary user (PU) without impacting negatively the
performance of the PU. However, some restricting assumptions
regarding the decoding order and the power allocation were
considered. Furthermore, in [9], the outage probability error
floor was partially avoided by adopting CR inspired SIC
with hybrid decoding order which considers both CSI and
QoS requirements. Moreover, a different hybrid SIC scheme
inspired by CR was proposed in [10] utilizing power control.
The concept of CR is also applied to RSMA in [11]. However,
in all existing works where the integration of MA and CR is
studied, the main focus is the outage performance [10], [11].
Notably, although the main principle of CR, which is based
on the provision of feedback to the SU regarding its transmit
power [10], is compatible with the use of adaptive transmission
rates, the latter has not been addressed in the existing literature.
To this direction, the open problems in the CR inspired systems
include the optimal decoding order aiming to maximize the
ergodic rate, i.e., the average highest achievable rate at which
information can be transmitted with a negligible probability of
error, and the analytical characterization of the corresponding
performance.

Motivated by the above, in this work, two CR inspired
protocols based on RSMA and SIC are investigated in terms
of ergodic rate for an uplink network, consisting of a BS and
two users, i.e., a PU and an SU. Specifically, the considered
protocols aim to serve the SU in a resource block which
is originally allocated solely for the PU without negatively
affecting the QoS of the PU. To this direction, we extract
the ergodic rate of the SU considering a specific QoS for the
PU for the two protocols, which is a metric that can describe
the performance of a communication system for all channel
realizations in contrast with the outage probability which is
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Fig. 1: (a) Transceiver framework of CR-RSMA. (b) Transceiver framework of CR-SIC.

investigated in [10] and [11]. Moreover, a comparison of
these two protocols is performed based on the derived ergodic
rate. For the SIC protocol, we determine the decoding order
which maximizes the ergodic rate of the SU and is different
from the decoding order used in [10] aiming to minimize the
outage probability. Finally, simulations validate the theoretical
analysis and also indicate the effectiveness of the considered
protocols over conventional NOMA mechanisms, which are
illustrated as benchmarks.

II. SYSTEM MODEL

We consider an uplink network consisting of a BS and
two users, a PU and an SU. All nodes are assumed to be
equipped with a single antenna. For this network, two CR
inspired protocols based on RSMA and SIC are leveraged,
where the SU occupies the resource block of the PU without
impacting negatively the performance of the PU.

The complex channel coefficient of the i-th user with i ∈
{P,S} is denoted by hi. We assume Rayleigh fading, thus
|hi|2 follows the exponential distribution with rate parameter
equal to one. Furthermore, the received signal-to-noise ratio
(SNR) at the BS from the i-th user can be denoted as

γi = γ0ili|hi|2, (1)

where γ0i and li denote the average received SNR of the i-th
user at the reference distance d0 and the path loss coefficient
between the i-th user and the BS, respectively. Specifically, li
is given by

li =

Å
di
d0

ã−u
, (2)

with di and u being the distance between the i-th user and the
BS and the path loss exponent, respectively. Therefore, the
average received SNR γi follows the exponential distribution
with rate λi = 1

γ0ili
.

A. Cognitive radio inspired RSMA

As shown in Fig. 1(a), for the CR inspired RSMA protocol,
i.e., CR-RSMA, the message of one user needs to be split
in order to achieve any point of the capacity region [4]. It
is assumed that the PU transmits a single message, while
the SU transmits two messages in a way that does not have
a negative impact to the performance of the PU. Thus, the
received message at the BS can be written as [11]

y =
√
αlSpShSx

S
1 +
»

(1− α)lSpShSx
S
2 +

√
lPpPhPx

P + n,
(3)

where pi denotes the transmitted power of the i-th user.
Moreover, α ∈ [0, 1] and n denote the power allocation factor
and the additive white Gaussian noise at the BS with zero
mean and variance σ2, respectively. Furthermore, xS

1 , xS
2 and

xP denote the first message of the SU, the second message of
the SU and the message of the PU, respectively. Without loss
of generality, it is assumed that xS

1 is decoded first. Thus, when
decoding the message of the PU, xS

2 is handled as interference.
This decoding order provides flexibility and ensures that the
performance of the PU is not negatively affected by properly
selecting the power allocation factor α.

