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Abstract—Rate splitting multiple access (RSMA) has a variety
of advantages, including higher throughput, enhanced capacity,
and network efficiency, which makes it suitable for beyond fifth
generation (5G) networks. Since the combining and splitting
operations are performed on the transmitter side, one of the
challenging aspects of RSMA is how a retransmission can be
accomplished. In this article, an efficient hybrid automatic repeat
request (HARQ) design for RSMA networks is presented in
which three novel retransmission strategies are developed. More
specifically, the main idea is choosing among RSMA, nonorthog-
onal multiple access (NOMA), and space division multiple access
(SDMA) during the HARQ retransmission round, respectively,
to do the retransmission. Therefore, a new link adaptation
approach is proposed. The effectiveness of the proposed design
is analyzed in terms of the average number of retransmissions,
energy efficiency (EE), and achievable sum rate. Simulation
results confirm the superiority of the proposed protocol in terms
of packet error rate, EE, and sum-rate improvement up to 70%,
81%, and 76%, respectively, as compared to the conventional
RSMA.

Index Terms—Hybrid automatic repeat request (HARQ),
latency, link adaptation, rate splitting multiple access (RSMA),
retransmissions.

I. INTRODUCTION

W ITH the introduction of new dense applications and
the Internet of Things (IoT) vision in fifth generation

(5G), it is anticipated that the next 5G network will serve an
unprecedented number of users along with achieving various
key performance indicators, such as throughput, reliability, and
latency. One of the promising ways to tackle this situation
is switching from orthogonal to nonorthogonal design in
multiple access techniques which allows simultaneous service
of several users by the given available radio resources [1].
Multiple access systems can be classified into orthogonal and
nonorthogonal based on the way of assigning the resources
(frequency/time/code) [2]. Nonorthogonal approach dramati-
cally increases spectrum efficiency by sharing the same radio
resources with multiple users [3].

Recently, a general nonorthogonal multiple access (NOMA)
framework, called rate splitting multiple access (RSMA) has
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been proposed [4]. RSMA is a powerful candidate for multiple
access downlink multiantenna systems, and it includes both
spatial division multiple access (SDMA) and NOMA as
special cases [5]. RSMA relies on linearly precoded rate-
splitting and successive interference cancellation (SIC) to
decode part of the interference and treat the remaining part as
noise [6]. In addition, RSMA has been shown to outperform
both SDMA and NOMA ratewise in a wide range of network
conditions, such as underloaded and overloaded regimes and
user deployments with different conditions, such as diversity of
channel directions, channel strengths, and qualities of channel
state information (CSI) at the transmitter (CSIT) [5]. Due
to these reasons, RSMA is one of the best candidates to
provide efficient multiaccess for 5G and beyond networks.
Furthermore, RSMA enables soft bridging of two extremes
(NOMA and SDMA) by partially decoding interference and
partially treating it as noise [6].

Hybrid automatic repeat request (HARQ) is one of the
mechanisms that utilizes a feedback channel to do retrans-
mission for recovery of signals that were not successfully
received. In particular, the main idea behind HARQ is to
combine the strengths of forward error correction (FEC) and
automatic repeat request techniques to achieve reliable data
transmission over a noisy channel [7]. Since HARQ improves
throughput and reliability in the long-term evaluation (LTE)
network, it has become a crucial component to investigate
in the 3rd generation partnership project (3GPP) standard
meetings [8]. In [7], the authors summarized how HARQ is
applied to several wireless technologies, such as ultrareliable
low-latency communication (URLLC), cooperative commu-
nications, multiple-input–multiple-output (MIMO), massive
MIMO, NOMA, cognitive radio, caching, simultaneous wire-
less information, power transmission, and unmanned aerial
vehicle (UAV) assisted communications.

A. Related Literature

HARQ schemes are widely used in wireless communication
systems for reliable data transmission. It is employed in a
variety of systems to reduce the bit error rate by increasing
the transmission reliability, such as orthogonal frequency
division multiple access (OFDMA) and NOMA. Regarding
OFDMA, the resource allocation problem for HARQ-based
OFDMA and single carrier FDMA networks is investigated
in [9] with energy efficiency (EE) as the target parameter.
For NOMA, the diversity order of three different HARQ-
aided downlink NOMA systems is analyzed in [10]. Similarly,
massive NOMA with HARQ is proposed in [11] for short
packet communication under the same average received power
constraints at a base station (BS). In terms of reliable and
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secure transmission probability, HARQ enhances the secrecy
performance in maximum ratio combining (MRC) and selec-
tion combing schemes, particularly in low-transmit power
regions as presented in [12]. Additionally, in [13], the HARQ-
based cooperative NOMA network is studied, where better
outage performance is achieved by HARQ with storage than
without storage case. Moreover, nonorthogonal HARQ (N-
HARQ) outperforms the conventional HARQ in both additive
white Gaussian noise (AWGN) and Rayleigh fading channels
in terms of packet delivery latency in [14].

