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Radio Resource Management Design for RSMA:
Optimization of Beamforming, User Admission, and
Discrete/Continuous Rates With Imperfect SIC

Luis F. Abanto-Leon ", Aravindh Krishnamoorthy
Gek Hong Sim ¥, Robert Schober

Abstract—This paper investigates the radio resource manage-
ment (RRM) design for multiuser rate-splitting multiple access
(RSMA), accounting for various characteristics of practical wire-
less systems, such as the use of discrete rates, the inability to serve
all users, and the imperfect successive interference cancellation
(SIC). Specifically, failure to consider these characteristics in RRM
design may lead to inefficient use of radio resources. Therefore,
we formulate the RRM of RSMA as optimization problems to
maximize respectively the weighted sum rate (WSR) and weighted
energy efficiency (WEE), and jointly optimize the beamforming,
user admission, discrete/continuous rates, accounting for imperfect
SIC, which result in nonconvex mixed-integer nonlinear programs
that are challenging to solve. Despite the difficulty of the optimiza-
tion problems, we develop algorithms that can find high-quality
solutions. We show via simulations that carefully accounting for
the aforementioned characteristics, can lead to significant gains.
Precisely, by considering that transmission rates are discrete, the
transmit power can be utilized more intelligently, allocating just
enough power to guarantee a given discrete rate. Additionally, we
reveal that user admission plays a crucial role in RSMA, enabling
additional gains compared to random admission by facilitating
the servicing of selected users with mutually beneficial channel
characteristics. Furthermore, provisioning for possibly imperfect
SIC makes RSMA more robust and reliable.

Index Terms—Beamforming, user admission, discrete rates, rate
splitting, imperfect SIC, spectral efficiency, energy efficiency.

NOMENCLATURE
BnB Branch-and-bound
EE Energy efficiency
IPM Interior-point method
MCS Modulation and coding scheme
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MINLP  Mixed-integer nonlinear program
MISOCP Mixed-integer second-order cone program
NOMA  Non-orthogonal multiple access

NOUM  Non-orthogonal unicast and multicast
RRM Radio resource management

RSMA  Rate-splitting multiple access

SCA Successive convex approximation

SDMA  Space-division multiple access

SDR Semidefinite relaxation

SE Spectral efficiency

SIC Successive interference cancellation
SINR Signal-to-interference-plus-noise ratio
SOCP Second-order cone program

SR Sum rate

SSR Sum secrecy rate

WEE Weighted energy efficiency

WSR Weighted sum rate

I. INTRODUCTION

ATE-SPLITTING multiple access (RSMA) has emerged
R as a promising technology capable of outperforming non-
orthogonal multiple access (NOMA) and space-division multi-
ple access (SDMA), owing to its superior ability to cope with
multiuser interference [1], [2], [3]. RSMA is a power-domain
non-orthogonal technology that relies on multi-antenna rate-
splitting at the transmitter and successive interference cancella-
tion (SIC) at the user side. Specifically, the transmitter partitions
the message for each user into a common and a private portion.
Then, it encodes the common portions of all users into acommon
stream and each of the private portions into an independent
stream. Prior to over-the-air transmission, the common and
private streams are precoded by the transmitter. Upon reception
of the streams, each user employs SIC to decode and remove the
common stream, which carries the common portions of other
users and its own, before accessing the private streams to decode
its private portion. With both the common and private portions
available, the user can reassemble its message. By adjusting
the partitioning of messages into common and private portions,
RSMA flexibly controls the level of interference that each user
can cancel, thus bridging smoothly between the two extreme
strategies of fully decoding interference (as in NOMA) and fully
treating it as noise (as in SDMA), leading to further performance
gains [3], [4], [5].
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To date, several studies have demonstrated in various use
cases [6] the higher capabilities of RSMA compared to SDMA
and NOMA, thus positioning RSMA as a formidable multiple
access candidate with enormous potential to meet the stringent
connectivity requirements of next-generation wireless commu-
nications systems [7]. Still, a key element that needs further ad-
vances to ensure high RSMA performance is the radio resource
management (RRM) design. The RRM for RSMA systems
has focused chiefly on the beamforming and power allocation
design, which have been investigated for a plethora of use
cases and different design goals, such as fairness, sum secrecy
rate (SSR), sum rate (SR), weighted SR (WSR), and weighted
energy efficiency (WEE)! optimization, as summarized in the
following.

The authors of [9] studied the beamforming design for WSR
maximization in joint radar and communications (JRC), whereas
the authors of [10] developed cooperative beamforming strate-
gies to maximize the WSR in visible light communications
(VLC). The authors of [11], [12] investigated the beamforming
design for WSR maximization in non-orthogonal unicast and
multicast (NOUM) systems. In contrast, the security aspect was
investigated in [13], where the beamforming and artificial noise
were designed to maximize the secrecy rate fairness. Besides, the
beamforming design for rate fairness maximization was inves-
tigated in [14] in the context of cooperative relaying networks.
Driven by the same goal, the joint design of beamforming and
the phase shifts of an intelligent reflecting surface (IRS) was
researched in [15]. In addition, the beamforming design for
WEE maximization was studied for unmanned aerial vehicle
networks in [16], for VLC in [17], for semantic communications
in [18], and for JRC in [19]. The authors of [20], [21] investi-
gated the beamforming design for maximization of respectively
the WSR and WEE, whereas the authors of [22] designed the
beamforming for simultaneous WSR and WEE maximization.
Power allocation was investigated for SR, SSR, and rate fairness
maximizationin [23], [24], [25], [26], and [27], respectively. The
body of work on beamforming and power allocation design of
RSMA continues to grow and show promising results. However,
the literature has so far ignored critical characteristics that are
inherent to practical wireless systems, i.e., rate discretization,
user admission, and imperfect SIC, which merit investigation.

Concerning the first characteristic, most of the literature,
assumed continuous rates modeled by Shannon’s capacity for-
mula, e.g., [1], [2], [3]. [6], [9], [10], [13], [15], [16], [17],
[18], [19], [20], [21], [22], [23], [24], [25], [26], [27]. This
assumption contrasts with the predominant use of discrete rates
in practical wireless systems and raises questions as to whether
RSMA’s gains will hold when discrete rates are accounted for.
Transmission rates in wireless systems are determined by the
choice of a modulation and coding scheme (MCS), as specified
by 3GPP [28], leading to a finite set of discrete rates. Employing
Shannon’s capacity formula is mathematically more tractable

'In our work, EE (WEE) is defined as the ratio of SR (WSR) to total power
consumption, with the goal being its maximization. An alternative but less
commonly used definition of EE is expressed as the total energy expenditure,
with the goal being its minimization [8].
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than assuming discrete rates, hence its wide adoption. How-
ever, it renders continuous-valued rate upper bounds that are
unachievable in practice. A naive solution to this problem is to
project the continuous rates onto the discrete rate set, i.e., round
them to the closest feasible discrete rate [29]. However, this may
lead to performance degradation. Therefore, rate discretization
must be properly accounted for in the RRM design to exploit the
full potential of RSMA. To date, the incorporation of discrete
rates into the RRM design of RSMA remains to be investigated.
An early study in [30] showed that RSMA outperforms SDMA
for discrete rates. The proposed design, however, did not account
for predefined MCSs, as the authors assumed continuous rates
and tailored the MCSs to achieve a SR close to the ensemble av-
erage obtained over multiple channel realizations. A few works
investigated the impact of beamforming and discrete rates on
the performance of SDMA. For instance, joint beamforming and
discrete rate selection design was investigated in [31], [32] for
SR maximization and in [33] for WSR maximization. However,
these results are not applicable to RSMA, since RSMA is a more
general framework that includes SDMA as a special case.

Concerning the second characteristic, access policies in wire-
less systems typically restrict the number of users served per
time slot, e.g., due to the availability of a limited number of
radio frequency (RF) chains. This characteristic is especially
limiting for SDMA, which requires one RF chain per served
user. In contrast, RSMA can support more users than RF chains
are available since RSMA can exploit the multicast signal to
aggregate information for several users. However, in this case,
RSMA may degrade severely as the number of users increases
since the multicast signal must be delivered to all users. This
peculiarity becomes a limitation in RSMA and raises the need
for selective user admission. The impact of user admission on
performance has been studied for SODMA and NOMA, but has yet
to be researched for RSMA. For instance, the joint beamforming
and user admission design for SDMA was investigated in [34] to
minimize the transmit power, and in [35] to maximize the SR and
rate fairness. The authors of [36] developed joint beamforming
and user admission strategies for SDMA to maximize the num-
ber of users served. With the same goal, the authors of [37] de-
signed the power and subchannel allocation for NOMA. Besides,
the joint design of beamforming, user admission, and discrete
rate selection for SR maximization of SDMA was investigated
in [38]. However, the solutions developed in the preceding
studies are not valid for RSMA. Specifically, user admission for
RSMA differs significantly from that for SDMA and NOMA, as
RSMA delivers information to users via superimposed multicast
and unicast precoders. Unicast precoders benefit from users
with uncorrelated channels because interference is easier to
mitigate. In contrast, the multicast precoder benefits from users
with correlated channels as this facilitates transmitting shared
information with less power. Therefore, given these conflicting
objectives inherent to RSMA, including user admission in the
RRM design is essential.

