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Abstract—This paper explores an unconventional physical-
layer architecture, i.e., full-duplex (FD) integrated rate-splitting
multiple access (RSMA) to attain a better trade-off between
energy efficiency (EE) and spectral efficiency (SE) under multi-
user scenarios. The considered FD-RSMA system divides and
encodes the original messages of each downlink (DL) and uplink
(UL) into multiple sub-messages, and later transmits them at the
same resource block, resulting in strong inter-user interference
and cross-link interference, i.e., self-interference (SI) and co-
channel interference (CCI). Here, we focus on the multi-objective
optimization (MOO) problem, i.e., jointly maximizing the EE and
SE of the considered FD-RSMA system via joint power allocation
for simultaneous UL and DL communication, subject to transmit
power constraints and given quality of service (QoS) require-
ments. Firstly, the MOO problem is transformed into a single
objective optimization (SOQO) problem using the weighted sum
method with a trade-off parameter. Subsequently, we adopt an
iterative algorithm that employs inner approximation techniques
to attain near-optimal resource allocation for the transformed
SOO problem via effective interference management. Simulation
results validate that the FD-RSMA scheme effectively outperforms
counterpart multi-user precoding FD schemes like space-division
multiple access (SDMA) and non-orthogonal multiple access
(NOMA).

Index Terms—Full-duplex (FD), rate-splitting multiple access
technique (RSMA), spectral efficiency, energy efficiency.

I. INTRODUCTION

The rapid proliferation of wireless devices and services
has led to an exponential increase in demand for reliable
and high-speed wireless communication networks [1]. Sixth-
generation (6G) wireless networks are poised to enable a new
paradigm of data services involving higher data rates, lower
latency, and ultra-reliability under stringent power budgets
which are beyond the capabilities of conventional multiple-
access schemes [2]. This necessitates new disruptive physical
layer strategies which ensure the acute realization of high
system performance for multiple users under limited spectral
and power resources. Undoubtedly, the growing concern for
the high-system performance and the economic burden asso-
ciated with power consumption necessitates the simultaneous
consideration of spectral efficiency (SE) and energy efficiency
(EE) as key performance metrics for 6G networks [3].

In recent years, full-duplex (FD) systems have been rec-
ognized as a prominent physical layer design technology that
enables simultaneous transmission and reception of uplink and
downlink traffic over the same resource block [4]. In particular,
FD systems can approximately double the spectral efficiency

compared to half-duplex (HD) systems operated on time-
division or frequency-division duplexing. The experimental
results on full-duplex real-time radios in [5] confirmed that
FD systems achieve about 1.9 times higher throughput than HD
systems. Nevertheless, the self-interference (SI) from transmit
antennas to receive antennas constitutes a prime bottleneck for
the application of FD systems [6]. The recent advancements
in analog and digital processing techniques have effectively
reduced SI to the background noise level, making FD commu-
nications more feasible.

Another frontier physical layer strategy, called rate-splitting
multiple access (RSMA) techniques, has been envisaged as
next-generation multiple access scheme in the past few years
owing to its better interference management and power control
policy when compared to conventional multi-user linear pre-
coding (MU-LP), i.e., space division multiple access (SDMA),
non-orthogonal multiple access (NOMA) and orthogonal multi-
ple access (OMA) schemes [7]. In particular, RSMA splits the
intended messages into multiple sub-messages and transmits
them within the same frequency and time slot. It aims to
improve overall system performance with respect to (w.r.t.)
spectral efficiency [8], power minimization, user fairness [9],
and reliability [10] through effective interference management
and successive interference cancelation decoding scheme. Like
in downlink (DL) RSMA, user messages are split into common
and private parts and then encoded into separate streams using
available channel state information at the transmitter. In uplink
RSMA, a message from each uplink (UL) user is split into
several sub-messages based on split proportions, where each
part contributes to the rate of that user [11].

Using RSMA, the available resources can be efficiently
split between users, leading to increased throughput. On the
other hand, FD systems allow simultaneous transmission and
reception, reducing the time required for data transmission and
improving reliability. Interestingly, the interplay of an FD and
RSMA system can lead to significant improvements in spectral
efficiency, energy efficiency, latency, and network capacity
for both UL and DL communication. While some literature
demonstrates the excellence of NOMA-integrated FD systems
[12], the exploration of RSMA with FD remains unexplored,
despite RSMA’s outperformance over NOMA. Notably, the
occurrence of cross-interference in FD transmission can be a
major bottleneck in the FD-RSMA scheme, which requires
careful consideration. Thus, an optimal resource allocation



design for effective interference management in the FD-RSMA
system is a compelling research topic, especially to achieve
both energy and spectral efficiency, and it forms the primary
motivation for this work.