The aforementioned literature shows the capability of
HARQ in terms of enhancing reliability based on different
multiaccess networks. Reliability is a concern in RSMA
networks and there are limited works in this direction. More
specifically, in [15], the authors demonstrate that the uplink
RSMA achieves more reliable communication with finite block
length codes compared to uplink NOMA. In [16], RSMA
in a short packet communication is investigated and it is
proven that RSMA achieves the same maximum-minimum
fairness rate as NOMA and SDMA with smaller block lengths.
However, HARQ-based RSMA has not been studied yet
due to the operations of splitting and combining on the
transmitter side. As a result, a low-complexity and compatible
HARQ design is a crucial step to enhance the reliability of
RSMA networks. Motivated by this, we take a step toward
developing a fully innovative HARQ strategy for RSMA
networks. Moreover, the suggested approach also naturally
offers a novel link adaptation based on various multiaccessing
schemes by taking into consideration the RSMA characteristic
of transitioning between NOMA and SDMA.

B. Problem Statement

Recently, the HARQ protocol has received great interest
among researchers due to its direct relation with throughput,
reliability, and latency. On the other hand, RSMA is one
of the candidates for beyond 5G multiple access techniques.
The process of retransmission-based RSMA networks is not
as forward as the conventional HARQ schemes because the
messages of various users are split and combined before being
transmitted. Notably, when a user requests a retransmission
in RSMA, it remains uncertain which data should be deliv-
ered again (common, private, or the entire packet). Hence,
HARQ cannot be directly applied to RSMA due to its unique
structure [17]. Therefore, there is a need to propose a HARQ
protocol for RSMA networks.

In this article, an efficient design for HARQ-based RSMA
networks is proposed in which three retransmission approaches
are developed based on choosing among RSMA, NOMA, and
SDMA during a HARQ retransmission round. To the best of
the author’s knowledge, this is the first work to design a HARQ
protocol for RSMA networks. This study presents a qualitative
leap not only in terms of proposing a novel HARQ protocol
but also in providing RSMA to be a part of standards. Based
on the simulation results, the suggested protocol significantly
improved the achievable sum-rate and decreases packet error
rate (PER) of the network when compared to the same network
without HARQ and with existing HARQ approaches.

C. Contributions

In this article, we take a step toward merging the benefits
of HARQ with multiuser down-link RSMA and shed light
on its relation with average number of retransmissions and
reliability performance. The main contributions of this article
are as follows.

1) Our work is the first to provide the integration of HARQ
protocol with RSMA networks. This article presents an
efficient HARQ design for RSMA networks, as well as
three unique retransmission strategies.

2) A new link adaptation is proposed which correspond-
ingly chooses from the transmission topologies; NOMA,
SDMA, and RSMA during a HARQ round because of
the inherent flexibility that RSMA offers to a system
that is bridging SDMA and NOMA. This is different
compared to the conventional modulation and coding
approach-based link adaptation.

3) To provide further insights, the proposed approach
is evaluated in terms of several performance metrics,
namely, PER, the average number of retransmissions
and achievable sum rate improvement. For the proposed
HARQ-RSMA approach, we develop a closed-form for
the average number of retransmissions, and EE.

4) Based on the simulation results, the suggested protocol
can provide a higher data rate and greater EE, compared
to the conventional RSMA network without HARQ
taking into account the AWGN channel, Rayleigh fading
channel, average number of retransmission, and the size
of data.

D. Organization

The remainder of this article is structured as fol-
lows. The system model is discussed in Section II, while
Section III introduces the proposed retransmission protocol.
In Section IV, the suggested strategy is examined. Section V
provides the analytical and simulation results. Section VI
presents the conclusion as well as recommendations for further
investigation.

Notations: Bold uppercase A, bold lowercase a, and unbold
letters A, a denote matrices, vectors, and scalar values, respec-
tively. The symbols E(.), x∗, xT, and xH denote the expectation,
conjugate, transpose, and Hermitian (conjugate transpose) of
vector x, respectively. Additionally, the symbol C denotes the
complex field, and R represents the real field. CM×N denotes
the space of M × N complex valued matrices.

II. SYSTEM MODEL

In this section, the system model of RSMA is presented,
where both the transmission and reception architectures are
described. After that, HARQ types are briefly introduced.

A. RSMA

Consider a single cell down-link network with one BS using
Nt transmitting antennas serving K single-antenna users using

Authorized licensed use limited to: Istanbul Medipol Universitesi. Downloaded on May 28,2024 at 13:22:12 UTC from IEEE Xplore.  Restrictions apply. 



ABIDRABBU et al.: NOVEL HARQ DESIGN FOR RSMA NETWORKS 11909

Fig. 1. RSMA system model.

RSMA as shown in Fig. 1.1 In RSMA system, the message
Dk of the kth user is split into a common part Dc,k and a
private part Dp,k. After that, the common parts of all the users
{Dc,1, . . . ,Dc,K} are jointly encoded into a common stream
sc, while the private parts {Dp,1, . . . ,Dp,K} are, respectively,
encoded into private streams {s1, . . . , sK}. The data streams
are denoted together as s = [sc, s1, . . . , sK]T ∈ C

K+1, are
linearly precoded before transmission using the precoder P =
[pc,p1, . . . ,pK], where pc,pk ∈ C

Nt×1 are the precoders of
a common and the private streams, respectively. The power
of the common stream is denoted as Pc = ‖pc‖2 and the
transmitted signal of the kth user can be given as

s = √
pcsc +

K∑

k=1

√
pksk ∀k ∈ K (1)

where pk and pc are the transmitted powers of private and
common submessages for kth user, respectively. Then, the
received signal at kth user is shown

yk = hH
k s + nk (2)

where hk ∈ C
Nt×1 is the channel gain from BS to kth user

and it is perfectly known at BS.2 nk is the AWGN at kth user
with zero mean and variance σ 2

k and it is represented as nk ∼
CN (0, σ 2

k ). We assume that s follows E{ssH} = I and the total
transmit power budget is Pt, i.e., tr(PPH) ≤ Pt. Each part of
the splitted message has a maximum transmission power limit;
for private messages Pk i.e.,