Finally, as the last key characteristic, it is important to account
for imperfect SIC. Specifically, the performance of RSMA is
highly dependent on the success of SIC. In practice, SIC is
generally not perfect, which causes unmanaged self-interference
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that can compromise performance. Despite the importance of
accounting for imperfect SIC in the RRM design of RSMA, SIC
has been assumed to be perfect in most of the RSMA literature,
with few exceptions. For instance, the authors of [39] investi-
gated the beamforming and subcarrier allocation design for SR
maximization taking into account imperfect SIC. However, the
proposed design assumed continuous rates and did not consider
user admission. The impact of imperfect SIC on the SR of RSMA
was also investigated in [40], where the authors derived bounds
for power allocation but did not take user admission and discrete
rates into account. NOMA can also be affected by imperfect SIC
and, therefore, a number of works have investigated its impact.
In particular, for NOMA, the impact of imperfect SIC and power
allocation was studied in [41], [42], [43] for SR maximization,
and in [44] for EE maximization.
Motivated by the above discussion, the performance of RSMA
systems in real-world deployments is anticipated to improve
significantly if the characteristics above are taken into account.
Thus, we propose to account for discrete rates, user admission,
and imperfect SIC during RRM design. To the best of the au-
thors’ knowledge, RRM design for RSMA systems considering
these characteristics has not been investigated yet. Due to the
widespread adoption of Shannon’s capacity formula for RRM
design, we also investigate the integration of continuous rates,
user admission, and imperfect SIC, which has not been studied
before for RSMA systems. We adopt the maximization of the
WSR and WEE as design objectives. This paper makes the
following contributions:
® We formulate two novel RRM problems to maximize re-
spectively the WSR and WEE of RSMA by jointly optimiz-
ing the beamforming, user admission, and private and com-
mon discrete rates, while accounting for imperfect SIC.
The resulting WSR and WEE problems, denoted by Plyywsr
and Plwgg in Section III-A, are nonconvex mixed-integer
nonlinear programs (MINLPs) and are difficult to solve.
In addition, we formulate problems Qpygg and Qrygg in
Section IV-A, which represent the continuous-rate coun-
terparts of Phywsg and Phygg, and are also nonconvex
MINLPs.

® In Section III-B, we propose an optimal mixed-integer
second-order cone program (OPT-MISOCP) algorithm,
which tackles the nonconvexities of Phywsr and Phweg
through a series of convex transformations. Specifically,
instead of treating Py g and Plygg as general nonconvex
MINLPs, OPT-MISOCP approximates Physg and Phweg
as convex MINLPs Ppwsr and Ppweg, respectively, which
can be solved in a globally optimal manner. However, cir-
cumventing the nonconvexities of Py g and Phwgg Poses
the risk of shrinking their feasible set, possibly resulting in
a loss of optimality. Therefore, we derive an upper bound
to evaluate the corresponding loss in performance and
show via simulations that the globally optimal solutions
for Ppwsr and Ppwgg result in near-optimal solutions
for Phwsr and Phywpp With negligible degradation. In
addition, the proposed OPT-MISOCP algorithm features
customized cutting planes that reduce the runtime by a
factor of 3 — 20 without impacting performance.
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e In Section IV-B, we solve Qs and Qrweg based on
binary enumeration and convex transformations. In par-
ticular, we employ enumeration to list all possible user
admission combinations, thus resulting in multiple sub-
problems. To solve each subproblem, we devise an optimal
successive convex approximation with semidefinite relax-
ation (OPT-SCA-SDR) algorithm, which finds a Karush-
Kuhn-Tucker (KKT) point. In addition, to comply with the
finite set of discrete rates, the continuous rates obtained by
OPT-SCA-SDR are projected, i.e., rounded to the closest
feasible discrete rates.

® QOur simulations show that RSMA designed for discrete
rates achieves gains of up to 89.7% (WSR) and 21.5%
(WEE) compared to projecting continuous rates. Also, user
admission proves crucial for RSMA as it yields additional
gains of up to 15.3% (WSR) and 11.4% (WEE) compared
to random user admission when discrete rates are consid-
ered. Furthermore, accounting for imperfect SIC prevents
severe performance degradation by mitigating the impact
of self-interference. Overall, our simulation results reveal
that accounting for characteristics of practical wireless
systems in RRM of RSMA leads to improved exploitation
of the radio resources, and therefore to higher spectral
efficiency (SE) and energy efficiency (EE).

The remainder of this paper is organized as follows. In
Section II, we present the system model. In Section III, con-
sidering discrete rates, we formulate and solve the RRM as
optimization problems for maximization of the WSR and WEE,
respectively, while in Section IV, we do the same for continuous
rates. Simulation results are presented in Section V. Finally, we
summarize our conclusions in Section VII.

Notation: In this paper, |a| and the ||a|| represent the absolute
value of scalar a and the ¢5-norm of vector a, respectively.
AT, AH Rank(A), Tr(A), and Re{A} and Jm{A} denote
the transpose, Hermitian transpose, rank, trace, and real and
imaginary part of matrix A, respectively. A = 0 indicates that
A is a positive semidefinite matrix. CV** denotes the space
of N x M complex-valued matrices. I is the identity matrix,
j £ /=1 is the imaginary unit, and [E{-} denotes statistical
expectation.

II. SYSTEM MODEL

In this section, we present the system model for the considered
RRM optimization problems.

A. System Architecture

We consider the downlink cellular system shown in Fig. 1(a),
where a base station (BS) is equipped with an antenna array
with N elements, which can consume a maximum transmit
power of PY®. There are U single-antenna user equipments
(UEs), and the BS admits only K UEs, where K < U. We
index the UEs with the elements of set I/, such that || = U.
The UEs are distributed within a 120° sector and are located at
a maximum distance Dgg from the BS. The BS estimates the
channel state information (CSI) using uplink pilots exploiting
channel reciprocity. The RRM optimizer at the BS uses the CSI
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Fig. 1. System model and RSMA with integrated RRM optimizer. In the
system, K out of U UEs are admitted for downlink transmission. The messages
for the admitted UEs are precoded via rate splitting and transmitted over the air.

and other system parameters, such as the maximum transmit
power, to maximize the WSR or WEE.

B. RSMA Principle

RSMA allows for partial interference decoding, which fa-
cilitates the selective cancellation of interference components.
Precisely, UEs focus on decoding their desired signals while
coping only with specific interference components from other
UEs. This strategy allows RSMA to achieve additional gains
over NOMA, which attempts to decode interference entirely,
and SDMA, which treats interference as noise and hence does
attempt to decode it at all. Partial interference decoding in RSMA
is accomplished by splitting the UEs’ messages at the BS into
common and private portions and sending them via multicast
and unicast signals, respectively. As all UEs receive the multi-
cast signal containing the common portions, each UE decodes
information intended for other UEs. Precisely, by optimizing
the partitioning of messages into common and private portions,
RSMA dynamically adjusts the level of interference for each UE.
This adaptive capability allows RSMA to seamlessly transition
between fully treating interference as noise, as in SDMA, and
fully decoding it, as in NOMA [3], [4], [S]. Although NOMA
and RSMA both employ SIC, the former requires UEs to employ
multiple SIC stages to sequentially decode interference from
other UEs and thus recover their desired signals. Particularly,
the number of SIC stages required increases with the number of
UEs served. Furthermore, the order in which signals are decoded
and removed can affect the performance and complexity of
NOMA receivers. In contrast, regardless of the number of UEs,
RSMA requires only one SIC stage as we consider single-layer
RSMA [1].

In the following, we explain the technical aspects of RSMA
but exclude UE admission for ease of presentation. In Fig. 1(b),
every UE has a corresponding message denoted by Wu, uel,
but only K UEs out of U are served. Thus, we assume that
K UEs are pre-selected for downlink transmission, and denote
this set of UEs by U/, such that [/'| = K, and by UE,, the
u-th UE in U’. Now, every UE in U’ is served with a message
denoted by W, u € U’, which is decomposed into two parts as

W, & (Wéw7 W,SC)), where W< and W% are respectively
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referred to as the private and common portions of W,,. The
private portion of UE,, is encoded into a symbol s,, € C that
is transmitted at a rate R&p) in an unicast manner. On the other
hand, the common portions WQEC) of all UEs are combined and
encoded into a symbol sg € C, which is transmitted at a rate
R(®) in a multicast manner to all UEs. The symbols are assumed
to be statistically independent, such that E{s'’s} =T and s =
(50,51, ...,5k]T € CEFD>L The rate portion of R(®) corre-
sponding to UE,, is denoted by C',, such that R = >0 Cu.As
aresult, UE,, is served with an overall rate of Rq(lp) + C,. Each
UE,, recovers Wéc) first by decoding sg and then recovers Wép)
by decoding s,, with the assistance of SIC. With both portions
W' and WP available at UE,,, the original message W, can
be reassembled. In addition, each UE, acquires the common
portions Wi(c)u, corresponding to the other UEs, which are used
for interference decoding and cancellation. In particular, the size
of the common portions W&C) are adjusted according to the level
of interference that can be canceled by the UEs [2] and represents
the amount of decodable interference, which is removed using
SIC.

C. Discrete and Continuous Rates

Practical wireless systems, as defined, e.g., in cellular stan-
dards, support only a finite set of data rates [28, p. 64]. These
predefined rates are identified by their channel quality indicator
(CQI) and correspond to specific MCSs. For each rate, a target
SINR is required to ensure a given block error rate (BLER) [45].
The rates and MCSs are typically standardized, e.g., by 3GPP.
However, the target SINRs are specific to the equipment in use.
We denote with .J the total number of available MCSs supported
by the system and with J = {1,...,J} the set that indexes
them. Hence, for a given discrete rate R;, j € J, there is a
corresponding target SINR I'; that must be met to guarantee that
rate. In addition, we assume that 7 is an ordered set, such that
Rjy1 > Rjand I'j; > I';. Thus, if an UE achieves an SINR
of T, the BS can allocate any discrete rate Rgis = {R; | T; <
', j € J} to the UE. On the contrary, when Shannon’s capacity
formula is used for rate allocation, the BS assigns continuous
rate Reon = logy(1+1).

III. PROBLEM FORMULATION AND PROPOSED ALGORITHM FOR
DISCRETE-RATE RSMA

In this section, we formulate and solve the WSR and WEE
maximization problems to optimize the beamforming, user
admission, and discrete rates for imperfect SIC. For ease of
presentation, we summarize the most important parameters and
decision variables in Table I.

A. Problem Formulation

We consider two objectives, namely, WSR and WEE maxi-
mization, and define the corresponding optimization problems
Phwsr and Phyge, shown at the bottom of next page. Specif-
ically, w,, is the weight associated with UE,, which can be
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TABLE I
PARAMETERS AND DECISION VARIABLES

Parameters and Decision Variables Notation
Number of antennas at the BS Nix
Number of UEs U
Number of admitted UEs K
Number of discrete rates J
Channel between the BS and UE,, h,,
Noise power a?
Weight of UE,, Way
Dynamic power consumption of the c1rcu1try Payn
Static power consumption of the Urcultrly Psta
Conversion efficiency of the power amplifier Neff
Common rate of UE,, Cu
Private precoder for UE,, W
Common precoder for all admitted UEs m
Binary variable for private rate selection Qg
Binary variable for common rate selection Kj
Binary variable for UE admission Xu
Binary variable for private precoder design o
Binary variable for common precoder design [

set by the network operator, e.g., to improve rate fairness. Be-

sides, we define W = [wy,...,wy], ¢ =[C4,...,Cy], x =
X1s--xu)s p=[,...,pv], a=Jo1,...,ap,], and
K = [K1,..., k). In addition, 7.s represents the amplifier effi-

ciency and P = Ny Payn + Pawa 18 the power consumed by the
circuitry at the BS, where Pyy, and Py, denote the dynamic and
static parts, respectively [22]. Next, we discuss the constraints
of the optimization problems.