Despite its advantages, the study on the integration of
FD and RSMA system has not been sufficiently addressed
remarkably in the literature. The work in [13] adopted an FD
cooperative RSMA scheme where the strongest user among
the two users was acting as an FD relay for the DL system;
however, the RSMA operation of UL and DL transmission at
the base station (BS) was not fully realized. The authors of [14]
discussed the SE-EE trade-off problem in the RSMA-assisted
downlink network and found a globally optimal solution, while
the authors of [10] addressed the SE-EE trade-off problem
considering the multi-objective optimization (MOO) problem.
Indeed, optimal power control in the FD-RSMA system is a
fundamental concern that involves a highly complex resource
allocation problem and smart interference mitigation for UL
and DL transmission. Nonetheless, to the best of the authors’
knowledge, this is the first work that studies an RSMA-
integrated FD system to achieve a spectral and energy-efficient
multi-user communication system. The major contribution of
the work is as follows:

1) Unlike [10], [14], we consider an RSMA-integrated FD
architecture where a multi-antenna base station (BS)
communicates with multiple single-antenna UL and DL
users within the same time and frequency slot.

2) In particular, a MOO problem for SE-EE trade-off
is formulated for the considered system under given
transmit power and rate requirements constraints. To
solve the formulated problem, we first transform it into
an equivalent single-objective optimization problem and
later solved it using a low-cost iterative method based on
successive convex approximation (SCA).

3) Subsequently, simulation results are presented to validate
the outperformance of the FD-RSMA system over con-
ventional half-duplex, multi-user precoding schemes like
SDMA and NOMA schemes.

II. SYSTEM MODEL AND PRELIMINARIES

Let us consider a FD scenario where a base station (BS)
consists of multiple transmit antennas (M;) and receive an-
tennas (M,). Here, the BS simultaneously caters to D DL
and U UL single-antenna users, as illustrated in Fig. 1.
u = {1..U}, D =2 {1..D}, R & {1...M,} and
T £ {1... M} are respectively the set of UL users, DL users,
transmitting antennas and receiving antennas. For the sake of
simplicity design and theoretical performance evaluation of the
considered system, we strictly assume that the perfect channel
state information for each link is known a prior. Denoting
ghl e CM:x1 d € D as the channel between BS to d*" DL
user, gVl € CY*Mr o € U as the channel between u** UL
user to BS, h, , € C,u € U,d € D as the interference channel
between ut" UL user to d* DL user, and F € CM:XMr 44 the
SI channel gain.

Self-Interference

Uplink Users Downlink Users

H
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Fig. 1: An illustration of the FD RSMA system model.

In the considered FD-RSMA system, the BS transmits a
set of original messages WPL & (WP WEL} to the
DL users such that the message of each dt" DL user, WdD L
is divided into two parts, i.e., the common and private sub-
messages, respectively, which are denoted as W L ¢ C and
wh dp Lec, respectively such that B[W2F(WRF ) ] =1 and
E[W (W YH] =1,Vd € D. In partlcular the BS encodes
all the common sub-messages of all the users into a common
data stream sPZ and private sub-messages into the distinct
dedicated data streams, s DL Yd. So, the superimposed symbol
of all DL users transmitted by BS is expressed as

xr =w,_s” —l—ZkeD SPE )

where w, € CM*! and w, € CM>*1 Vk € D are the
transmit beamformers for the common stream and for a private
stream of d'" DL user, respectively.

Furthermore, each u!" UL user divides its original messages
WYL into two distinct sub-messages W.'{ and W[} such that
EWUEWYIH] = 1,vj € J £ {1,2},Vu € U. These sub-
messages are later encoded into distinct streams su g L Yu,Vj
and later transmitted by the BS. So, the transmitted signal by
each u*" UL user is given as

UL Z]EJ

Y Yuel, )

JU.J

where p, (C1X1 Yuel, Vje j 1s the transmit power
allocated to u? UL user to transmit j** sub message of that
user.