∑K
k=1 pk ≤ Pk and for common

messages Pc i.e., Pc ≤ Pt, therefore,
∑K

k=1(Pk + Pc) ≤ Pt.
According to the RSMA receiver, one of the main features

is managing the interference where it is partially decoded and
partially treated as noise. More specifically, the receiver of
RSMA first detects the common stream and then applies SIC
to be able to decode the corresponding private stream. After
that, the receiver combines both decoded parts as shown in

1It should be noted that although Fig. 1 shows two users using two transmit
antennas, the associated system model figure may easily be expanded to
include more users and antennas.

2Time-division duplexing is utilized to obtain CSI at BS by sending
reference/pilot. It is used because of its simplicity and feature of channel
reciprocity.

Fig. 1. Consequently, the signal to interference plus noise ratio
(SINR) of both decoding parts, sc and sk, at the kth user are
represented as

γc =
∣∣hH

k pc
∣∣2

∑
j∈K

∣∣hH
k pj

∣∣2 + σ 2
k

∀k ∈ K (3)

γk =
∣∣hH

k pk
∣∣2

∑
j∈K,j 
=k

∣∣hH
k pj

∣∣2 + σ 2
k

∀k ∈ K. (4)

B. HARQ

HARQ is a retransmission mechanism that employs channel
coding across several rounds to retrieve messages that are
incorrectly received. The two forms of HARQ are taken into
consideration in this study; HARQ-chase combining (CC)
and HARQ-incremental redundancy (IR). More specifically,
in HARQ-CC, the generated codewords are the same across
all the HARQ rounds. While, in HARQ-IR the generated
codewords in various HARQ rounds are not similar. The main
difference between the two lies in the way of handling the
errors and retransmission of data.

Assuming that � = (γ1, . . . , γM) is a total vector of SINR
for the kth user where M is the maximum number of HARQ
rounds, n is the packet length, and L is the information block
length. Based on [14], the PER approximation for HARQ-CC
and HARQ-IR is given below, respectively

εcc

([
γm
]M−1

0

)

≈ Q

⎛

⎜⎜⎝
n log2

(
1 +∑M−1

m=0 γm

)
− L + log2(n)

n

√
V
(∑M−1

m=0 γm

)

⎞

⎟⎟⎠ (5)

εir

([
γm
]M−1

0 , [nm]M−1
0

)

≈ Q

⎛

⎝
∑M−1

m=0 nm log2(1 + γm)− L + log2

(∑M−1
m=0 nm

)

√∑M−1
m=0 nmV(γm)

⎞

⎠

(6)
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Fig. 2. Proposed HARQ-RSMA process.

where Q(x) is the standard Q-function, and V(γm) = (1−(1+
γm)

−2) log2
2(e) is a channel distortion and γm is the total SINR

of the kth user which is as follows:

γm = γk,m + γc,m (7)

where γc,m and γk,m represent the SINR for common and
private at the mth round, respectively.

III. PROPOSED RETRANSMISSION PROTOCOL

In this section, four aspects of the proposed HARQ-RSMA
are presented. First, the proposed HARQ-RSMA is defined.
Then, the retransmission process is explained and a new link
adaptation approach is suggested. Finally, the pros and cons
of the proposed approach are discussed.

A. Proposed HARQ-RSMA

Error detection, correction, retransmission, and combining
are the steps of applying HARQ to wireless networks [18]. The
proposed HARQ-RSMA structure is described as follows. The
RSMA data frame, D = [Dc,Dp,1,Dp,2, . . . ,Dp,K], is applied
to an error detection encoder where led bits are attached to D
in order to discover errors on the receiver side. The output of
the error detection encoder can be expressed as

c =
⎡

⎢⎣c0, c1, c2, . . . , cK︸ ︷︷ ︸
Dc,Dp,1,Dp,2,...,Dp,K

, ck+1, ck+2, . . . , cK+1+led

⎤

⎥⎦. (8)

After that, each of the c sequence is applied to a channel
encoder that attaches lec bits to c to form a code-word
u. The (K + 1) + led is the number of bits applied to a
channel encoder, and the parity bits can be extracted as O =
[O0,O1,O2, . . . ,Oled ]. Then, a buffer of size, χ , is used
to store the number of codewords to form a large block
of bits U = [u0,u1,u2, . . . ,uχ ] which is interleaved to

mitigate the effect of burst errors. After that, the interleaved
output is modulated using a particular modulation scheme. The
modulated code-word s = [s0, s1, s2, . . . , sQ], where Q is the
total number of modulated symbols in the sequence. It can
be seen that the network has undergone several changes as a
result of the adopted RSMA, including an increase in buffer
size and the transmission of χ+1 streams instead of χ streams
according to the number of common streams in the RSMA
network.

B. HARQ-RSMA Retransmission Process

The retransmission process of our suggested approach is
depicted in Fig. 2 in ten distinct steps as S1, S2, . . . , S10. The
following is the description of these steps.

1) First, the BS transmits a packet to the user equipment
(UE), and the UE receives the packet and checks its FEC
and reliability level, as shown by S1 and S3 blocks.

