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Abstract— The use of new multiple access schemes emerges
as a necessity in order to efficiently cope with the massive
connectivity, reliability and high throughput requirements of the
next generation Internet of Things. In this letter, we study the
performance of an uplink rate-splitting multiple access (RSMA)
network with two sources, in terms of outage probability and
throughput. Specifically, we derive closed-form expressions for
the outage probability of the transmitted messages and then,
we utilize them to derive the throughput of the sources in a
random access network with a medium access control protocol
based on slotted ALOHA and RSMA.

Index Terms— Rate-splitting multiple access, next generation
multiple access, uplink network, outage probability, throughput.

I. INTRODUCTION

NEXT generation Internet of Things (IoT) leads to the
network integration of a huge amount of wireless devices,

thus, raising several research and implementation challenges.
Specifically, it necessitates the development of low-cost, reli-
able and scalable wireless networks, which will be able to
support high spectral efficiency and massive connectivity [1].
The performance of these networks is greatly affected by the
utilized multiple access schemes, thus next generation multiple
access (NGMA) schemes are required. To this end, rate-
splitting multiple access (RSMA) is considered as an effective
approach, that enables the successive decoding to achieve
the entire capacity region of the multiple access channel [2].
Furthermore, it provides a more general and robust transmis-
sion framework compared to non-orthogonal multiple access
(NOMA). Especially, in IoT sensor networks, where random
access (RA) schemes are used, RSMA is an effective method
to reduce the number of collisions and increase connectivity.

Scanning the existing literature, most works focus on the
downlink scenario. Specifically, in [3], a two-user multiple
input single output broadcast downlink channel was considered
and it was shown that RSMA generalizes the orthogonal

Manuscript received December 14, 2021; accepted January 6, 2022. Date
of publication January 11, 2022; date of current version March 10, 2022. This
research has been co-financed by the European Regional Development Fund
by the European Union and Greek national funds through the Operational
Program Competitiveness, Entrepreneurship and Innovation, under the call:
“Special Actions: Aquaculture—Industrial Materials—Open Innovation in
Culture (project code: T6YBP-00134). The work of Sotiris A. Tegos was
supported by the Hellenic Foundation for Research and Innovation (HFRI)
under the HFRI PhD Fellowship grant (Fellowship Number: 1394). The
associate editor coordinating the review of this letter and approving it for
publication was L. Li. (Corresponding author: Sotiris A. Tegos.)

The authors are with the Wireless Communications and Information
Processing (WCIP) Group, Electrical & Computer Engineering Department,
Aristotle University of Thessaloniki, 54124 Thessaloniki, Greece (e-mail:
tegosoti@auth.gr; padiaman@auth.gr; geokarag@auth.gr).

Digital Object Identifier 10.1109/LCOMM.2022.3142102

multiple access, NOMA, space division multiple access and
multicasting. Moreover, in [4], a rate allocation and power con-
trol problem is formulated as an optimization problem aiming
to maximize the sum-rate under both rate and SIC constraints
in an RSMA network. Regarding the uplink scenario, in [5],
a framework for optimizing power allocation and message
decoding was investigated in an RSMA network. Also, in [6],
the rate-splitting (RS) principle was incorporated with uplink
NOMA and its performance in terms of outage probability
and achievable sum rate was investigated. However, the outage
probability was derived for specific decoding order and rela-
tion of the channel coefficients. Finally, in [7], RS for an uplink
NOMA network with two users was studied and it was shown
that the fairness among users and the outage performance
are improved. In this work, the outage probability was also
derived by considering a specific decoding order. Concluding,
the existing literature does not include closed-form expressions
for the outage probability of an uplink RSMA network with
arbitrary decoding order and general channel conditions.

Motivated by the above, we investigate the performance of
an uplink RSMA network consisting of two sources, which is
aligned with how NOMA is implemented in 3rd generation
partnership project (3GPP) standards. Specifically, we present
closed-form expressions for the outage probability of the
transmitted messages as a function of the power allocation
factor and the target rates, considering all possible decoding
orders at the base station (BS). Utilizing these expressions,
we consider a practical medium access control (MAC) layer
protocol and derive the throughput of the sources in an
RA network where slotted ALOHA (SA) and RSMA are
utilized. In the numerical results, we validate the theoretical
analysis with simulations and we illustrate the superiority of
RSMA, in terms of the sources’ throughput, over succes-
sive interference cancellation (SIC) and orthogonal multiple
access (OMA).