Taking into account (1), the achievable rate of the PU can
be written as

RP = B log2

Å
1 +

γP

(1− α)γS + 1

ã
, (4)

where B denotes the bandwidth of this system, with respect
to which the SNRs are normalized. Since the performance
of the PU must not be negatively affected, the constraint

γP
(1−a)γS+1 ≥ θP, where θi = 2

Ri,th/B − 1 with Ri,th being
the target rate, which indicates that the PU is not in outage,
must be satisfied if possible. Thus, α is given by

α =


0, γP

γS+1 ≥ θP

1, γP < θP

1− 1
γS

Ä
γP
θP
− 1
ä
, otherwise,

(5)

where the first case indicates that all power of the SU can
be allocated to xS

2 , the second one declares that the PU is in
outage, thus all power should be allocated to xS

1 and the third
case ensures that appropriate power is allocated to xS

2 in order
not to affect the PU. To this end, the achievable rate of the
SU is given by

RS = B log2

Å
1 +

αγS

γP + (1− α)γS + 1

ã
+B log2 (1 + (1− α)γS) .

(6)

B. Cognitive radio inspired SIC

By using the main principles of CR, a similar protocol based
on SIC, i.e., CR-SIC, is investigated, which is illustrated in
Fig. 1(b) and can be considered as a simpler special case of
the above RSMA-based protocol. In CR-SIC, the SU transmits
only one message utilizing a power allocation factor c in order
to avoid a negative impact to the performance of the PU. Thus,
the received message at the BS can be written as

y =
√
lPpPhPx

P +
√
clSpShSx

S + n. (7)
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Similar to CR-RSMA, the power allocation factor c for the
CR-SIC protocol in order to avoid a negative impact to the
performance of the PU is given by

c =

®
1
γS

Ä
γP
θP
− 1
ä
, θP ≤ γP < θP(γS + 1)

1, otherwise.
(8)

It can be observed in (8) that the power allocation factor of
CR-SIC is equal to or less than one, thus CR-SIC can be
considered as a less power-consuming scheme, since, when
c < 1, the SU transmits less power compared with CR-RSMA.

The decoding order for CR-SIC, which is adopted in order
to maximize the ergodic rate of the SU, considering a specific
QoS requirement for the PU determined by θP, is given by

F =

®
{SU,PU}, γP ≤ θP or γS

1+γP
> γP

θP
− 1, γP > θP

{PU,SU}, otherwise.
(9)

It should be highlighted that, in (9), the SU is decoded first,
if the PU is in outage, or if the rate achieved by the SU by
treating the message of the PU as interference is larger than
the one achieved with c < 1 as shown in (8) when the SU is
decoded second. Also, (9) is different than the one proposed
in [9] where the outage probability is minimized.

III. ERGODIC RATE

In this section, the ergodic rate of the SU for the CR-RSMA
and CR-SIC protocols are derived. To obtain more insights, the
difference between these two CR inspired schemes is further
discussed.

A. Analysis of cognitive radio inspired RSMA

Considering the power allocation factor given in (5) and
the achievable rate of the SU in (6), the ergodic rate of SU in
CR-RSMA can be expressed by

CR = E
ß
B log2

Å
1 +

γS

1 + γP

ã ∣∣∣γP < θP

™
+ E
ß
B log2

Å
1 + γS + γP

1 + θP

ã ∣∣∣θP ≤ γP < θP (1 + γS)

™
+ E

{
B log2 (1 + γS)

∣∣γP ≥ θP (1 + γS)
}
.