2) After that, the UE checks the system requirement, if it is
matched, the received packet is decoded and UE trans-
mits a unique instantaneous acknowledgment (ACK) to
BS indicating the successful decoding, as shown by S2.
Otherwise, the UE stores the received packet and asks
for the retransmission of the same packet by sending
feedback as a negative acknowledgment (NACK) to the
BS, as shown by S4.

3) The BS retransmits based on the proposed strategies. In
particular, the first retransmission strategy resends the
common part of the data as an NOMA stream, since
the error propagation problem comes from an error in
decoding the common part, as shown by S5.

4) Then, after checking the FEC and the required reliability
of the system, the UE asks for another retransmission by
sending a NACK to the BS, as shown by S6. Here, the
BS resends the private part as an SDMA stream which
is the second strategy, as shown by S7.
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TABLE I
ADAPTIVITY FEATURE OF RSMA

5) The UE again checks the FEC bits, if the error is still not
acceptable, the UE sends a NACK to the BS, as shown
by S8. In this case, the BS resends the whole data as
an RSMA stream which is the third strategy, as shown
by S9. After that, the UE sends an ACK to the BS, as
shown by S10.

C. Link Adaptation Approach

In the literature, the link adaptation mechanism is an
adaptation in modulation and coding approaches where both
of them are changed based on the channel condition [19].
In this work, a new approach of link adaptation based on
the multiaccess is proposed where two goals are achieved;
retransmission and the way of retransmission (RSMA, NOMA,
and SDMA). This is due to the flexibility that RSMA provides
to networks. More specifically, NOMA is assigned to be with
the first strategy to resend the common part, SDMA is assigned
to the second strategy to resend the private part, and RSMA is
assigned to the third strategy as shown in Fig. 2. Particularly,
SDMA and NOMA are specific examples of RSMA, as seen in
Table I.3 SDMA is obtained from RSMA by forcing ‖pc‖2 =
0, therefore, Dk is directly encoded into sk. Conversely, by
encoding message D2 entirely into sc (i.e., Dc = D2 ) and D1
into s1 while turning off s2(‖p2‖2 = 0), we obtain NOMA [4].

D. Pros and Cons of the Proposed Approach

Proposing such a link adaptation approach adds another
degree of freedom to the network along with modulation and
coding, and this approach can effectively work with the exist-
ing link adaptation approach as illustrated in Fig. 3. Several
advantages of adopting such a link adaptation approach can
be summarized as follows.

1) Adopting such an approach can open several aspects
of the research for beyond 5G networks, for example,
proposing different transmission perspectives to be a part
of a new adaptation scheme for future wireless networks.

2) Doing such adaptation based on the receiver side makes
an adaptive and flexible combining process between the
IR and CC approaches. In particular, the first and second
strategies are combined as the IR approach while the
third strategy is combined with the initial transmission
of the packet as the CC approach which is shown in
Fig. 2.

3) Using this kind of link adaptation opens several areas
of research that are related to the coexistence approach
between different beyond 5G networks for instance joint
radar and communication, 5G new radio, and LTE.

3It should be noticed that although Table I only has two users, it is simple
to expand the associated table to accommodate more.

Fig. 3. Proposed link adaptation scheme.

Our proposed approach offers numerous advantages; how-
ever, several challenges require dedicated attention as future
work. These challenges are vital to focus for further enhance-
ment.

1) A pivotal challenge in our approach revolves around
obtaining precise CSIT. Our proposed work assumes
perfect CSIT, while the practical limitations of hardware
introduce imperfections into the estimated CSIT. These
inaccuracies lead to multiuser interference, imperfect
SIC, and a reduction in the efficiency of link adaptation.
Nonetheless, integrating machine learning and artificial
intelligence methodologies holds the potential to refine
the quality of CSIT estimation. By using such methods,
we may improve channel estimates and precoder design,
resulting in improved SIC implementation.

2) Although our approach provides flexibility in terms of
using NOMA, SDMA, and RSMA during retransmission
based on feedback signals, it may lead to increased
signaling overhead compared to conventional HARQ
methods. Particularly, traditional HARQ employs a sin-
gle bit for feedback, our method utilizes multiple bits
in a single time slot to indicate the specific type of
retransmission (NOMA, SDMA, and RSMA).

IV. ANALYSIS OF THE PROPOSED APPROACH

In order to investigate the efficiency of the proposed
design, two analyses are provided; the average number of
retransmissions and EE. These analyses are studied for two
reasons.

1) The average number of retransmissions is one of the
most valuable constraints when it comes to schedul-
ing techniques and minimizing the average age of
information [20].

2) EE is a major issue while designing any network
protocol since all users in a network have limited energy
sources especially, IoT devices [21].

A. Average Number of Retransmissions

Considered ϒm is the squared envelope of the channel gain
during the mth retransmission round and the random variables
ϒm(m = 1, . . . ,M) are independent and identically distributed
(i.i.d.). In the case of Rayleigh fading, the probability density
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function (PDF) of ϒm where ῡ is the average received SINR,
is given as

fϒm(ϒm) = e−ϒm/ῡ

ῡ
, ϒm ≥ 0. (9)

The capacity of HARQ-RSMA after mth rounds of retrans-
mission for common and private streams can be expressed as

Cm = 1

M

M∑

m=1

[
log2(1 + γmϒm)

]
(10)

where γm is given in (7). The channel condition for RSMA
plays a critical role in the required number of retransmissions,
especially for common data packets since it causes an error
propagation effect. More particular, a few HARQ cycles may
be sufficient for error-free decoding if the channel state is
good. On the other hand, if the channel faces deep fading,
it could take numerous HARQ cycles to send a single data
packet. Therefore, it is essential to define a transmission rate
correctly for common and private parts.