IEEE TRANSACTIONS ON MOBILE COMPUTING, VOL. 23, NO. 12, DECEMBER 2024

X« = 1indicates that the BS serves UE,,, and x,, = 0 otherwise.
Further, wehave C : Y, , xu = K as the number of admitted
UEs is K. An admitted UE can receive its message via the
common signal only, the private signal only, or both. To indicate
whether an admitted UE,, is served via the private signal, we
introduce C3 : y,, € {0,1},Vu € U, i.e., u, = 1 indicates that
UE,, is served via the private signal, and u,, = 0 otherwise. We
alsoinclude Cy : Ly < Xu, Yu € U, to ensure that non-admitted
UEs are not served by a private signal. Naturally, non-admitted
UEs are also not served by the common signal but this is
handled by constraint Cy9, discussed in Section ITI-A5. Lastly,
we introduce Cs : ¢ € {0,1} to denote whether the common
signal is used.

2) Beamforming: The BS employs a private precoder
Wty € CVoL to precode symbol s,,, and a common precoder
my) € CNV*! to precode symbol sg. The private precoder is 0
when UE,, is not admitted. Thus, the downlink signal of the BS
is given by x = Zueu Wyl Sy, + Mipsg. To account for the
transmit power limitation of the BS, the precoders must satisfy
Co = ey W3 + Imap 3 < P2,

3) Imperfect SIC: The signal received by UE,, is expressed
as y,, = hilx + n,, which is equivalent to

Yo = hljmwso JrhI:Wu,uuSquZ#u hlw,pisi + 0y s
—_—  —— , ~~

1) User Admission: To indicate whether a given UE,, is ad- common signal ~ private signal interforence noise
mitted, we introduce constraint Cy : Xu €{0,1},Vu € U, i.e., yi P i
Phwse . - fows (¢, ) £ 37, wu (Zjej Qi Rj + Cu) o (linear)
Pbwee ~ W.m,e,x,p,o k1 fowee (W, m, c, u, @, 1)) A ﬁz(:gll;]‘(”z:i‘g:l(m;“"’g)i)lg (nonconvex)

s.t. C1: xu €{0,1},Vu €U, (binary)

Cot Y peuxu=K, (linear)

Cs: py €{0,1} ,Vu eld, (binary)

Ca: py < xu,Vu €U, (linear)

Cs: ¢ €{0,1}, (binary)

Co: Pueu IWupalls + [lme |5 < PR, (nonconvex)

Cr: oy €{0,1},Vuel,je J, (binary)

Cs: Zjej Qi =y, Vu €U, (linear)

Co : SINRP) > D jeg Quly,Yu e, (nonconvex)

Cio: k5 € {0,1},Vj € J, (binary)

Cir: Yjeqhy =1, (linear)

Ciz: SINRY > x, Y ;w1 Vu €U, (nonconvex)

Ciz: Cy >0,Yuel, (linear)

Cis: Cu < Xu Yjeq kiR, Yu e, (nonconvex)

Cis > uer Cu = Zjej ki Rj, (linear)

Cio: Y jeq ujRj+ Cu > Ruinxu, Yu €U, (linear)
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TABLE IT
RATES AND TARGET SINRS FOR VARIOUS CQIS

| €QI ()

Modulation QPSK

16QAM 64QAM

Coding rate

0.0762{0.1172 {0.1885 | 0.3008 | 0.4385 | 0.5879 [ 0.3691 | 0.4785 | 0.6016

0.4551 | 0.5537 | 0.6504 | 0.7539 | 0.8525 | 0.9258

Rate (R;) [bps/Hz] [0.1523|0.2344 | 0.3770 | 0.6016 | 0.8770 | 1.1758 | 1.4766 | 1.9141 | 2.4063

2.7305 | 3.3223 | 3.9023 | 4.5234 | 5.1152 | 5.5547

Target SINR (T';)

0.1128]0.2159|0.3892|0.6610 | 1.0962 | 1.7474 | 2.8113 | 4.3321 | 7.0081 | 10.6316 | 16.6648 | 25.8345 | 38.4503 | 60.0620 | 95.6974

(c)

where v, P

is the received common signal, y,,’ is the received
private signal, and yS“" is the interference at UE,,. Further,
N ~ CN(0,0%) denotes additive white Gaussian noise, and
h, € CM*! represents the channel between the BS and UE,,.
An admitted UE,, utilizes SIC in order to recover its mes-

sage from y,. Specifically, UE, decodes first the common

symbol sy by treating signals ¥ and y'™ as noise. Next,
()

UE, reconstructs the received common signal v,

tracts it from v, yielding y>€ = y&p) + ygm) + 14, based on

which it decodes its private symbol s,,. However, in practice,

the removal of yff) is not perfect, which can be caused by,

e.g., hardware impairments [40], [41]. Therefore, the signal

after imperfect SIC can be expressed as 'S¢ = Agcyl® +

and sub-

yz(Lp) + ySm) + My, Where 0 < Agic <1 is the percentage of
the common signal that is not canceled, i.e., Agic =0 im-

plies perfect SIC. As a result, the SINRs of the common and
[hifmp|?
ieu MG Wipi[?

private signals at UE,, are SINRSf) =5

(p) _ ‘hgwul‘u‘z
SINR;” = [Asichimy[2+3, ., [hilw;pi[2+02°

exact value of Agjc is usually not known by the BS. Therefore,
it must be set properly to avoid performance degradation, and
thus guarantee the target SINRs that enable the allocated rates.
Typical values for Agc are in the range of 4% and 10% [41].

4) Rate Selection for the Private Signals: An UE,, receiving
a private signal at a rate R;, can only decode the message if
SINR(P) > I';, where I'; is the target SINR that guarantees R;
(for numerical values, see Table II in Section V). To depict the
assignment of private rates, we introduce constraint C7 : Qq,j €
{0,1},Yu e U,j € J, where o, ; = 1 indicates that UE,, is
served by a private signal transmitted at rate IZ;. In addition, we
include Cyg : Ejej Q. = [, VU € U, to ensure that a rate is
allocated to UE,,, if it is served by the private signal. Further, to
associate the discrete rates and their corresponding target SINRs,
we include Cy : SINRELP) > Zjej oy, ;1'j,Yu € U, which en-
sures for UE,, a private rate of Zjej ay, jR; if p, = 1. Note
that u,, = 0 does not indicate that UE,, is not admitted since
UE,, can also be served by the common signal if C,, > 0.

5) Rate Selection for the Common Signal: An admitted UE,,
can only decode the common message transmitted at rate R, if
SINR&C) > I';. To this end, we introduce constraint Cyo : Kj €
{0,1}, j € J, where k; = 1 indicates that rate R; is selected.
We include Cy; : Zje 7 kj =1 to allow for the possibility
that the common rate is zero (see constraint Cs). To unify
user admission and the allocation of the common rate, we
add C15 : SINR(® > ., > jes kil Yu € U, which results in
the common rate ) | jeg KR, for all admitted UEs. Although
the rate portions C,, are not continuous, they have very fine

= and

respectively. The

granularity because rate splitting is capable of dividing the
messages W, into portions of any size. Thus, we treat C,,
as continuous-valued by adding Ci3:C, >0,Yueld. To
keep consistency with user admission, we include Ciy: 0, <
Xu D_jer kiR, Vu € U, to enforce C, = 0 for non-admitted
UEs or when the common rate is zero (see constraints Cs, C11).
Moreover, we add Cy5: ), Cu = Y .7 K;R; to guarantee
that the sum of all common portions C, is equal to the overall
common rate. Finally, we enforce a minimum rate R;, per ad-
mitted UE by including constraint Cyg : > jeg Ry + Cy >
RminXu~

Remark 1: Problems Plyge and Phyge are nonconvex
MINLPs, which are challenging to solve. Specifically, the non-
convexity is due to constraints Cg, Cg, C12, C14 and the objective
function fpwee(W, m, ¢, u, a, v), which contain quotients of
quadratic functions and multiplicative couplings. Further, a sim-
ple strategy to obtain the SDMA versions of Physg and Phwer
istoset ¢y = 0 because RSMA includes SDMA as a special case.

B. Proposed Algorithm

We propose the OPT-MISOCP algorithm to solve the non-
convex MINLPs Pfwsr and Phygg. Instead of treating these
problems as general nonconvex MINLPs, we propose a sequence
of transformations to overcome the nonconvexities, thereby
transforming them into the convex MISOCPs Ppwsr and Ppweg,
respectively, whose global optima can be found using branch-
and-bound (BnB) and interior-point methods (IPMs). Specifi-
cally, BnB is used for decomposing the binary variables of the
MISOCP, whereas IPMs are used for solving the underlying
SOCPs. In the following, we describe the proposed algorithm
for Pwsr and then we extend it to Phygg.

1) Circumventing Integer Multiplicative Couplings: To cope
with the multiplicative coupling between binary variables in con-
straints Cqg, C14, appearing in the form of % ;, we transform
such products into the intersection of linear combinations. We
introduce new variables 7, ; = X, ~;, and equivalently rewrite
constraints Cqa, Cq4 as constraints D; — Dg, shown at the
bottom of the next page (cf. Appendix A, available online).

2) Circumventing Mixed-Integer Multiplicative Couplings:
To deal with the mixed-integer multiplicative couplings in con-
straints Cg, Cg, Dj, appearing in the form of w, i, and m,
we reformulate such products as linear relations without altering
the nature of the problem. Thus, constraints Cg,Cg, D5 are
equivalently rewritten as constraints E; — E5, shown at the
bottom of the next page (cf. Appendix B, available online).