The received signal at the d*” DL user is given as

Ya DL XT+Z d1thL+nd

:(gf;L)Hw O (Y s
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where 7L ~ CN (0, (67%)?) is the additive white Gaussian
noise (AWGN) with noise power of (c7£)? at d'" DL user.
Note that the signal received by the d** DL user includes the
desired signal from the BS, as well as interference from other
DL users, known as inter-user interference (IUI), interference



from UL users, known as UL to DL users interference (UDI),
and noise.
The overall signal received at BS can be expressed as

Yo =D gffL UL+FHXT+77 €

4P (wcsj?LJrZ w, 5" )+n )
ST

where ng ~ CN( (c%5)%1n ) is the AWGN with noise
power of (c%%)? at BS. Note that the received signal at the
BS includes the sub-messages of UL users, SI from the transmit
antennas of the BS, and the noise.

deD

A. Achievable rate

For DL RSMA, the common stream sent by BS is firstly
decoded at each DL user by treating all the private streams as
interference (IUI) along with UDI and noise, and later using
SIC at the DL user, the decoded common stream is subtracted
from the received signal. So, the signal-to-interference-plus-
noise ratio (SINR) of the common stream at d'" DL user is

ECRT UL, P+ (0DF
i€D ueljeJ
(6)
and the corresponding common rate is given as
RPF =logy(1++2F),Vd € D. 7

Nevertheless, the rate of the common stream, denoted as RCD L
should be selected as the minimum among the common rates
of all users to ensure that the common stream can be decoded
successfully by all DL users, which follows

RPY =min{RD]" ... RPL} ®)

Moreover, each private stream is decoded at the corresponding
DL user treating other private streams as interference along
with UDI and noise. The SINR to decode d** private stream
at the corresponding DL user is given as
DL\Hy, |2
(8 ™) W,

DL
Tp,d = .
’ > &F) w22 3 pULh, 2+ (0 F)?
i€D,i#d ueU jeJ
)
and the corresponding private rate is given by
RPY =logy(1+~25),Vd e D. (10)
Overall, the rate at d** DL user is expressed as
dtot_C pd7Vd€D (11)
where, CC’? Lis part of the common rate intended for d* DL

user such that Y, CPL = RPE

For the UL, the BS decodes all sub-messages transmitted by
UL users using SIC based on a predefined decoding order such
that the first sub-messages of the decoding order is decoded
first, followed by the second element and so on, the BS

successfully decodes and eliminates all sub-messages with a
decoding order lower than sU% 7 and treats the remaining sub-
messages as interference [15]. Similar to [15], we adopt the
decoding order I aiming to maximize user fairness such that

_ UL Ul Ut .
II —{ wj = Sugr = su,J,) :

|g g J;éu"u,u'eu’j’j'ej}.

Without loss of generality, it is assumed that an efficient digital

SI cancellation is employed; however, there still exists some

part of SI due to hardware constraints [12] which is termed

residual self-interference. Ultimately, the SINR for the s_'; of
u!™ user can be expressed as

12)

UL|g7[{LZu|2

( )Z pYL|glla, 2+ (Psi+o3E) ||z, |12
m,n)€Qy ;

UL _
’YU,j -

(13)

where z,, € CM~*1 ig the receive beamformer at the BS to
decode the signal from the u'* UL user, Q, ,; 1s the set of all

the messages which have higher decoding order than sUg and

Ps; = w([F'w, |2 + 3 cp [FHw,[?) such that w is the RSI
coefficient. Now, the overall rate for the u! user is given as

R{F =) RIG=>.., L), Yuel. (14)

The spectral efficiency for the considered system is given as

SE:ZdG (ChE Z LR

B. Power consumption model and Energy Eﬁﬁczency

log, (1 + fy

15)

The total power consumption of the FD-RSMA system
depends on the transmit power at the BS and the UL users
and the constant power consumed by the circuitry denoted as
Pc. The total power consumption of the system is given by

(letlﬂ ) =N pUE+ P, (16)

keD Pu ueU je€TJ

where pg and p,, € [0 1] are the power conversion efficiencies
at the BS and the UL users respectively. Apparently, the energy
efficiency of the considered system is given by

a7

C. Problem formulation

Notably, the SE increases as the power consumption for
transmission increases. To maximize the SE, it is necessary
to use all available transmit power. However, this approach
may not be ideal for maximizing EE, as EE aims to achieve
a balance between SE and power consumption. As a result,
SE and EE are in conflict in the moderate and high signal-to-
noise ratio (SNR) regimes, leading to a tradeoff between the
two metrics. In this subsection, we explore this tradeoff and
determine the optimal resource allocation design strategy that
strikes the best balance between SE and EE. This tradeoff can
be viewed as a multi-objective optimization (MOO) problem
given by