The transmission rate of the first round for both common
and private can be considered as Rc = Dc/Q, and Rk =
Dp,k/Q, respectively, where Q is the number of transmitted
symbols. More specifically, the required number of HARQ
rounds to transmit a particular data packet either for common
or private parts is determined by the transmission rate [22].
Consequently, if m HARQ rounds are used to deliver a
particular data packet, Rc,m = Rc/m is the transmission rate
of a common stream, and Rk,m = Rk/m is the transmission
rate of the private streams. Then, the average transmission rate
for common and private data packets is described as R̄c =
Rc,m/E(T), R̄k = Rk,m/E(T), respectively, where the E(T) is
the average number of retransmissions per data packet and T
is a discrete random variable that represents the time between
the initial sequence transmission and the successful decoding
of the packet at the destination.

Assuming that T follows the Poisson distribution with an
arrival rate equal to λ. In the absence of delay requirements
in the network, the average rate is feasible. However, if the
transmission fails to deliver a data packet after M (maximum
number of rounds) HARQ rounds, the RSMA network would
face an outage. In particular, if the total capacity of RSMA
CM is less than the total rate Rc + Rk, the network will face
an outage. Then, the outage probability after M rounds is
specified as

Pout,M(Rc + Rk) = P
{[

log2(1 + γmϒm)
] ≤ Rc + Rk

}
. (11)

By considering a finite value of M and taking advantage of
the outage probability in (11), the total average transmission
rate of RSMA can be written as

R̄ = (Rc + Rk)
(
1 − Pout,M(Rc + Rk)

)

E(T)
. (12)

The E(T) can be given as

E(T) = 1 +
M−1∑

m=1

P

(
F1, . . . ,Fm

)
(13)

where Fm denotes the event of decoding the failure after
m HARQ rounds either for common or private streams.

Accordingly, three cases can be considered. If the data packet
is successfully sent in the first round which is the correct
event, T = 1. The probability of the correct event is denoted
by P(S1), whereas the probability of the failure event is
as P(F1). If the data packet transmission is unsuccessful
in the first M − 1 round and successful in the mth round,
T = M. The probability of this occurrence is shown by
P(F1, . . . ,Fm−1, Sm), while P(F1, . . . ,FM−1,FM) represents
the likelihood that a transmission will fail after M rounds. If
the data packet transmission fails in the first M −1 round then
we experience either success or failure in the mth transmission
round, T = M. Therefore, the probability P(F1, . . . ,FM) of a
transmission failure after M rounds decreases as m increases
and it is represented as follows:

P

(
F1, . . . ,FM

)
= PM

out(Rc + Rk)

= P

{
M∑

m=1

log2(1 + γmϒm) ≤ Rc + Rk

}

= Fζm(Rc + Rk) (14)

where Fζm(x) exemplifies the cumulative distribution function
(CDF) of ζm = ∑M

m=1 log2(1 + γmϒm) where ζm is Ergodic
capacity of HARQ-RSMA after m rounds for common and
private streams. An approximate solution for the PDF and CDF
of ζm are derived in the Appendix. The PDF of ζm can be
written as

fζm(x) ≈ xαζm

β
(αζm+1)
ζm



(
αζm + 1

) exp

(
− x

βζm

)
(15)

where αζm = ([E(ζm)]2/Var(ζm)) − 1, βζm = Var(ζm)E(ζm),
and 
(·) is the gamma function. Var(ζm) and E(ζm) are
provided in the Appendix. The CDF of ζm can be written as

Fζm(x) = αζm!

�αζm+1
− e−x�

αζm∑

l=0

αζm!

l!

xl

�αζm−l+1
(16)

where � = −1/βζm .
The Pollaczek–Khinchin equation is used to calculate the

average waiting time for a data packet as follows [23]:

T = λE
(
T2
)
TF

2(1 − ρ)
+ TF

2
(17)

where E(T2) is the second-order moment of the total number
of retransmissions, TF is the frame duration, the utilization
factor ρ, namely, the proportion of time during which the node
is busy. The E(T2) is expressed as [24]

E

(
T2
)

= 1 +
M−1∑

m=1

(2m + 1)P
(

F1, . . . ,Fm
)
. (18)

The parameter ρ should satisfy the stability condition as
follows:

ρ = λE(T)TF < 1. (19)

Consequently, the average waiting time is represented as

T =
TFλ

(
1 +∑M−1

m=1 (2m + 1)P
(
F1, . . . ,Fm

))

2(1 − ρ)
+ TF

2
. (20)
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B. Energy Efficiency of Proposed Protocol

In the following, the EE analysis of the proposed HARQ-
RSMA is investigated. The EE represented by ηee is identified
as follows [22]:

ηee = η

P
(21)

where η is the throughput of RSMA network and P is the
consumed power. P can be calculated by the multiplication
of average of power consumed, P̄, with the probability of
successful transmission for each HARQ round. In particular,
the probability of successful transmission and the probability
of transmission failure in the first round can be represented as
P(S1) and P(F1, . . . , SM−1), respectively, until the (M − 2)th
round and success in the (M − 1)th round. P can be shown
for the proposed scheme as