3) Circumventing Integer Additive Couplings: The additive
couplings of binary variables in E4, Es, appearing in the
form Zjej a, ;I'; and Zjej mu,;1'j, pose a difficulty for
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convexification since multiple binary variables and their cor-
responding target SINRs are combined. However, since the
couplings are linear and sum to at most one, we can handle
them by expanding them into several constraints (i.e., as multiple
choice constraints), such that each of the resulting constraints
depends on one binary variable only. Thus, constraints E4, E5
are equivalently recast as F1, F5, shown at the bottom of this
page (cf. Appendix C, available online).

4) Reformulating the SINR Constraints Via the Big-M
Method: To deal with the disjunctiveness caused by the binary
variables, which lead to different SINR requirements for the
admitted and non-admitted UEs, in F;, Fs, we merge these two
cases into a single one via the Big-M method. Thus, by defining
W [ASICm,wl,.. -7Wu71,Wu+17-~-,WU] and L?naxu =
|lhy ||3 P2 + 2, we recast constraints F 1, Fo as Gy, Go, shown
at the bottom of this page (cf. Appendix D, available online).

5) Convexifying the Private SINR Constraints: Although
constraint G is nonconvex, as it contains a difference of convex
functions, it can be convexified without changing its feasible set.
Thus, constraint G can be expressed as Hy, Hy, H3, shown at
the bottom of this page (cf. Appendix E, available online).

6) Convexifying the Common SINR Constraints: The non-
convex constraint Gy can be replaced by the inner convex
approximations I;, I, shown at the bottom of this page, which
may shrink the original feasible set (cf. Appendix F, available

IEEE TRANSACTIONS ON MOBILE COMPUTING, VOL. 23, NO. 12, DECEMBER 2024

7) Adding Cutting Planes to Tighten the Feasible Domain:
To reduce the search complexity caused by BnB branching for
the binary variables, we add problem-specific cutting planes,
which do not impact optimality (cf. Appendix G, available
online). We add cuts J; to tighten the feasible set, which can
help accelerating the optimization. In addition, we include J5 as
an upper bound of the sum-rate, which facilitates early stopping:

1: Re {hljwu} Zazjejauyj‘/Fj,VUEZ/{, (linear)
Ty S0 (zje o Ry + Ou> < (K +1)Ry. (linear)

Remark 2: In our simulations, a remarkable improvement in
runtime was observed with the addition of J; and J,, which
accelerated the optimization 3 — 20 times compared to the case
without them.

8) Outlining the Algorithm and Its Extension to Solve Pl pg:
Recapitulating the results above, problem P[y g is recast as

Ppwsr : meafoWSR (c,a) s.t.® €C,

where © = (W, m,c,x, p, o, K, 7, 1))

) and _C _is _the
feasible set of @ defined by C; — Cs,Cr,Cs,Cio,Ci1,

online). C13,C15, C16, D1 — Dy, Dg, E1 — Eg, Hy — Hy, Iy, Ip, Iy, Jo.
Dy : 7,y €{0,1} ,Vueld,je J, (binary)
Dy :myy < xu,Vu€U,j €T, Dyimy; <kKj,Vuel,jeT, (linear)
Cla. Oy Dy:my; > xut+r;—1LVueld,jed, (linear)
’ _ hmy
Ds : m > ier muyly, Yu €U, (nonconvex)
Dg: Oy <Yy mujRiYu €U, (linear)
By [lwa 3 < uerax Vuel, By :|mlf; <yPE™, Eg: Y, Wl + [ml3 < PE, (convex)
_ _ _ = hH Wy,
Co, C9, D5 & Ea: NS +Z1;&u seiwi P o2 = ZJGJ auJF]’vu eu, (HOHCOI]VGX)
E5 : W\N!‘z-‘rﬂa = Z]G] 7Tu771—‘]7vu cu. (nonconvex)
— |hku 2 .
Ey By & NN +Z e iculDEW P o2 = Z ol Vueld,j € J, (nonconvex)
) B hH
Fy m >y lj,Yueld,jeJ. (nonconvex)
BT o Gy : || [plIW,, o] H; ‘hku}2 + (1 - aw-) L3 YueU,jeJ, (nonconvex)
1,12
Gs : || [pIfW, o] H; |hHm| (1= muy) Lo s Vu €U, j € J. (nonconvex)
H1 NRe {hku} >0,Vu e, Hy:Im {hku} =0,Yu elU, (linear)
G & ||[ ]H2 \FD% {hku} + (1 — ) Linaxu, Vu €U, j € J. (convex)
_ 11 :Re {hflm} > 0,vu e U, (linear)
G2 1,: | [hfW, ][, < ﬁfﬁe {bffm} + (1 — 7y ;) Liax,u, Vu €U, j € J. (convex)
J
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/ /
Analogous to Ppygr. We recast problem Ppyypp as

2 2
i (S Iwall3 + Imll3) + P

s.t. ® € C,
> ey Wu (Zjej o iRy + Cu)

PDW EE - min
(C]

transformed the maximization of
fowee(W,m, c,u, ,9p) into the minimization of its
reciprocal fl)wﬁh(w,rh,c,u,a, e In addition, we have removed
the mixed-integer couplings from the objective function, as
described in Section III-B2. Hence, the objective function of
Powee is convex. Problems Ppwsr and Ppwgg are MISOCPs,
which can be solved globally optimal via BnB and IPMs with
off-the-shelf solvers, such as MOSEK and GUROBI, as the
problems are convex in the continuous variables.

Remark 3: Due to the inner convexification of the feasible
sets of Phwsg (Phwer) in Section 1II-B6, a globally optimal
solution for Ppwsr (Powee) is feasible for Plywsr (Phwee) but
not necessarily globally optimal for Pfyysg (Phwer)- However,
such solution is found to be near-optimal for Phwsg (Phweg)s
as shown in Section V-A, where we compare Ppwsgr against an
upper bound of P[yr. showing a negligible performance loss.

Remark 4: Problems Ppwsr and Ppweg employ discrete rates
but allow dynamic rate allocation, i.e., the assigned rates can
vary within the designated values of the set of discrete rates 7.
Our formulation allows to finds optimal rates for unicast and
multicast signals, adapting to the channel characteristics and
aiming to maximize the objective function.

9) Computational Complexity: Problems Ppwsr and Ppweg
involve N,, = (U + 1)Nix + U continuous variables and N, =
5UJ + 7U + 4 linear and convex constraints. The dimension
of the underlying SOCP is Ny = 2JNU? +U? +3UJ +
7U + 2U N 4 2Ny for any fixed values of binary variables.
Therefore, the complexities of problems Ppwsr and Ppwgg
is Copr_mrsoce = O(NPN£'5N3N4), where NN, is the number
of solutions evaluated by the BnB solver. The worst-case for
N, is given by N3 = () (28 (%) J5+1-m) In practice,

m=0

where we have
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N, < N, 1";‘“ since BnB methods are capable of pruning infeasible
and suboptimal branches, thus reducing the search complexity.

IV. PROBLEM FORMULATION AND PROPOSED ALGORITHM FOR
CONTINUOUS-RATE RSMA

In this section, we formulate and solve the WSR and WEE
maximization problems for RSMA to optimize the beamform-
ing, user admission, and continuous rates, while accounting for
imperfect SIC.

A. Problem Formulation

We consider again WSR and WEE maximization as objec-
tives, as in Section III-A. Thus, we define the corresponding
optimization problems Qfywsg and Qpweg, shown at the bot-
tom of this page. To account for continuous rates, we have
applied the following changes to problems Py g and Phweg
in Section III-A. First, we have eliminated binary variables
a, Kk used for discrete rate selection. Second, we have re-
duced the number of binary variables by dropping p and
only use x since p = x, as rates are continuous. Hence, we
could remove constraints Cg, C4, C; — Cy5 and employ Shan-
non’s capacity formula to redefine constraints Ci4,Ci15, Crs.
Specifically, we have replaced constraint C4 with Cy7 : C,, <
¥ XuSmax, Vu € U, and constraint C15 with Cys: Y, Ci <

1ogy (1 + SINR) + (1 — x4, ) Simax; Yo € U, where  Spax =
max,cy logy (1 + Pg‘% | H;) is an upper bound for the com-
mon rate. Note that C 5 is tighter when y,, = 1, and therefore the
sum of the common rates is bounded by the minimum common
rate of all admitted UEs. Finally, we have replaced C¢ with
Cio : logy(1 + SlNRflp)) + Cy > RminXu,Vu € U, and also
redefined the objective functions using Shannon’s capacity for-

mula as fewsg(W,m,c) 23wy (logy(1 + SINR(P) +

~ log, (1+SINR(P)+C,,)

C\) and f{ W.m,c) & Zuullos u

u) fCWEE( ’ ’ ) ﬁ(zu,eu”WuXu“§+“mw“§)+Pci|'
Remark 5:

Problems Qrwsgs» Qewpe are nonconvex
MINLPs, and compared to Piysr» Pewe» they assume contin-
uous rates. In addition, their structure is more complex than that

flwse (Wom,e) 2 5w, (1og2 (1 n SINR&P)) n Cu)

gCWSR e A YR (nonconvex)
CWEE ~ W.,m,c,x, ¢ flwee (W, m, c) £ ﬁ?gueul\wuxuH§+HmuwH§)+Pc;r (nonconvex)
s.t. C1: xu €10,1},Vu € U, (binary)

Cot Y eyxu=K, (linear)

Cs: € {0,1}, (binary)

Co: Vueu Wuxullz + llmy ] < PR, (nonconvex)

Cis3: Cy,>0,Yu ell, (linear)

Ci7: Cy < XuSmax, Yu €U, (linear)

Cig: iy Ci <log, (1 + SINR,&C)) + (1 — Xu)Smax, Vu € U, (nonconvex)

Cio: log, (1 + SlNRflp)> + Cy > RuinXu,Vu € U. (nonconvex)
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of Péwsr> Péwees as they involve multiplicative couplings of
continuous variables, which are not present in Péwsr> PCwEE-

B. Proposed Algorithm

To solve Qrywsg and Qwrg, We leverage successive convex
approximation (SCA), semidefinite relaxation (SDR), and bi-
nary enumeration. In particular, we enumerate all combinations
of admitted UEs and then solve the underlying nonconvex sub-
problem for each combination via the proposed OPT-SCA-SDR
algorithm, which finds a KKT point by exploiting SCA and
SDR. In the following, we describe the proposed algorithm by
considering Qpysg and then we extend it t0 Qpwrg-

1) Enumerating the Binary Variables: Let N be the total
number of combinations of admitted UEs and V' = {1,..., N}
the set collecting them. Considering a given combination
n € N, problem Qe reduces to Qcwsr,, shown at the

bottom of this page. In particular, fewsg, (W, m,c) £
H 2

Zueml wu(logz(l + A%clhﬁm\“g;jiu; |h5w7¢\2+02) + Cu)7
and U], C U denotes the set of admitted UEs in combination n,
such that p, =1, Yu € Y], and |U;| = K. For notational
simplicity, we reset the UE indices in U,, such that
U, ={1,...,K}. Here, constraint Cq is included to eliminate
the coupling m1)y in an analogous manner as in Section I1I-B2
for constraint E;. We have not included Ci; because it is
implied by C;g, Co9 when v is given. We adopt vy = 1 for
RSMA and vy = 0 for SDMA.