II. SYSTEM MODEL

We consider an uplink RSMA network consisting of a BS
and two sources. All nodes are assumed to be equipped with
a single antenna. For this network the message of one source
needs to be split in order to achieve the capacity region [2].
Without loss of generality, it is assumed that the message of
the first source is split. Thus, the received message at the BS
can be written as

y =
√

αl1p1h1x11 +
√

(1 − α)l1p1h1x12 +
√

l2p2h2x2 + n,

(1)

where li, pi and hi denote the path loss coefficient between
the i-th source and the BS, the transmitted power of the i-th
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source and the complex channel coefficient of the i-th source,
respectively. 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,
x11, x12 and x2 denote the first message of the first source,
the second message of the first source and the message of the
second source, respectively.

For simplicity, we assume Rayleigh fading, thus
hi ∼ CN (0, 1) and |hi|2 follows the exponential distribution
with rate equal to 1. We define the received signal-to-noise
ratio (SNR) at the BS from the i-th source as γi = lipi|hi|2

σ2

which follows the exponential distribution with rate λi = σ2

lipi
.

III. PERFORMANCE ANALYSIS

In this section, we investigate the outage performance of
the considered network. The outage probability of the three
messages is evaluated by considering the thresholds θ11 =
2βR̂1 − 1, θ12 = 2(1−β)R̂1 − 1 and θ2 = 2R̂2 − 1 for the three
messages, where β ∈ [0, 1] and R̂i denote the target rate factor
and the target rate of the i-th source, respectively. It should
be highlighted that a resource optimizer is assumed which is
responsible for the selection of the decoding order, taking into
account all possible decoding orders, which is reflected in the
events in Tables I, II and III.

Theorem 1: The outage probability of x11, i.e., the first
message of the first source, is given by

P11 = P 1
11 + P 2

11 + P 3
11 + P 4

11 + P 5
11 − P∩

11, (2)

where the expressions for P j
11 with j = {1, 2, 3, 4, 5,∩} are

obtained from Table IV,

c1 =

{
θ12+θ12θ2

1−θ12θ2−α−αθ12
, θ12θ2 < 1 and a < 1−θ12θ2

1+θ12

∞, otherwise
(3)

and

c2 =

{
θ11+θ11θ2

α+αθ11−θ11−θ11θ2
, θ11θ2 < 1 and α > θ11+θ11θ2

1+θ11

∞, otherwise.

(4)

Proof: To derive the outage probability of the message
x11, the union of the five events in Table I should be
calculated.

It should be highlighted that the only events that are not
mutually exclusive are the events 3 and 5 and their intersection
is given in the last row of Table I. After algebraic manipula-
tions and considering the region of α, the probability of each
of the five events and the intersection is derived by calculating
integrals of the form∫ k2

k1

∫ k4z2

k3z1

λ1e
−λ1z1λ2e

−λ2z2dz2dz1

=
λ1

λ1 + λ2k3

(
e(λ1+λ2k3)k1 − e(λ1+λ2k3)k2

)
− λ1

λ1 + λ2k4

(
e(λ1+λ2k4)k1 − e(λ1+λ2k4)k2

)
.

(5)

Next, the outage probability of the message x12 is derived.

TABLE I

EVENTS OF P11

TABLE II

EVENTS OF P12

TABLE III

EVENTS OF P2

Theorem 2: The outage probability of x12, i.e., the second
message of the first source, is given by

P12 = P 1
12 + P 2

12 + P 3
12 + P 4

12 + P 5
12 − P∩

12, (6)

where the expressions for P j
12 with j = {2, 3, 5,∩} are

obtained from Table V, P 1
12 = P 1

11 and P 4
12 = P 4

11.
Proof: To derive the outage probability of the message

x12, the union of the five events in Table II should be
calculated.

Similarly with the message x11, the only events that are not
mutually exclusive are the events 3 and 5 and their intersection
is given in the last row of Table II. Following similar procedure
with the message x11, the probability of each of the five events
and the intersection is calculated and (6) is derived.