P = P̄ · P
(

S1
)

+ 2P̄ · P
(

F1, S2
)

+ . . .+ (M − 1)P̄

· P
(

F1, . . . , SM−1
)

+ MP̄ · P
(

F1, . . . ,FM−1
)
. (22)

Therefore, (22) can be expressed as the product of the power
consumed per HARQ round and the average number of
retransmissions E[T]. Then, P can be rewritten as

P = P̄ · E[T]

= P̄

(
1 +

M−1∑

m=1

P

(
F1, . . . ,Fm

))
. (23)

The throughput of kth user of the RSMA network after
applying the proposed HARQ protocol is expressed by the
average sum rates of common and private parts as follows:

Rc = min
{
E
[
ln
(
1 + γc,m

)]}
(24)

Rk = E
[
ln
(
1 + γk,m

)]
(25)

then the achievable sum rates of HARQ-RSMA can be
expressed as follows:

η = Rc +
K∑

k=1

Rk. (26)

As a result, the EE of the proposed HARQ-RSMA can be
written as

ηee = Rc +∑K
k=1 Rk

P̄
(

1 +∑M−1
m=1 P

(
F1, . . . ,Fm

)) . (27)

V. ANALYTICAL AND SIMULATION RESULTS

The analytical and simulation results are described in this
section. Table II illustrates the simulation settings utilized to
obtain the results, and the overall process of the proposed
scheme is presented by Algorithm 1.

Fig. 4 (left) and (right) demonstrate the PER of the proposed
HARQ-RSMA over AWGN and Rayleigh fading channels,
respectively, taking into consideration two different coding
schemes [convolutional codes and low-density parity check
(LDPC)] with different data sizes (L = 500 and L = 1500).
One can observe from Fig. 4 (left) that for the same length
and different values of M, we need around 3-dB SNR to

TABLE II
SIMULATION PARAMETERS

Algorithm 1 Overall Algorithm of the Proposed Scheme
1: Input parameters: K; M; PL; P;
2: Procedure:
3: for i=1:Length(SNR) do
4: for k=1:K do
5: for t=1:PL do
6: s = 0 {Initial buffer counter}
7: PE = 0 {Initial packet error}
8: while (PE > Emin & s < M) do
9: if (s = 0) then

10: {NACK is sent}
11: {NOMA signal is transmitted}
12: else if (s = 1) then
13: {NACK is sent}
14: {SDMA signal is transmitted}
15: else if (s = 2) then
16: {NACK is sent}
17: {RSMA signal is transmitted}
18: end if
19: s = s + 1
20: end while
21: end for
22: Compute: PE; E(T);
23: end for
24: Compute: η; ηee;
25: end for
26: Outputs: PER; E(T); ηee

achieve 10−3 error rate. However, for the same number of
retransmissions and different lengths, different error rates can
be achieved at around 4-dB SNR. Also, from Fig. 4 (right), it
is observed that the PER of the proposed scheme outperforms
the conventional RSMA without HARQ by 7-dB SNR at 10−3

error rate (convolutional codes, M = 3, L = 1500) and the
same trend is followed by LDPC (with M = 3, L = 1500). As
a result, our proposed strategy can improve network reliability
by 70% error reduction.

Moreover, our proposed approach performs better than both
N-HARQ and orthogonal-HARQ (O-HARQ) that have been
proposed in [14], where N-HARQ uses the nonorthogonal-
ity of the shared time slots to conduct the retransmissions
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Fig. 4. Proposed HARQ-RSMA PER analysis over AWGN channel (left) and Rayleigh fading channel (right) considers convolutional and LDPC codes with
varying transmission data sizes and maximum retransmissions within a HARQ round. Conv. C in the legend is short for the convolutional codes.

Fig. 5. Proposed HARQ-RSMA approach’s average number of retransmissions over AWGN channel (left) and Rayleigh fading channel (right) takes into
account convolutional and LDPC codes with varied transmission data sizes and maximum retransmissions within a HARQ round. Conv. C in the legend is
short for the convolutional codes.

and O-HARQ uses a separate time slot for each packet to
be retransmitted. O-HARQ represents the standard HARQ
protocol.

The average number of retransmissions of the proposed
HARQ-RSMA over AWGN and Rayleigh fading channels
is shown in Fig. 5 (left) and (right), respectively. It can
be clearly seen that the average number of HARQ-RSMA
retransmissions over AWGN is restricted to low-to-medium
SNR range and at higher values of SNR, it saturates. It is
evident from the figures that at different sizes of data with
the same number of retransmissions and coding schemes,
the saturation level and average number of retransmissions
are same. On the other hand, in Fig. 5 (right), the case of
Rayleigh fading with convolutional codes, M = 6, and L =
1500, shows the maximum number of retransmissions that
can be obtained. While, the case of Rayleigh fading with
LDPC, M = 6, and L = 500, shows the minimum number

of retransmissions that can be obtained. Notably, the average
number of retransmissions using HARQ-RSMA decreases
consistently as SNR increases, since an increase in the signal’s
power may reduce the chance of requesting a retransmission.
Also, the type of FEC has a crucial effect on the average
number of retransmissions and saturation level.