2) Transforming the Problem Via Sublevel and Super-
level Sets: We introduce nonnegative variables v € Rf ,P €
Rf,k S Rf,T eRE, and B e R, to define sublevel and
superlevel sets, thereby transforming problem Qcwsg, into
@CWSR" .In Appendix H, available online, we show that Qcwsr,,
and QCWSRn are equivalent. Specifically, we bound the pri-

hfw, |2
Al m‘2+z|:;u.i1u;l [hiw;|*>+02 2
Yu — 1. Also, we bound the interference at each UE from above
by including Afic[hym[*+ 32, iy [hiwil* + 0% < pu.

. . . ‘hng .
Following the same idea, we include S hEw, Po? > 7y — 1

and Y, |hifw;|?> + 0% < i, to bound the common SINRs
and the interference. Furthermore, we bound the objective func-
tion from below, such that fewsg, (W, m, ¢) > (3, thus defining

vate SINRs from below via
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a new objective function fewsg, (3) = 3. Upon applying these
transformations to Qcwsr,, , We obtain problem QCWSR", shown
at the bottom of the next page.

3) Leveraging Semidefinite Programming: By employing
semidefinite programming and introducing positive semidefinite
varlables W, € CNo*No gnd M € CVo* N which replace
wuw and mm" | respectively, constraints Cg, Cao, K1, Ko,
K4, K5 can be equivalently reformulated to L, — Ly, shown at
the bottom of the next page. In doing so, the nonconvexity of con-
straints K , K4 are circumvented in part as the quadratic terms on
the left-hand side are linearized. The newly introduced variables
also affect constraints Ko, K5, Cg, Cag. The positive semidefi-
niteness of W, and M are specified by L~, Lg, whereas Lg, L1
allow for the private and common signals to be used or not.
Considering the equivalence between Cg, Cao, K1, Ko, Ky, K5
and L; — L, we define problem

Ocwsr, © __ max fewsr,, (B)
W.M,c,v,p.A,7,3
s.t. Ci3,K3,K¢ — Kg, Ly — Ly,
where W = (W1, ..., Wg). We note that QCWSRn is equiva-

lent to @CWSR” and Qcwsg,, since the feasible set and objective
function are not affected by the applied transformation of the
constraints.

4) Addressing the Nonconvex Constraints: To cope with the
nonconvex constraints Lz, Ls, Lo, Lo, we adopt an iterative ap-
proach whereby we sequentially approximate these constraints
by convex approximations.

e Quasi-convex constraints: To circumvent the quasi-convex
constraints Ls, L5, we replace them with the inner convex ap-
proximations M7, M3, shown at the bottom of the next page,
where ¢ is the iteration index, and QgtL Q(QtL u € U, are
parameters adapted iteratively. In recasting Lz, Ly as My, Ma,
we have employed the arithmetic-geometric mean inequality,
which states that ab < % + % for a,b € R,. By introducing a
new parameter ® € R, and applying transformations a « /®a
and b \/gb, we obtain inequality ab < %aQ + ﬁbQ which
becomes tight when ® = g [46]. Note that fa + 3 b2 is a

convex overestimate of ab, which decouples a and b, allowmg
to circumvent the nonconvexity of the product ab. Exploiting

QCWSRn mglxc fCWSRn (W, m, C) (HOHCOHVCX)
s.t. Co: Duau >+ [m|3 < Pmax, (convex)
Ciz: Cy,>0,Yuel, (linear)
C |h/lu{m|2 '
Cist 2iqn Ci <logy (1+ 5y, w107 Nu el (nonconvex)
_ ‘hgwu|2 /
Cig: logy [ 1+ PN LS ST S + Cy > Riin, Vu € Uy, (nonconvex)
Coo : [mlf3 < v PR™, (convex)
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this observation, we introduce parameter Q% and apply the

parameterized inequality to the product 7, p, in Ls, such that
0l")

YuPu < v+ m%pi We proceed in a similar manner
1,u

with constraint Ls by introducing le, which yields 7,4, <
a®

2u2+

2Q<‘> AQ Next, we replace products 7y, p,, and T, A,

0 2,
5 Yu T 2Q(1) pu

1,u

with their respective convex overestimates,

O (t)

and —2%72 + ,(t) , thus yielding My, M,. In each itera-
- - f<t> pu Y
tion ¢, we update the parameters according to {2y, = W?H)

and Q(f) =
convex approximation. Upon replacing L3, Ls with My, M, in
problem Ocwsr,, , and then solving it, an optlmal solution to this
modified problem will be feasible for QCWSR , QCWSR , and

(, 1) making it possible to sequentially adapt the
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Qcwsr,, since the feasible set of M;, M is contained in that of
L3, Ls. However, the solution will not necessarily be globally
optimal for QCWSR , QCWSR ., and Qcwsgr,, due to the possible
reduction of the feasible set caused by the inner convexification
in 1\_/[1, 1\_/[2.

e Rank constraints: In order to cope with rank constraints
Lg, L1, we adopt the iterative method proposed in [47], which
is described as follows. We first reformulate Lg, L1 as Ms,
My, shown at the bottom of this page. Then, we penalize the
objective function by adding cost function Zue%u {0} pgf)Cu,
which promotes rank minimization and enforces M and W, to
have rank at most one, as shown in Appendix I, available online.
The (,, Yu € U], U {0}, are slack variables and pq(f) e Ry,
Yu € U], U {0}, represent the penalty weights in iteration ¢.
Matrices M(t~1) and W,(f_l) are the respective solutions for M
and W, obtained in iteration ¢ — 1. Also, T(()t) € CNox(Na—1)
is formed by the eigenvectors of the Ny —1 smallest

éCWSR“ : max fewsr,, (B) =B
m,c,v,p,A, 7,3

s.t. K : |h5wu|2 > (Yo — 1) pu,Yu €U, (nonconvex)
Ky Adc |hgmf2 + D ituiew, h,iji|2 +0? < py,Yuel, (convex)
Ky 6= Saety, @ (085 (1) +Cu) <0 (convex)
Ky : |h5m’2 > (14 — 1) Ay, Yu € U, (nonconvex)
Ks: Yiau ‘hgwif + 0% < Ay, Yu €U, (convex)
Ko Yiau Ci —logy (1) < 0,Yu € Uy, (convex)
K7 : Ruin — logy (u) — Cu < 0,Yu € U, (convex)
Ks: 8>0, (linear)

CG7 6137 CQO'
Lyt Y To(Wy) + Tr (M) < PR*, Lo : Tr(M) < ¢ PR, (linear)
Ls: (v —1) pu — hiIW,h, <0,Vu €U, (nonconvex )
Ly : A3 chl!Mh,, + D ituicu h'W.h, + 02 < p,,Vu e U, (linear)
o Ls: (1, — 1) A, — hiIMh, < 0,Vu € U, (nonconvex)
CG,CQO,Kl,K27K4,K5 <~ = 2 , .
L6 : > au, bW, h, + 02 < A, Vu € U, (linear)
L7 : W, =0,Vueld, (linear)
Lg: M 3= 0, (linear)
Lo : Rank (W) < 1,Vu € U!,, Lo : Rank (M) < ). (nonconvex)
_
- M @ =%, + m%pﬁ — pu —hIW,h, <0,Vu €U, (convex)
L3, Ls & § 40
My : 2272 + 29“) A2 —x, —hiIMh, <0,Vu €U/, (convex)
H _ H
Lo, Lig & {Mg ol — Tét) MT(()t) =0, My:(I- Tq(f) WuTg) =0,Yu €U, (convex)
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eigenvalues of M(*~1_ whereas T® ¢ ¢Nox(No=1) ig formed

by the eigenvectors of the N — 1 smallest eigenvalues of
W(tfl)

5) Outlining the Algorithm and Its Extension to Solve Qygp:
The transformation of constraints Ls, Ls, Lo, L1 into My —
My, leads to the following problem

Qg\?vSRn max fewsr,, (B) = Xuewr ujoy pstt)Cu
W.,M,c,v,p,
rT.¢,
s.t. Ci3,K3, K¢ — Ks, Ly, Lo,
]:47 ]:6 - E87M1 - M4'

On the other hand, to solve Qygg, We introduce the following
problem

t
QCWEE __ mmax Jewe, (0) — ZUEL{AU{O} pgt)Cu
W.M,c,v,p,
A, 7,¢,3,0,0
s.t. Ci3,K3,K¢ — Kg, L1, Lo, Ly,
]:6 - ESle - 1\'_/[47]~<Il - N?)?

where we employed the same procedure as described in
Section IV-B1 to Section IV-B4. Compared to Q(Ct&,SRn,

problem Q(C%,EEL
_ _ a®
straints Ny : }°, o Tr(Wy) + Tr(M) < negsd, No : Q3 0% +
Q(t) 62 +0P; < and N3:0 >0, and parameter Q( )

In particular, 6 is used to bound the objective function
fowee, (W, m, ¢) from below. Variable § is used to bound the
transmit power efficiency from above, thereby yielding con-
straint N. The introduction of § and @ in the objective function
leads to a multiplicative coupling 69, which is dealt with in the
same manner as in Section IV-B4, yielding N,. Also, N3 is added
to ensure the positiveness of the objective function. Parameter