Next, the outage probability of the message x2 is derived.
Theorem 3: The outage probability of x2, i.e., the message

of the second source, is given by

P2 = P 1
2 + P 2

2 + P 3
2 + P 4

2 + P 5
2 − P∩

2 , (7)

where the expressions for P j
2 with j = {3, 5,∩} are obtained

from Table VI, P 1
2 = P 1

11, P 2
2 = P 2

11 and P 4
2 = P 2

12.
Proof: To derive the outage probability of the message x2,

the union of the five events in Table III should be calculated.
Similarly with the messages x11 and x12, the only events

that are not mutually exclusive are the events 3 and 5 and their
intersection is given in the last row of Table III. Following
similar procedure with the message x11, the probability of
each of the five events and the intersection is calculated and
(7) is derived.

Next, we provide the expression for the joint outage prob-
ability, i.e, the probability that outage occurs in all three
messages.
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TABLE IV

OUTAGE PROBABILITY P11

Proposition 1: The joint outage probability, Pj , of the
considered network is given by P 1

11 in Table IV.
Remark 1: It should be highlighted that SIC can be consid-

ered as a special case of RSMA by setting either α = β = 0 or
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TABLE V

OUTAGE PROBABILITY P12

TABLE VI

OUTAGE PROBABILITY P2

α = β = 1. However, since in these cases either θ11 or
θ12 is equal to zero, the derived expressions are undefined.

The outage probability for an uplink network with two sources
where SIC is used is derived in [1].
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Fig. 1. Outage probability versus power allocation factor α.

IV. A PRACTICAL MAC LAYER PROTOCOL WITH RSMA

It has been shown in the existing literature that MAC
schemes based on non-orthogonal multiplexing can fundamen-
tally improve the performance of uplink system, especially in
terms of connectivity. It should be highlighted that increasing
connectivity is the main motivation of using the power domain
to multiplex the sources’ messages [8]. For example, this
framework can be used in IoT networks with RA to increase
connectivity by reducing the number of collisions. Indicatively,
in a slotted ALOHA (SA) network where the sources access
the channel with access probability q, RSMA can increase
the number of served users, while each user retains the
same throughput. In the following proposition, we derive the
throughput of the sources in an RA network with a MAC layer
protocol based on SA and RSMA, consisting of a BS and N
sources, similar to the one in [1] where a protocol based on
SA and SIC is used.

Proposition 2: The throughput of the source s1, i.e., the
one performing RS, and the source s2, the one that does not
perform RS, are given, respectively, by

R̃1 = R̂1q

(
q̄N−1(1 − P o

1 ) + qq̄N−2

×
∑

s2∈S/s1

(b(1 − P11) + (1 − b)(1 − P12))

)
(8)

and

R̃2 = R̂2q

(
q̄N−1(1 − P o

2 ) + qq̄N−2
∑

s1∈S/s2

(1 − P2)

)
, (9)

where q̄ = 1− q and P o
i denotes the outage probability of the

i-th source for the OMA case [1].
In (8) and (9), the throughput is obtained as the sum of the

OMA case, i.e, SA, where exactly one source is served, and
the case that exactly two sources are served utilizing RSMA.

V. NUMERICAL RESULTS AND SIMULATIONS

In this section, we illustrate the performance of the con-
sidered network and validate the derived expressions with
simulations. We set the average received SNR at the BS from
all sources E[γi] = 30 dB and the bandwidth equal to 1 MHz.

In Fig. 1, we set the target rates R̂1 = R̂2 = 1 Mbps and
the target rate factor β = 0.3. The outage probability of the
three messages and the joint outage probability are illustrated

Fig. 2. Throughput versus number of users.

versus the power allocation factor α and the tradeoff between
P11 and P12 is obvious as α increases. It should be highlighted
that there exists a region of α that the outage performance of
the considered network deteriorates, thus the selection of α is
of paramount importance for the design of an RSMA network.

In Fig. 2, we illustrate the performance of the considered
RA network in terms of throughput versus the number of
users, assuming that q = 1

N . Specifically, we maximize
numerically the minimal throughput among all sources, i.e.,
R̃min = min(R̃i) with i = {1, . . . , N}, subject to α, β and
R̂i. It should be highlighted that the optimization of the power
splitting factor and the target rates exploits all the necessary
degrees of freedom provided by RSMA to achieve the maximal
throughput. Also, for the sake of comparison, the performance
of two also optimized baseline schemes is illustrated, namely
i) OMA-based SA network where at most one user can be
served in each time slot and ii) SA network with SIC that
was proposed in [1]. It becomes apparent that the considered
network outperforms the two benchmarks, thus RSMA can be
utilized in an RA network to increase connectivity.
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