Fig. 6 (left) and (right) demonstrate the achievable sum rate
of the proposed HARQ-RSMA over AWGN and Rayleigh
fading channels, respectively. One can observe that the case
of AWGN with convolutional codes, M = 6, and L = 500
and 1500, is giving the highest sum rate because we have a
large data to be sent with convolutional codes which means
a large number of transmissions and therefore the number of
copies of this data increases at the receiver side. However,
LDPC-based AWGN gives a slightly lower sum rate than the
convolutional codes at the expense of lower average number
of retransmissions of the same data as evident from Fig. 6
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Fig. 6. Achievable sum rate of the proposed HARQ-RSMA approach over AWGN (left) and Rayleigh fading channel (right) takes into account convolutional
and LDPC codes with different transmission data sizes and maximum retransmissions within a HARQ round. Conv. C in the legend is short for the convolutional
codes.

Fig. 7. EE versus SNR of the proposed HARQ-RSMA protocol over AWGN channel (left) and Rayleigh fading channel (right) takes into account convolutional
and LDPC codes with different transmission data sizes and maximum retransmissions within a HARQ round. Conv. C in the legend is short for the convolutional
codes.

(left). On the other hand, in Fig. 6 (right), it can be observed
that the sum rate performance of the proposed HARQ-RSMA
is greater than the conventional RSMA without HARQ, N-
HARQ, and O-HARQ [14]. As a result, the sum rate of the
proposed HARQ-RSMA continuously improves from low to
high-SNR regimes because the proposed technique employs
the link adaptation approach, which reduces the total number
of retransmissions.

The EE of the proposed HARQ-RSMA over AWGN and
Rayleigh fading channels is shown in Fig. 7 (left) and (right),
respectively. It can be clearly seen from Fig. 7 (left), that
convolutional codes based HARQ-RSMA have more EE
compared with LDPC because they carry a large number of
retransmissions using the same power. For instance, increasing
the SNR (dB) from 10 to 18 will lead to an increase in EE
by 1.5% with LDPC and convolutional codes. From Fig. 7
(right), it is obvious that the EE of the proposed HARQ-RSMA

is larger than the conventional RSMA without HARQ. For
illustration, at SNR = 10 dB, in the case of convolutional
codes, M = 6, L = 1500, the proposed approach can achieve
around 81% performance gain. It is worth noting that the
EE of the proposed HARQ-RSMA improves steadily from
lower to higher SNR regimes, however, in conventional RSMA
without HARQ, it starts saturating at the higher SNR values.
The proposed approach can enhance the power management
capability which results in the improvement of EE.

A. Practical Considerations

To perform retransmission in RSMA networks, the proposed
HARQ protocol has been designed based on three strategies
where the BS can send three types of packets in a single
HARQ round (RSMA, NOMA, and SDMA) and based on that
a new link adaptation is suggested. As a result of providing
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such flexibility based on multiple access methodologies, the
complexity of the HARQ-RSMA transmitter grows where
many factors need to be considered, such as power and
rate allocations for each approach, resource management,
and transmission signal formulation challenges. On the other
hand, the receiver of the proposed HARQ protocol is able
to carry out the SIC process and proper combining between
different types of packets is performed based on IR and CC.
Consequently, several delay factors come into the picture and
have to be considered, namely, decoding delay (due to the
SIC process), retransmission delay, queuing delay, processing
delay, and feedback delay.

B. Computational Complexity Analysis

We investigated two forms of FEC codes while considering
the computational complexity of the proposed HARQ-RSMA
protocol: 1) convolutional code and 2) LDPC. When uti-
lizing the convolutional code, the decoding methods of
the Mth HARQ round need complexity in the order of
O(3ML(logML)). On the other hand, when considering the
LDPC code, the decoding operations of the Mth transmission
require complexities in the order of O((M+1)log(ML)), where
O() refers to the big-O notation and L denotes the length of
the data to be transmitted in each HARQ round.

VI. CONCLUSION AND FUTURE WORK

In this article, we designed a novel HARQ protocol-based
RSMA where three retransmission strategies are introduced.
Furthermore, a link adaptable methodology based on RSMA,
NOMA, and SDMA is provided. The proposed scheme outper-
forms the conventional RSMA networks in terms of reliability,
acheivable sum rate, the average number of retransmissions,
and EE due to its ability to select between NOMA, SDMA, and
RSMA as retransmission strategies. Therefore, it is suitable to
be applied to different networks, such as IoT networks, to get
more reliable transmission and low-retransmission latency as
it provides flexibility. Moreover, this work paves the way for
many future directions.

1) This work can be substantial work for introducing
RSMA to the 3GPP standards due to the low-complexity
and compatibility benefits achieved by the proposed
HARQ-RSMA design.

2) The suggested design might provide a new direction for
medium access control layer and physical layer interac-
tions which is one of the features of new generation of
wireless communication.

3) Finally, investigating our proposed approach under other
factors for instance retransmission delay and queuing
delay can be considered as future work.

APPENDIX

PROOF OF (15)

We represent the total mutual information of the proposed
HARQ-RSMA after m rounds by ζm where ζm =∑M

m=1 [ log2(1 + γt,mϒm)]). An approximate solution for the

PDF of ζm is provided in this Appendix. By using the Laguerre
series [25], the PDF of the ζm can be represented as

fζm(x) ≈ xαζm

β
(αζm+1)
ζm



(
αζm + 1

) exp

(
− x

βζm

)
(28)

where αζm = ([E(ζm)]2/Var(ζm)) − 1, βζm = Var(ζm)/E(ζm),
and 
(·) is the gamma function. To determine the parameters
αζm and βζm , the mean value and the variance of the process
ζm have to be defined. Assuming that the average SINR per
receive antenna is ῡ, the PDF of the MRC SINRs at the MIMO
system’s output can be represented as follows:

fϒm(ϒm) =
B∑

b=1

(r+B−2b) b∑

l=r−B

a′
b,l

l!