(Pl):wrg;a,%yc SE(w_,w,P,c) (18a)
wn}"z})r() . BE(w.,w,P,c) (18b)

st. (C.1): Z lw,|? +|w,|* <pPk | (18¢)
(C.2): Z C;<RP} VdeD, (18d)
(C.3):Cy > o vd e D (18e)
(CA):RPf, > RYL,,.Vd €D, (18f)
(C5): Z}eijL <plL . vuel, (18g)
(C.6) : Zjej RUL>RYL. Vieu.  (18h)

where the constraints (C.1) and (C.5) denote that the trans-
mit power budget available at BS and each u'" user which
is restricted upto p”= and p{%L .. respectively, (C.2) and
(C.3) ensure that each DL user decodes the common stream
successfully, and the constraints (C.4) and (C.6) ensure the
QoS for each d** DL and u'" UL user such that RPL  and

d,min
UL
R, min are the minimum rate requirement, respectlvely

III. PROPOSED SOLUTION

To handle the conflicting objectives in problem (P1), we use
the weighted sum method, which converts the MOO problem to
single objective optimization (SOO) problems by prioritizing
each objective function. The objective function of the SOO
problem is given by

O =

EE-SE,1

2 ppyU=9gp
YEE PSE
where o is the trade-off parameter and ¢ and pgp are the
normalization factors. Using the Dinkelbach method [16], the
objective function (19) is transformed as
@ SE —

19)

EE-SE2 — PsE-EE qPT= (20)

where oo, ., = (evse + (1 — 0)ver)/(pseper). By
dividing the transformed objective function with ¢, .., (20)
is transformed as

OEE—SE,S =SE — (qPT/(@SEEE)> .

By replacing the positive constant q/¢., ., with x/(1 —x),
for 0 < X < xge <1, where XEE/(l — XEE) = q(pEE/(pSE
and multiplying with (1 — ), (21) is written as

O 7X>SE7XPT7

2y

(22)

EE-SE4 (1

The objective function O, g, , in equation (22) transforms
the SE-EE trade-off problem, with g as the trade-off param-
eter, into a SE-PT trade-off problem with y as the trade-off
parameter. O, ... , seeks to maximize SE while minimizing
total power consumption. Consequently, the solution to (P1)
can be derived from the subsequent SOO problem, as:

s.t. (C.1),...,(C.6), (23b)

where £, and £, are the normalizing factors, calculated by
maximizing SE and minimizing Pr respectively [17]. At x =
0, the problem (P2) can be simplified to maximize SE, while at
x = 1, the problem reduces to minimizing power consumption.
The energy-efficient solution is achieved at optimal .

The optimization problem formulated in problem (P3) is
non-convex due to the coupling of variables in the objective
functions (23a), constraints (C.2), (C.4) and (C.6). In gen-
eral, no standard mathematical optimization scheme exists to
provide optimal global solutions to these non-convex problems
in polynomial time. As a compromise, attaining high-quality
sub-optimal solutions for the resource allocation problems in
(P3) is more appealing. In the sequel, we aim to tackle the non-
convexity of (P3) and develop an efficient resource allocation
scheme using general convex approximations.

For the sake of simplicity, we adopt matched filter criterion
for the m!" receive beamformer at the BS [18] such that
z, = gUL/||gVL||. We utilize successive convex approxima-
tion approach to design the other optimization variables [19].
Using auxiliary variables ,uc d pp d and ,u the expressions
in (6), (9) and (13) are relaxed as follows

,YDL > |(g§L)HWC § DL - |(g(jsz)H d‘Q

¢,d = DL »Ip,d = DL )
c,d ,upd
UL‘gULZ |2
vuLzT',Vd,u,jeD,u,j (24)
u,j
where
p27 =31l W PY D U R, P (02))2 (29)
i€D ueUFjeT
DL - DL UL h,. 24 (oPL 26
ot =y |(8")" uL| 2. (26)
€D, wEU jET
i£d
2
wlh = Y Pl e, P (Por+ oBE) 2P @)
(m,n)€Qu ;