Qgt) is updated as Qét) = gi: o

penalized by >, ¢y 140 ¢,

Problems Q(CQVSRH and Q(CQVEEH are convex and can be solved
optimally via IPMs. Both are solved iteratively, improving the
objective function in each iteration until a stop criterion is
met, i.e., the difference of the objective function values be-
tween successive iterations is less than a threshold € or the
number of iterations exceeds Nje,. In Appendix J, available

and Qét&,EE converges to a
KKT point. Also, by increasing the penalty weights 107(l ), vari-
ables (, decrease in each iteration, leading to (, — 0 and

> uew, ufo} pq(f)Cu — 0. This causes M and W, to have at
most rank one, since the N — 1 smallest eigenvalues of these
matrices are progressively squeezed to zero. Assuming that

Q(CQVSRn converge in iteration t*, we have that M ~ M® 1),
where M is the solution in iteration t*. Via eigendecompo-
sition of M, we have M = RoZoRE, such that RyRE =
I, ¥y = diag(oo.1, .- .,00,N, ). and Ry = [ro|Ro]. Therefore,
T MTE) = T (10| Ro] So[ro|Ro] AT, which can
be further reduced to Tét*)HMTét*) = [0[I) 2[00 =

features variables 6 and ¢, convex con-

and the objective function is

online, we show that Q(CQVSRH
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) ) () H () H
diag(og,2,...,00,n,), since Ty’ ro~0 and Ty ' Ry~
I. Considering these outcomes and Mjs, we obtain (oI =
diag(og,2, .- .,00,n, ), which leads to og2,...,00n, — 0 as
Co — 0. Because 0 is not affected by this procedure, o ;
can be different from zero or even zero, i.e., M can be at
most rank-one. Following the same reasoning, we can obtain

equivalent results for Tq(f*)HWuTSf*), Yu € U),. The solutions
that satisfy Lg, L1 are recovered via eigendecomposition of M
and W, ie.,, m = ,/0g 119 and w,, = VOu 1Ty, where o, 1
and r, are the largest eigenvalue and principal eigenvector of
W, respectively. The same analysis applies to Q(Ct&,EEn as the
constraints are the same.

6) Projecting the Continuous Rates: Due to the use of
Shannon’s capacity formula, the rates obtained by solving

QCWSR and QCWEE are continuous. To meet the MCS

specifications, these rates are projected, i.e., approximated

to the closest feasible discrete rates. Thus, the best so-

lution with projected rates is given by fCWSR(W m,c) =

maXyecn Zuel/{’ (,uu(RpmJ Cpmj) and fcpif,]EE(W,m, c) =
(p)

are deﬁned in (1) and (2)

maXnepN

u,n

RP) = { = argmnglNRipg, ~1,,SINR") > T, }

ey

aNR®©
= SINR,,
Ay = i { i SR |

- c
e
’ { 2 ueut, Cun
-1, {min S|NRff)n} > Fi} 2)
uell), '

whereas R;, I'; were introduced in Section II. In particular,

SINRupL and SINRfL ZL are respectively the highest discrete
private and common SINRs that can be achieved by UE,
U!,, which are mapped to their respective discrete rates Rio) and
ce % Besides, Cuun» Wu n, and m,, are the common rate portion
of U E.., the private precoder of UE,,, and the common precoder
of the n-th combination U/, respectively. After evaluating all
N combinations of admitted UEs, we pick the combination
achieving the highest objective function value.

7) Computational Complexity: The computational complex-
ities of solving Qcwsr and Qcweg are similar, which is given by
Copr-sca-sor = O(NgN, NO-®N2N,), where N, = 2(%) is the
total number of combinations of admitted UEs, /V,. is the number
of iterations needed for convergence, N, = 9K + 6 is the total
number of constraints, N, = 2K Ny + 9Ny + 2K + 11 is the
number of decision variables, and Ny = N2K?3 + N2K? +
S5KN2+ K? +3N2 + K? + 2K + 1 is the dimension of the
SDP program.

V. SIMULATION RESULTS

We evaluate the WSR and WEE for several configurations,
varying the number of UEs, number of admitted UEs, and trans-
mit powers. We consider two cases, namely, two-user settings
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TABLE III
SIMULATION PARAMETERS

Scenario Objective P [dBm] o2 [dBm] Nix U K Agic Neff Pdyn [dBm] Pgn [dBm] Weights Channels
1 WSR 40, 50 30 4 2 2 0 — — Various [3] Deterministic [3]
1T WSR 40, 45, 50 30 4 2 2 0 — — Various [3] Deterministic [3]
il WSR 30, 40, 50 30 4 2 2 [0, 1] — — — Various [3] Deterministic [3]
v WEE 30, 40 30 4 2 2 0 0.35 33 38 Various [3] Deterministic [3]

\ WSR 40 3GPP [50] 16 2, ..-,6 U 0 — — — Uniform 3GPP [48]

VI WSR 10,...,40 3GPP [50] 16 6 3 0 — = — Uniform 3GPP [48]

Vil WEE 40 3GPP [50] 16 Ay 000y @ U 0 0.35 33 38 Uniform 3GPP [48]

VI WEE 10,...,40 3GPP [50] 16 6 3 0 0.35 33 38 Uniform 3GPP [48]

(Scenario I to Scenario IV) and multiuser settings (Scenario
V to Scenario VIII). For the first set of scenarios, we adopt
deterministic channels and do not include user admission to
gain insight regarding the impact of discrete rates, which is
done by modifying constraint Cy as Y wey Xu < K. In par-
ticular, we consider a system consisting of a BS with Ny =
4 antennas and U = 2 UEs with channels h; = [1,1,1,1]H,
hy = [1,e7?,e72? €339 where ¢ = {Z, 2%, 3% 4T} controls
the similarity of the channels, whereas the noise power is set
to 02 = 30 dBm, as in [3]. For the second set of scenarios, we
adopt UMi line-of-sight (LOS)/non-LOS (NLOS) channels [48]
with carrier frequency f. = 41 GHz, N,, = 4 paths, bandwidth
BW = 100 MHz, noise figure NF =5 dB, and noise power
0? = —174 + NF + 101log,,(BW/Hz) dBm. For this case, we
consider two types of channels, i.e., correlated and uncorre-
lated, in order to assess the performance for different channel
conditions. The uncorrelated and correlate channels model the
cases when the UEs are distributed across the entire sector of
120° and within a narrower sector of 10°, respectively. Also,
we consider J = 15 MCSs with target SINRs corresponding to
10% BLER [49], shown in Table II.

For the optimization of Q(CQVSRH and Q(Ct&,EEn , we initialize the

variables Yy, Pus Tus Aus Ous O, Vu € U, as %(Lo) =1, pq(LO) =1,
0 =1, =1, = 1,6 = 1.1n addition, we initialize
the penalty factor p,, as p&o) = 0.01, Yu € U, which is updated
in each iteration t as pq(f ) min{pic - pgf),pmax}, where
Pine = 4 and ppax = 1000. As for the stopping criterion, we
consider the threshold ¢ = 0.0001 and the maximum number of
iterations Ny, = 120. The simulation results depict the average
over N, = 100 channel realizations assuming R, = R; (see
Table II), unless specified otherwise. The maximum distance
between the BS and UEs is Dgg = 60 m. The formulated op-
timization problems are solved using CVX and MOSEK. The
parameter settings employed in the considered scenarios are
specified in Table III. Furthermore, we compare the following
algorithms.?

e OPT-MISOCP: As proposed in Section III-B for discrete
rates. By setting 1) = 0, it reduces to SDMA.

e OPT-SCA-SDR: As proposed in Section I'V-B for continu-
ous rates. By setting ¢ = 0, it reduces to SDMA.

e RND-MISOCP: Variant of OPT-MISOCP, which assumes
random user admission.

2Qur formulation allows us to obtain SDMA as a particular case of RSMA.
However, NOMA cannot be obtained from it as NOMA requires multiple SIC
stages and optimal decoding order, which our model does not feature. Still, to
shed light on the performance of RSMA and NOMA, we have included results
for a two-UE case in Appendix K, available online.

e RND-SCA-SDR: Variant of OPT-SCA-SDR, which as-
sumes random user admission.

e PR-OPT-SCA-SDR: Obtained from OPT-SCA-SDR upon
projecting the rates, as shown in (1) and (2).

e PR-RND-SCA-SDR: Obtained from RND-SCA-SDR upon
projecting the rates, as shown in (1) and (2).

A. Complexity, Optimality, and Convergence

In this section, we quantify the runtime complexity of OPT-
MISOCP and OPT-SCA-SDR, evaluate the optimality of OPT-
MISOCP with respect to an upper bound, and analyze the con-
vergence of OPT-SCA-SDR. For the results shown in Fig. 2,
we consider the WSR problem with uncorrelated channels for
U=4,K ={2,4},weightsw; = --- = w4 = 1,and No, = 10
channel realizations.

Runtime complexity: We compare the runtime complexity of
OPT-MISOCP and OPT-SCA-SDR. In Fig. 2(a), we observe
that for the considered parameters, OPT-MISOCP is 4 — 36
times faster than OPT-SCA-SDR since the former exploits BnB,
which circumvents the need of an exhaustive search. In contrast,
OPT-SCA-SDR considers all possible combinations of admit-
ted UEs. Furthermore, OPT-SCA-SDR is an iterative scheme,
which needs to solve multiple instances of the problem until a
stop criterion is met. We notice that OPT-SCA-SDR needs more
time to converge as the transmit power increases. In particular,
higher transit powers facilitate higher WSRs, and therefore more
iterations are needed before the stopping criterion is satisfied. On
the other hand, the runtime of OPT-MISOCP remains constant
and even slightly decreases for higher transmit powers. This is
due to constraint Jo, introduced in Section III-B7, which allows
early stopping. Additional results on the worst-case complexity
of OPT-MISOCP and OPT-SCA-SDR derived in Section I1I-B9
and Section IV-B7, respectively, are provided in Appendix L,
available online.

Remark 6: We observed that for small numbers of UEs,
e.g., U={4,5}, OPT-MISOCP has an affordable runtime.
However, as U increases beyond these values, the runtime of
OPT-MISOCP grows substantially, as more binary variables are
involved. To keep OPT-MISOCP affordable, it can be combined
with simple subcarrier allocation policy to avoid co-processing
multiple UEs simultaneously and allowing for RRM paralleliza-
tion.