(10)

Theorem 1. The ergodic rate of the SU for the CR-RSMA
protocol can be approximated by

CR ≈
n∑
i=1

AiB log2(1 + µi)Φz(µi)

+
BλS(eλPθP − e−λPθP)

ln 2(λPθP + λS)
eλPθP+λSEi(−(λS + λPθP))

− BeθP(λS−λP)+λSEi(−λS(θP + 1))

ln 2
+ C,

(11)

where Ai denotes the weights of function values at specified
points in Gaussian quadrature. Specifically, Ai = wiµ

−α
i eµi

with wi and µi being the weights and nodes, respectively.
Moreover, µi denotes the i-th root of Laguerre polynomial
Ln(µ), wi is defined by wi = µi

((n+1)Ln+1(µi))
2 [12], and Ei(·)

is the special function of exponential integral [13]. In the first
term of (21), it stands

Φz(z) =
λSλPe

−λSz

λP + λSz
− λPλSe

−λSθPe−λP(1+θP)z

(λP + λSz)2

+
λSλPe

−λSz

(λP + λSz)2
− λPλS(1 + θP)e−λPθPe−λS(1+θP)z

λP + λSz

(12)

and also

C =



Å
BλSθP

ln 2
+
λSθP(λPθP + 1)

ln 2(1 + θP)λP

ã
eλPEi (−λP(θP + 1))

+
BλPθPe

−λPθP

ln 2(1 + θP)λP
, λS = λP

BλSe
λS

(λP − λS) ln 2

(
Ei (−(λS + λPθP))

− eθP(λP−λS)Ei (−(λS + λSθP))
)
, λS 6= λP.

(13)

Proof: As shown in (10), three terms are summed to
derive the ergodic rate of the SU for CR-RSMA. The first
term can be expressed as

CR,J1

z= x
y+1

=

∫ ∞
0

B log2(1 + z)Φz(z)dz, (14)

where Φz(z) denotes the corresponding probability density
function (PDF), which can be defined as

Φz(z) =
d[Pr{γS < z(γP + 1), γP < θP}]

dz
. (15)

After some algebraic manipulations, the closed-form expres-
sion of Φz(z) can be obtained as shown in (12). Next, Gauss-
Laguerre quadrature can be leveraged to calculate the above
function in terms of weighted summation of the dedicated
function at specific nodes, thus the closed-form approximation
is given by

CR,J1 ≈
n∑
i=1

AiB log2(1 + µi)Φz(µi). (16)

Next, the second item can be expressed as

CR,J2
z:=γP+γS

=

∫ ∞
θP

(∫ z−θP
1+θP

0

∫ θP(x+1)

θP

g(x, y) dydx

+

∫ z−θP

z−θP
1+θP

∫ z−x

θP

g(x, y) dydx

)
B log2

Å
1 + z

1 + θP

ã
dz,

(17)
where g(x, y) = λSλPe

−λSxe−λPy . After some algebraic
manipulations, (17) can be eventually expressed as

CR,J2 =
BλSe

λPθP

ln 2(λPθP + λS)
eλPθP+λSEi(−(λS + λPθP))

− BeθP(λS−λP)+λSEi(−λS(θP + 1))

ln 2
+ C,

(18)
where C is given by (13). Regarding the last term in (10), there
is

CR,J3 = B

∫ ∞
o

∫ ∞
θP(x+1)

log2(1 + x)g(x, y)dydx

(a)
= − BλSe

−λPθP

ln 2(λPθP + λS)
e−λPθP+λSEi(−(λS + λPθP)),

(19)
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where step (a) follows that
∫∞

0
e−µx

x+β dx = −eµβEi(−µβ) [13].
To this end, using (16), (18), and (19), the ergodic rate of the
SU for CR-RSMA can be obtained by (11), which completes
the proof.

B. Analysis of cognitive radio inspired SIC
In this section, the ergodic rate of the SU for the CR-SIC

scheme is derived considering a decoding order aiming at the
maximization of the ergodic rate of the SU, which is different
than the one used for the outage probability in [10]. Therefore,
considering (8) and (9), the ergodic rate of the SU for CR-
SIC can be expressed as the union of four mutually exclusive
events, i.e.,

CS = E
ß
B log2

Å
1 +

γS

1 + γP

ã ∣∣∣γP < θP

™
+ E
ß
B

× log2

Å
γP

θP

ã ∣∣∣θP ≤ γP < θP(γS + 1),
γS

1 + γP
≤ γP

θP
− 1

™
+ E
ß
B log2

Å
1 +

γS

1 + γP

ã ∣∣∣ γS

1 + γP
>
γP

θP
− 1, γP > θP

™
+ E

{
B log2 (1 + γS)

∣∣γP ≥ θP(γS + 1)
}
.