Although the expressions in (24) are non-convex, by letting
Z. = |gVrz, |2, they can be transformed into an equivalent

affine form using the SCA technique at {wc(i), wgi), pUL(i),

u,j

(i) (i) L@
poq " mpd and 5 as
)/ DLy/ DL\H NK
2R (w7 W) (@R Ok,
pL(®) B pr()? - T
He d Hre.d
(28)
HH i
2§R(wg) (gﬁ’L)(gﬁ’L)HWd) [(g2") w (”\2/*55 DL
310 - (i)2 -
D plk
(29)
I A I A B
Sl ) T e | 2 g (30)
Al ULt

Using the approximations in (28), (29) and (30), the problem
(P2) is reformulated as



(1= )SE - —PT

(P3): W 0P bl b €se Epr Gy
st (C.1),(C.3), (C.5),(28), (29), (30), (31b)
(C.2) : Z C; <logy(1 +~5F),vd € D, (31c)
(C24):C +log2( +yi) = RyE,,¥d e D, (31d)
(C2.6) : Zje RUL > logy(14+ Y5 vieu,  (le)
where ., p,,p, are  defined as  {ulf...plh}

(gt -y DLY and (el - ms}

The above problem is convex and solved using the standard
CVX toolbox. We can gradually improve this lower bound by
solving (P3) optimally in an iterative manner. Furthermore, the
objective function in problem (P3) increases monotonically,
which ensures convergence to a stationary point. The tradeoff
parameter y is adjusted to achieve the desired priority of the
objective functions. xy = 0 is used to optimize the SE objective
function, while ygg is used to optimize EE, which can be
obtained from (23) = 0, similar to finding ¢ in solving the EE
problem. The optimal SE-EE tradeoff problem under the SCA
framework is summarized in Algorithm 1.

Algorithm 1 Proposed Algorithm

1: Initialize w( >, (”, P“), p,c(i), up<i), uu<i), XU)
and ¢ = 5 =1 and.

: Evaluate £, and &,,.

: while j < ja. do

while i < 7,4, do
Evaluate w{' ™, w(*D, PO+ ysing problem (P3)
Evaluate SE and EE using (15) and (17) respectively

end while

Obtain X<j+1) = SE¢pr/(SEfpr + EE{sE)

9: i—i+land j —j+1

10: end while

11: Output: x* w

» Jmazs Ymax

A ol e

()P()

Let the inner and outer layers of the proposed algorithm
converge within Q™*, C™ SCA iterations which have
a = My + DMy + 3D + 2JU variables and b = 5D +
U(2+ J) + 1 affine constraints. Therefore, the computational
complexity of the proposed solution for the problem (P3) is
O(Qmawcmawab2) [20]

IV. RESULTS AND DISCUSSIONS

This section presents the performance analysis and effec-
tiveness of the proposed FD-RSMA system and its solution
by averaging over more than 100 independent realizations
of randomly generated channels via Monte-Carlo simulations.
Moreover, we showcase the impact of RSMA on the perfor-
mance of the considered full-duplex network while comparing
it with SDMA. Without loss of generality, we assume that the
BS with M; = 3 transmit and M, = 2 receive antennas is
located at (0,60m), D = 4 DL users, and U = 2 are distributed
randomly circularly centered at (zy1,0), zyr = 30 m and
(zpr,0), zpr, = 30 m respectively, within a radius of R, = 30
m [21]. The minimum QoS for DL and UL users are set
as RPL = R, = 0.1 and RVL . = 0.1 respectively.

d,min u,min
The available transmit power at BS and the UL users are set

as pPL = pua. = 10 dB and pYL ‘maz 5 dB

and the noise power is as 0352 = JEL = —80dBm,Vd
[3]. Further, the large-scale path-loss (in dB) is followed as
P, = Pr,(d;/do)” %, where Py, = —30dB denotes the
path-loss at the reference distance of dy = Im, and «; (
Vi € gfL,gg L,F,hdyu) represents the path-loss exponent
between the BS and the d*" DL user, the u!" UL user-BS, the
SI channel, and the u*" UL user-d*" DL user links, respectively
[19]. Moreover, d; is the distance of the i*" link, and «; = 2.2
is the path-loss exponents. We assume that small-scale fading
for all links follows the Rayleigh distribution [21].