Optimality: We compare the WSR performance of OPT-
MISOCP to an upper bound that we devise using SDR to demon-
strate that OPT-MISOCP can yield near-optimal solutions for
Phwsr- This upper bound is used to analyze the impact of the
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Fig. 2. Analysis of time complexity, optimality, and convergence.
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Fig.3.  (Scenario I) Two-user SE region of RSMA with discrete and continuous rates for }1‘2 = {10, 20} dB. Since OPT-SCA-SDR does not account for rate

saturation, it continues upgrading the private rates, not necessarily leading to improved performance upon rate projection. In contrast, OPT-MISOCP considers that
the rates are bounded and discrete, promoting more appropriate usage of power. Specifically, OPT-MISOCP uses the surplus of power to upgrade weaker private

or common signals, preventing severe rate saturation of other signals.

convexification procedure used in OPT-MISOCP. Since the up-
per bound has a larger feasible set due to the rank-one relaxation,
it finds solutions that yield higher objective function values
than OPT-MISOCP. However, such solutions are not necessarily
feasible for problem Ppwsgr. In Fig. 2(b), we observe that the
performance gap between OPT-MISOCP and the upper bound
is generally small, although it slightly increases to 3% for higher
transmit powers. To explain this result, we show in Fig. 2(c), the
ratio of the principal eigenvalue to the sum of all eigenvalues,
which we denote by A, i.e., A portrays the ‘rank-oneness’
of the upper bound solutions. Specifically, it is defined as

A _ 1 ZuEMU{O} xmﬂx,u
~ min{l,Rank(Xo)}+>_, o min{l,Rank(X.)} > - Ko

Am.u is the m-th eigenvalue of X, = 0, u € U U {0}. Here,
X, is the private precoder for UE, and X, is the precoder
for the common signal, obtained by the upper bound. A reveals
that the upper bound solutions have ranks higher than one, and
therefore are not feasible for problem Ppwsg, thus explaining
the performance gap.

Convergence: In Fig. 2(d), we show the convergence of OPT -
SCA-SDR for N., = 10 channel realizations.

Scenario I: Two-User SE Region for Continuous/Discrete
RSMA Rates

In Fig. 3, we compare the SE of RSMA with discrete and con-
tinuous rates to investigate the impact of rate discretization. For
all considered cases, OPT-MISOCP and PR-OPT-SCA-SDR

, Where

exhibit similar performance when }j;L; = 10 dB. This occurs

because the rates obtained by OPT-SCA-SDR are small due to
the low transmit power, and therefore projection does not have a
significantimpact. However, the performance gap between them
can become large when %; = 20 dB due to the higher rates
achieved, which can lead to more noticeable projection losses.
For instance, the difference is negligible in Fig. 3(a), whereas
it is more evident in Fig. 3(c). The reason is that the channels
become less correlated as ¢ increases, making the common rate
less relevant for OPT-SCA-SDR. This causes OPT-SCA-SDR
to be noticeably impacted by rate projection, as the private
rates may experience heavy saturation while the common rate
remains small. Fig. 3(d) shows an extreme case with low channel
correlation, which causes OPT-SCA-SDR to opt for SDMA. In
this case, the loss due to projection is higher than in Fig. 3(b) and
(c) since the common rate is zero, and the private rates saturate
at R; (see Table II). On the other hand, OPT-MISOCP can
prevent rate saturation losses as it takes the rate discretization
into account, and expends any surplus of power to improve the
common rate. For reference, we have included dirty paper coding
(DPC), which is capacity-achieving for continuous rates [51].
We observe that the proposed OPT-SCA-SDR can approach the
performance of DPC, especially in Fig. 3(d), thus demonstrating
that OPT-SCA-SDR produces high-quality solutions.

In summary, the optimal partitioning of information, trans-
mitted via unicast and multicast signals, can differ significantly
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stems from its capability of using the surplus of power to transmit the common signal, even in scenarios with higﬁly uncorrelated channels, which SDMA is unable

to do.
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Fig. 5. (Scenario III) Two-user SE region of RSMA with discrete rates and imperfect SIC using OPT-MISOCP for :—2 = {0,10,20} dB and various Agic

values. Accounting for potentially imperfect SIC has an enormous performance benefit. In the worst case, RSMA collapses to SDMA, still providing outstanding
performance compared to the case without protection. In the presence of large unmanaged residuals of the common signal, due to an imperfect SIC, the private
rates cannot be guaranteed, thus collapsing to zero due to the inability to fulfill the target SINRs required for successful decoding.

across different scenarios since the partitioning depends largely
on the channel characteristics. The optimal partitioning also
depends on the specific constraints of the RRM problem. Specif-
ically, OPT-MISOCP is subject to discrete rates, while OPT-
SCA-SDR assumes continuous rates. Although the resulting
partitionings differ in these two cases, the respective values are
optimal in each case, given the constraints.

Scenario II: Two-User SE Region with Discrete Rates for
RSMA and SDMA

In Fig. 4, we compare the SE of RSMA and SDMA using
discrete rates to elucidate the performance gap between them
for different transmit powers. In Fig. 4(a), RSMA and SDMA
have nearly the same performance when % = 10dB, however,

RSMA outperforms SDMA when 2%~ = {15,20} dB. SDMA
is unable to cope well with high channel correlation, showing
little improvement even as the transmit power increases. In
contrast, RSMA can take advantage of high channel correlation
to achieve considerable improvement. In Fig. 4(b), (c), and (d),
RSMA outperforms SDMA by a small margin when im; =

{10, 15} dB as the channels are less correlated, thus making the

transmission of the common signal more ex]gf:xnsive. However,
RSMA clearly outperforms SDMA when F:‘;z = 20 dB since
SDMA saturates (i.e., UEs are served at rate Rj; = 5.5547
bps/Hz), whereas RSMA can still improve as it can use the
surplus of power to support a common signal.

Scenario 11I: Two-User SE Region with Imperfect SIC for
RSMA

In Fig. 5, we evaluate the SE of RSMA for various lev-
els of protection against imperfect SIC as well as without
protection. When we consider protection, we assume a given
Asic # 0%, which is taken into account for the optimization.
Therefore, the BS guarantees the allocated rates for the UEs
up to the selected value of Agic. When we neglect protection,
we assume Agic = 0% for the optimization even though the
UEs may suffer from imperfect SIC. Therefore, the allocated
rates may not be guaranteed. In Fig. 5(a) and (b), protection
against imperfect SIC is considered. We observe that endowing
RSMA with a higher robustness against imperfect SIC, i.e.,
larger Agic, produces a more noticeable decrease in the SE
because the private SINRs are optimized to deal with additional
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dBm. As it uses the transmit power more judiciously, OPT-MISOCP has a notable advantage over PR OPT-SCA-SDR, ensuring high discrete rates with minimal
power consumption, leading to improved EE. In contrast, PR-OPT-SCA-SDR is not aware of rate discretization, and therefore the precoders have larger powers

than necessary, which impacts the EE upon rate projection.

interference due to Agic # 0% (see Section I1-A3). Also, we
observe that values up to Agic = 4% do not affect the SE
performance substantially while providing adequate protection.
However, RSMA almost collapses to SDMA when Agic = 20%,
as the common rates become very small. In fact, RSMA smartly
switches to SDMA for values larger than Agic = 20% since the
high protection against imperfect SIC prevents enhancement
of the private SINRs. The results for SDMA are identical to
those for RSMA with Agic = 100%. In Fig. 5(c) and (d), we
evaluate the impact of not accounting for imperfect SIC on
the WSR performance, where we consider the same scenarios
in Fig. 5(a) and (b), and equal weights, i.e., w1 = wg = 1 In
Fig. 5(c), the impact of imperfect SIC is small when Z5- =0
dB because information is predominantly transmltted via the
common signal which is not affected by imperfect SIC. When
IZL = {10, 20} dB, the common and private rates increase since
higher MCSs can be selected. This also implies that potential
unmanaged residuals of the common signal may cause the
private rates to collapse more noticeabl , the SE drops
= 20 dB) and from

4.52 bps/Hz t0 3.32 bps/Hz (when ﬁ = 10 dB). However, the
system performs well when protection against imperfect SIC is
considered. In particular, for high Agic, RSMA transitions to
SDMA thereby avoiding further private SINRs degradation. In
Fig. 5(d), we observe the same trend as in Fig. 5(c), although
the degradation due to imperfect SIC is more conspicuous when
protection against imperfect SIC is neglected. This occurs be-
cause the channels are highly uncorrelated, making the private
rates even more prominent than in Fig. 5(c), with the conse-
quent potential risk of much larger degradation in case of SIC
failure.

Scenario IV: Two-User EE Region with Continuous/Discrete
Rates for RSMA

In Fig. 6, we compare the EE of RSMA with continuous and
discrete rates to investigate the impact of rate discretization. In
Fig. 6(a), (b), (c), and (d), the EE of both OPT-MISOCP and
PR-OPT-SCA-SDR improve when P increases from 0 dB
to 10 dB, as a higher transmit power allows to find an improved
EE operating point with a better tradeoff between the achieved

rates and the expended power. When £5° = 0dB (dashed lines),
OPT-MISOCP surpasses PR-OPT- SCA SDR showing gains
as large as 18 bps/kJ/Hz, particularly when the UE weights are
B’ = 10 dB (solid lines), OPT-MISOCP also
outperforms PR-OPT-SCA-SDR although the gap is smaller.
The reason for thls effectis that OPT MISOCP can better exploit
= 0 dB asitis able to han-
dle discrete rates, whereas PR- OPT SCA-SDR wastes power
yielding rates higher than necessary, thus incurring a loss after
= 10 dB, the power limitation
is allev1ated, and therefore PR OPT-SCA-SDR can reduce the
performance gap with respect to OPT-MISOCP. We oserve that
as channels become less correlated, the EE of OPT-MISOCP
and PR-OPT-SCA-SDR improve because interference can be
handled more effectively and with less transmit power.
Scenario V: Impact of the Number of Admitted UEs on WSR
Performance
In Fig. 7, we compare the WSR of RSMA and SDMA when
the number admitted UEs varies. In Fig. 7(a), we consider
correlated channels, for which we observe that an increasing
number of UEs leads to WSR degradation. This occurs be-
cause the UEs are located in close proximity of each other,
exacerbating interference for every additional UE admitted. We
observe that RSMA | OPT-MISOCP has a noticeable advantage
over SDMA | OPT-MISOCP since it can exploit the channel sim-
ilarity via the common signal. We observe a similar behavior for
RSMA | PR-OPT-SCA-SDR and SDMA | PR-OPT-SCA-SDR
although the difference between them decreases as U increases.
Also, not considering rate discretization can severely affect
RSMA | PR-OPT-SCA-SDR, reducing its performance to the
extent of being outperformed by SDMA | OPT-MISOCP when
U = {5,6}. In Fig. 7(b), we consider uncorrelated channels,
for which we observe that increasing the number of UEs leads
to an improved WSR. This is expected as interference is more
easily dealt with in this case. Also, RSMA | PR-OPT-SCA-SDR
and SDMA | PR-OPT-SCA-SDR achieve the same performance
because RSMA does not devise a common signal. However,
RSMA | OPT-MISOCP surpasses SDMA | OPT-MISOCP as it is
able to exploit the surplus of power to devise the common signal.
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Fig. 7. (Scenario V) WSR of RSMA and SDMA as a function of the number of admitted UEs. In Fig. 7(a), RSMA | OPT-MISOCP has an advantage of 6.39

bps/Hz (1 89.7% gain) and 4.87 bps/Hz (1 56.3% gain) with respect to RSMA | PR-OPT-SCA-SDR and SDMA | OPT-MISOCP, respectively, when U = 6. In
Fig. 7(b), RSMA | OPT-MISOCP has an advantage of 1.92 bps/Hz (1 5.9% gain) and 1.03 bps/Hz (1 3.1% gain) compared to RSMA | PR-OPT-SCA-SDR and