(20)

Theorem 2. The ergodic rate of the SU for the CR-SIC
protocol can be approximated by

CS ≈
n∑
i=1

AiB log2(1 + µi)Φz(µi) +

n∑
i=1

BiΞ(µi)

+

n∑
i=1

m∑
j=1

CiDjΨ
(
µi + Θ(µj + θP), µj + θP

)
− B

ln 2

λSe
−λPθP

λS + λPθP
eλS+λPθPEi(−(λS + λPθP)),

(21)

where Bi, Cj , and Di denote the weights of function values at
specified points in Gaussian quadrature, which are similar to
Ai defined in Theorem. 1. In the second term of (21), it stands

Ξ(x) = −λSe
−λSx

ln 2

(
ln(x+ 1)e−λPθP(x+1)

+ ln
θP

τ(x)
e−λPτ(x) + Ei (−λPτ (x))− Ei(−λPθP(x+ 1))

)
,

(22)

where τ(x) =
θP−1+

√
(θP+1)2+4θPx

2 . In the third term,
Ψ(x, y) = B log2

Ä
1 + x

1+y

ä
g(x, y) with g(x, y) =

λSλPe
−λSxe−λPy , and Θ(y) = (1 + y)

Ä
y
θP
− 1
ä

.

Proof: As shown in (20), four terms are summed to
derive the ergodic rate of the SU for the CR-SIC protocol.
Specifically, the first term is the same as the that of CR,J1.
Subsequently, the second term can be expressed as

CS,J2 =

∫ ∞
0

∫ θP(x+1)

τ(x)

B log2

Å
y

θP

ã
g(x, y) dy︸ ︷︷ ︸

Ξ(x)

dx,
(23)

where the integral Ξ(x) is derived in closed-form and is given
by (22). Similarly, (23) can be further expressed as

CS,J2 ≈
n∑
i=1

BiΞ(µi). (24)

Next, considering the pre-conditions in (20), the third term is
given by

CS,J3 =

∫ ∞
θP

∫ ∞
Θ(y)

Ψ(x, y) dxdy, (25)

where Ψ(x, y) = B log2

Ä
1 + x

1+y

ä
g(x, y). Then, taking into

account the modified Gauss-Laguerre quadrature, (23) can be
approximated as

CS,J3 ≈
n∑
i=1

m∑
j=1

CiDjΨ
(
µi + Θ(µj + θP), µj + θP

)
.

(26)
Eventually, it should be noted that the last event in (20) is the
same as CR,J3, which completes the proof.

C. Comparison of CR-RSMA and CR-SIC schemes

Based on the above analysis for the investigated CR inspired
schemes in terms of ergodic rate, the difference between CR-
RSMA and CR-SIC solely depends on the second term of (10),
i.e., CR,J2, and the second as well as the third term of (20),
i.e., CS,J2 and CS,J3. Thus, the difference in terms of ergodic
rate between CR and CS can be evaluated as

∆C = CR − CS

= E
ß
B log2

Å
1 + γS + γP

1 + θP

ã ∣∣∣θP ≤ γP < θP (1 + γS)

™
− E
ß
B log2

Å
γP

θP

ã ∣∣∣Ω(θP, γS) < γP < θP (1 + γS)

™
− E
ß
B log2

Å
1 +

γS

1 + γP

ã ∣∣∣θP ≤ γP ≤ Ω(θP, γS)

™
,

(27)

where Ω(θP, γS) =
θP−1+

√
(θP−1)2+4θP(1+γS)

2 .

Proposition 1. If γP ∈ [θP, θP (1 + γS)], CR-RSMA can
achieve larger ergodic rate than the CR-SIC scheme. In other
words, when c = 1

γS

Ä
γP
θP
− 1
ä
< 1 as shown in (8), it always

holds that CR > CS, otherwise CR-RSMA and CR-SIC can
obtain the same ergodic rate. However, when c < 1 in CR-SIC,
less power is transmitted compared with CR-RSMA.