Firstly, the convergence behavior of the outer loop of the
proposed iterative solution in Algorithm 1 and the correspond-
ing convergence of the EE is depicted in Fig. 2. The proposed
algorithm converges within 5 iterations as the optimal Y, i.e.,
the trade-off parameter attains a stationary point. We also high-
light the convergence of EE performance w.r.t. corresponding
x. Note that we compare the proposed solution for FD-RSMA
with the counterpart FD-SDMA and FD-NOMA schemes. The
results validate that FD-RSMA attains substantial improvement
compared to FD-SDMA and FD-RSMA, with performance
gains of nearly 23.53% and 46.51%, respectively. Factly, the
splitting of the messages into sub-messages in RSMA renders
a higher degree of freedom in interference management, both
cross-interference (SI and UDI) and IUI

Fig. 3 illustrates the impact of the trade-off parameter, x on
the average EE and SE for the considered FD-RSMA system
under different values of R,;, and ppq.. Under x = 0, the
BS utilizes the maximum available transmit power to captivate
maximum SE which deteriorates overall EE performance. On
the other hand, at x = 1, the objective boils down to the power
minimization problem in which power is only used to achieve
the given QoS which ultimately results in decreases of both
SE and EE. Note that the gradual increase in x simultaneously
balances the obtained SE and the required power leading to an
increase in the EE until it reaches the maximum performance.
However, a further increase in y deteriorates the EE as the
rate of decrement in power is more than the rate of decrement
in SE. This trend persists until the desired QoS is met,
causing a saturation point in both EE and SE. Nevertheless, the
higher QoS rate enforces the SE and EE to saturate at higher
performance. Notably, the increase in transmit power budget
experience a lower value of optimal x and renders better SE
and EE performance due to efficient power control.

pmaz

Fig. 4, we show the impact of the interaction between w
and x on average EE for both FD and HD-RSMA scenarios.
Alternatively, the results in Fig. 4 highlight the determination
of optimal x for EE maximization based on varying RSI
coefficients. The increase in w results in higher SI for UL,
leading to a decrease in both SE and EE. Conversely, the HD
system remains unaffected by w due to the absence of self-
interference. FD-RSMA outperforms HD-RSMA throughout
the results, however, the dominance of FD-RSMA over HD-
RSMA diminishes as w increases. Notably, the performance
gain of FD-RSMA over HD-RSMA is quite significant only at
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algorithm. parameter x

an optimal value of x (around 0.3).

Finally, Fig. 5 depicts the impact of maximum power avail-
able at BS (PPL ) on average EE at optimal x* and y = 0.
Note that y = x* and x = 0 correspond to EE performance at
optimal trade-off point and SE maximization (EE performance
with full transmit power), respectively. Under optimal x = x*,
the EE performance initially increases with transmit power
due to an increase in power control flexibility. However, the
proposed algorithm maintains the balance between higher SE
and lower power which enforces the BS to use a fixed transmit
power (optimal power) i.e., fixed EE performance, especially
at high P77*. While for the x = 0 scenario, with the increase
in Ppp*, the average EE decreases as the BS utilizes all
the available transmit power to maximize SE. The increase
in power increases the SE negligibly as IUI dominates at
higher transmit power, which significantly decreases the EE
with x = 0. Overall, the proposed FD-RSMA scheme attains
better performance than the counterpart SDMA and RSMA.

V. CONCLUSIONS

This paper investigated an unconventional RSMA-integrated
FD communication system to attain a better EE and SE
performance. A MOO problem of the SE-EE trade-off for
the considered FD-RSMA system was formulated by jointly
optimizing the transmit and receiver beamformer at the BS and
power allocation at UL users while guaranteeing the transmit
power constraint and minimum rate requirement. Subsequently,
an iterative algorithm based on the SCA scheme was adopted
to attain a closed-form solution for the formulated non-convex
MOO problem. Finally, the simulation results demonstrated the
out-performance of considered FD-RSMA over FD-SDMA and
FD-NOMA schemes w.r.t SE and EE trade-off. It was shown
that the proposed solution attains optimal trade-off point which
balances the SE and EE performance effectively. Nevertheless,
the results in this work serve as a theoretical performance
bound for the FD-RSMA system, and the detailed investigation
of a robust FD-RSMA system design under imperfect CSI is
left as a future extension of this work.
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