(
b

ῡ

)l+1

ϒ l
me− b

ῡ
ϒm (29)

where a′
b,l � ab,lKB,rl!/bl+1. Observing that fϒm(ϒm) is a

weighted sum of elementary Gamma PDFs with parameter l+1
and mean (l + 1)ῡ/b. KB,r = (

∏B
i=1(B − i)!

∏B
i=1(r − i)!)−1 is

a normalizing constant [26]. The expected value of the ζm can
be written as follows taking into account the processes ϒm are
i.i.d.

E(ζm) =
M∑

m=1

E
{
log2(1 + γmϒm)

}

= ME
{
log2(1 + γmϒm)

}
. (30)

The term E{log2(1 + γmϒm)} is equal to the Ergodic capacity
C of the Rayleigh fading channel which can be written as

C =
∫ ∞

0
log2(1 + γmϒm)fϒm(ϒm)dϒm

=
∫ ∞

0
log2(1 + γmϒm)

B∑

b=1

(r+B−2b) b∑

l=r−B

a′
b,l

l!

(
b

ῡ

)l+1

ϒ l
me− b

ῡ
ϒmdϒm

= Z
∫ ∞

0
ln(1 + γmϒm)ϒ

l
me− b

ῡ
ϒmdϒm (31)

where Z is represented as follows:

Z = log2(e)
B∑

b=1

(r+B−2b) b∑

l=r−B

a′
b,l

l!

(
b

ῡ

)l+1

. (32)

The integral in (31) is evaluated using partial integration as
follows, u = ln(1 + t) and du = [(dt)/(1 + t)] are related to
the first part, and dv = tn−1e−μtdt is related to the second
part. Then

∫ +∞

0
udv = lim

t→+∞(uv)− lim
t→0

(uv)−
∫ +∞

0
vdu. (33)

Performing n − 1 successive integration by parts yields [27]
[p. 112 and eq. (2.321.2)]

v = −e−μt
n∑

k=1

(n − 1)!

(n − k)!

tn−k

μk
. (34)

Hence, the integral can be written as

In(μ) =
n∑

k=1

(n − 1)!

μk(n − k)!

∫ +∞

0

tn−ke−μt

1 + t
dt. (35)
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The integral In(μ) can be simplified in a short form using [27]
[p. 366 and eq. (3.383.10)], giving

In(μ) = (n − 1)!eμ
n∑

k=1


(−n + k, μ)

μk
(36)

where 
(·, ·) is the complementary incomplete gamma func-
tion represented by [27] [p. 949 and eq. (8.350.2)]


(α, x) =
∫ +∞

x
tα−1e−tdt. (37)

As a result, the C can be written as following:

C = Z(n − 1)!eμ
n∑

k=1


(−n + k, μ)

μk
. (38)

The variance of ζm can be expressed as

Var(ζm) =
M∑

m=1

Var
({

log2(1 + γmϒm)
})

= ME

{(
log2(1 + γmϒm)

)2}

− ME
{
log2(1 + γmϒm)

}2
. (39)

The second part of the variance represents the mean of ζm

that is equal to (38). Therefore, we have to solve the first part
as follows:

E

{[
log2(1 + γmϒm)

]2}

=
∫ ∞

0

[
log2(1 + γmϒm)

]2
fϒm(ϒm)dϒm

= (
log2(e)

)2
∫ ∞

0

[
ln(1 + γmϒm)

]2
fϒm(ϒm)dϒm. (40)

The integral of the previous equation can be solved using the
integration of parts. Assuming, u = ln(1+γmϒm)

2, thus, du =
2 ln(1+γmϒm)(γmdϒm)/(1+γmϒm). Then, let dv = fϒm(ϒm),
therefore, v = 1. So, the integral follows:
∫ +∞

0
udv = −

∫ +∞

0
2 ln(1 + γmϒm)(γm/(1 + γmϒm))dϒm.

(41)

This integral can be solved using [27] [p. 14 and eq. (4.293)]
as

∫ ∞

0

x ln(1 + x)

(1 + x)
dx = B(2,−1)[ψ(1)− ψ(−1)] (42)

where

B(x, y) = 1

y

∞∑

n=0

(−1)ny
(y − 1) · · · (y − n)

n!(x + n)
(43)

and

ψ(x) = ln x −
∞∑

k=0

[
1

x + k
− ln

(
1 + 1

x + k

)]
. (44)

Hence, the variance in (40) is represented by as

Var(ζm) = log2(e)
2B(2,−1)[ψ(1)− ψ(−1)]. (45)

After obtaining the E(ζm) and Var(ζm), the parameters αζm and
βζm can be calculated using the expression of the PDF in (29).
The CDF of ζm can be determined using

Fζm(x) =
∫ x

0
pζm(z)dz. (46)

This integral can be solved using [27] [p. 389 and eq.
(3.351.1)], as follows:
∫ x

0
zαζm e−�zdz = αζm!

�αζm+1
− e−x�

αζm∑

k=0

αζm!

k!

xk

�αζm−k+1
(47)

where � is

� = − 1

βζm

. (48)
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