Proof: By splitting the range of γP ∈ [θP, θP (1 + γS)]
into γP ∈ [θP,Ω(·)] and γP ∈ [Ω(·), θP (1 + γS)], it stands
that 1+γS+γP

1+θP
> 1+γS+γP

1+γP
and 1+γS+γP

1+θP
> γP

θP
, respectively,

thus resulting in ∆C > 0, which completes the proof.

IV. SIMULATION RESULTS

In this section, Monte Carlo simulations are performed to
validate the derived expressions of the corresponding ergodic
rate of CR-RSMA and CR-SIC. Moreover, the results reveal
the effectiveness of the investigated protocols compared with
the conventional NOMA-based methods in [7], i.e., a two-
user uplink NOMA system with CSI-based SIC and QoS-
based SIC, termed “CSI” and “QoS”, respectively. Specifically,
“CSI” scheme denotes the case that the SU is permitted to
access the channel, via which the PU transmits as if it solely
occupied, i.e., CC = E

¶
B log2

Ä
1 + γS

1+γP

ä©
. In the “QoS”

scheme, the PU is decoded first and the SU is treated as inter-
ference, thus CQ = E {B log2 (1 + γS) |γP > θP(γS + 1)}.
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Fig. 2: Ergodic rate versus γ0.
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Fig. 3: Ergodic rate versus γ0P with γ0S = 20 dB.
In what follows, unless stated otherwise, we set the distances
of the two users dP

d0
= 1 and dS

d0
= 2, the path loss exponent

u = 2, and the normalized target rates RP,th/B = 2.5 bps/Hz.
As illustrated in Fig. 2, the ergodic rate of the SU is

plotted versus the received SNR at the reference distance
d0, i.e., γ0S = γ0P = γ0 for CR-RSMA, CR-SIC, and the
two baselines. Moreover, considering the different distance
between the BS and the two users, the received SNR at the
BS from each user is also different, i.e., γS 6= γP. It can
be observed that the simulations and the analytical results
coincide, and that CR-RSMA and CR-SIC outperform the
baselines. Meanwhile, with the selected parameters CR-RSMA
always outperforms CR-SIC in terms of ergodic rate, while c
decreases with the increase of γ0, as presented in Proposition
1. Moreover, since, in the CR-SIC scheme, less power is
transmitted by the SU compared with CR-RSMA, when c < 1,
a modified CR-SIC scheme, where the SNR is normalized with
respect to c, is also plotted, namely “SU-SIC, norm”, by taking
γSIC,norm

0S = γSIC
0S /c̄ with c̄ being the average value of c. It

is evident that the “SU-SIC, norm” can obtain larger ergodic
rate than CR-RSMA.

To obtain more insights on the CR-RSMA and CR-SIC
protocols, the ergodic rate versus SNR γ0P with γ0S =
20 dB is depicted in Fig. 3. Following the definition of
“CSI” and “QoS” benchmarks, they vary inversely with the
increasing γ0P, i.e., the former scheme decreases due to
the constant value of γ0S, while the latter one increases to
achieve B log2 (1 + γS) by also meeting the condition of
γP > θP(γS + 1). Regarding the CR-RSMA and CR-SIC

protocols, as γP increases, both of them first decrease, then
increase, and eventually saturate and achieve the same result
as “QoS”, i.e., B log2 (1 + γS), which is not a function of γP,
for γP ≥ θP(γS + 1). This behavior is compliant with (10)
and (20). However, the superiority of the considered schemes
in low and medium SNR compared with the “QoS” scheme is
evident. Moreover, when c < 1, CR-RSMA outperforms CR-
SIC, while they illustrate the same performance when c = 1,
which also validates Proposition 1. Eventually, the normalized
CR-SIC is also considered to obtain a fair comparison with
CR-RSMA.

V. CONCLUSIONS

In this work, an uplink network consisting of a BS, a PU,
and an SU, has been considered and two CR inspired protocols
based on RSMA and SIC have been investigated. Without
impacting negatively the performance of the PU, the SU
shares the communication resource block which is originally
solely occupied by the PU. To this point, we have derived
the ergodic rate of the SU for the two considered protocols
by utilizing the optimal decoding order. Finally, numerical
results have been presented to demonstrate the accuracy of
the theoretical analysis and illustrate the superiority of the
investigated protocols over two benchmark NOMA schemes
also inspired by CR.
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