SDMA | OPT-MISOCP, respectively, when K = 6.
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(Scenario VI) WSR of RSMA and SDMA with optimal and random UE admission as a function of the transmit power. In Fig. 8(a), RSMA | OPT-MISOCP has

an advantage of 1.68 bps/Hz (1 10.9% gain) and 2.24 bps/Hz (1 15.3% gain) with respect to RSMA | PR-OPT-SCA-SDR and RSMA | RND-MI SOCP, respectively,
when P3** = 40 dBm. In Fig. 8(b), RSMA | OPT-MISOCP has an advantage of 3.66 bps/Hz (1 21.6% gain) with respect to RSMA | PR-OPT-SCA-SDR and 1.71
bps/Hz (1 8.9% gain) with respect to RSMA | RND-MISOCP, when P = 40 dBm.

Besides, SDMA | OPT-MISOCP performs slightly better than
RSMA | PR-OPT-SCA-SDR as it avoids projection losses.

Scenario VI: Impact of the Transmit Power on the WSR
Performance

In Fig. 8, we evaluate the WSR as a function of the transmit
power. In Fig. 8(a), we consider correlated channels, for which
optimal admission leads to a consistently higher WSR compared
to random admission of UEs. Besides, RSMA outperforms
SDMA in all cases due to the high channel similarity, which
allows capitalizing on the multicast signal. Specifically, the
performance gap widens as the transmit power increases since
higher rates can be allocated to the common signal, whereas
SDMA is hampered by high interference. We also observe that
RSMA | OPT-MISOCP outperforms RSMA|PR-OPT-SCA-
SDR for all considered cases, whereas RSMA | RND-MISOCP
performs similarly to RSMA | PR-OPT-SCA-SDR even though
RSMA | RND-MISOCP does not control which UEs are admitted.
In Fig. 8(b), we consider uncorrelated channels, where optimal
admission also facilitates additional gains for both RSMA
and SDMA compared to random UE admission, particularly
when the transmit power is more constrained. Besides,
SDMA | OPT-MISOCP performs marginally better than
RSMA | PR-OPT-SCA-SDR because the latter collapses
to SDMA due to the low channel correlation, thereby

experiencing severe saturation upon rate projection. On
the other hand, the gains due to optimal UE admission tend to
diminish for higher transmit powers. For high transmit powers,
RSMA | RND-MISOCP surpasses RSMA | PR-OPT-SCA-SDR
as the former accounts for rate discretization, thus avoiding
losses due to rate projection.

Scenario VII: Tmpact of the Number of Admitted UEs on
WEE Performance

In Fig. 9, we compare the WEE of RSMA and SDMA as a
function of the number of admitted UEs. In Fig. 9(a), we consider
correlated channels, for which RSMA and SDMA experience a
WEE degradation as the number of admitted UEs increases. This
occurs because the transmit power needs to be distributed among
more UEs, thus affecting the SINRs and the allocated rates.
However, RSMA attains a higher performance than SDMA since
RSMA is capable of harnessing the high channel similarity. Fur-
ther, we observe that RSMA | OPT-MISOCP and SDMA | OPT-
MISOCP respectively outperform RSMA | PR-OPT-SCA-SDR
and SDMA | PR-OPT-SCA-SDR by at least 20%. In Fig. 9(b),
we consider uncorrelated channels, for which RSMA collapses
to SDMA in most cases, since the common rate is very small or
zero due to a low channel correlation. Furthermore, the common
rate improves marginally when the number of UEs increases, as
it requires a substantially larger transmit power. Specifically,
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(Scenario VIT) WEE of RSMA and SDMA as a function of the number of admitted UEs. In Fig. 9(a), RSMA | OPT-MISOCP outperforms RSMA | OPT-

PR-SCA-SDR and SDMA | OPT-MISOCP by 44.8 bps/kJ/Hz (1 21.5% gain) and 90.1 bps/kJ/Hz (1 55.4% gain), respectively, when K = 6. In Fig. 9(b),
RSMA | OPT-MISOCP outperforms RSMA | OPT-PR-SCA-SDR by 64.6 bps/kJ/Hz (1 10.2% gain), when K = 6.
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Fig.10.  (Scenario VIIT) WEE of RSMA and SDMA with optimal and random UE admission as a function of the transmit power. In Fig. 10(a), RSMA | OPT-MISOCP

outperforms RSMA | OPT-PR-SCA-SDR and RSMA | RND-MISOCP by 33.8 bps/kJ/Hz (1 10.9% gain) and 29.7 bps/kJ/Hz (1 9.5% gain), respectively, when
Py = 40 dBm. In Fig. 10(b), RSMA | OPT-MISOCP outperforms RSMA | OPT-PR-SCA-SDR and RSMA | RND-MISOCP by 59.3 bps/kJ/Hz (1 15.6% gain)

and 44.7 bps/kJ/Hz (1 11.4% gain), respectively, when P = 40 dBm.

as the number of UEs increases, utilizing the common signal
becomes less energy-efficient. We observe that RSMA | OPT-
MISOCP outperforms RSMA | PR-OPT-SCA-SDR for all con-
sidered values of K.

Scenario VIII: Tmpact of the Transmit Power on the WEE
Performance

In Fig. 10, we evaluate the WEE as a function of the transmit
power. In Fig. 10(a), we consider correlated channels, for which
RSMA outperforms SDMA as it can exploit the high channel
correlation. We also observe that optimal admission performs
significantly better than random UE admission, as it allows
to select UEs with mutually beneficial channel characteristics
that promote EE gains. In addition, increasing the transmit
power boosts the WEE as improved operating points can be
found. However, this increment saturates after a certain point,
as the power required to reach higher rates becomes too costly
for a marginal gain in WEE. Besides, RSMA | RND-MISOCP
performs similarly to RSMA|PR-OPT-SCA-SDR since its
ability to handle discrete rates compensates indirectly for the
random selection of UEs. In Fig. 10(b), we consider uncorrelated
channels, for which we observe that optimal UE admission
can lead to substantial gains. Also, RSMA | OPT-MISOCP and
SDMA | OPT-MISOCP outperform RSMA | OPT-PR-SCA-SDR
and RSMA|RND-PR-SCA-SDR, respectively. Moreover,
RSMA | OPT-PR-SCA-SDR and SDMA|OPT-PR-SCA-SDR
experience a WEE degradation for larger values of the transmit
power because of rate saturation.

VI. FUTURE RESEARCH DIRECTIONS

In the following, we discuss future avenues of research that
can be pursued to extend our current work.

Practical RRM algorithms: With an increasing pool of radio
resources, the execution times of RRM algorithms are expected
to rise. Thus, having fast, efficient, real-time algorithms capable
of operating within short time frames is crucial for practical
deployments. This is especially important for reducing end-
to-end communication latency and optimizing radio resource
utilization efficiency. Achieving fast RRM is plausible through
the use of heuristics, which can simplify RRM’s complexity by,
for example, pre-selecting a subset of admitted UEs to minimize
the number of binary variables. However, choosing such a subset
of UEs is not trivial in RSMA. Greedy strategies based, for
instance, on channel correlation, widely used in SDMA and
NOMA, may not be effective in RSMA. Unlike SDMA, which
favors low channel correlation, and NOMA, which favors
high channel correlation, RSMA presents unique challenges. In
particular, the multicast signal of RSMA benefits from correlated
channels, whereas the unicast signals benefit from uncorrelated
channels. Hence, heuristics for determining a subset of admitted
UEs that ensures high performance of RSMA are yet to be
developed and require further research. Considering that a
significant portion of the computational complexity is linked
to the binary variables needed for UE admission and discrete
rate selection, one strategy to cope with it is to relax the binary
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variables and penalize their integrality violation in the objective
function, as in [52]. However, fine-tuning the penalty factors
associated with these binary variables may become tedious,
with no guarantee of obtaining integer solutions in all cases.
Overall, further research is needed to develop real-time and
efficient algorithms for the RRM of RSMA, particularly when an
extended pool of radio resources is considered, which is expected
to increase computational complexity. Additionally, integrating
mobile data traffic patterns into RRM strategies, as discussed
in [53], may offer further opportunities for optimization.

Profiting from caching: Leveraging the caching capabilities
of UEs holds great promise for further improving RSMA perfor-
mance, as demonstrated by its efficacy in improving the SE of
NOMA [54]. Specifically, RSMA can benefit from exploiting
content cached at UEs in several ways. Cached content can
significantly reduce latency by allowing the BS to transmit
only the missing fragments of the requested content. More-
over, cached content can bolster signal quality by aiding in
interference cancellation, thus increasing SINR and data rates.
However, integrating caching into the RRM design of RSMA
poses challenges, including the cache capacity, the size of the
requested content, and the specific content cached. In addition,
determining which content fragments to cache is non-trivial
due to limited cache capacities. Also, exchanging information
between the BS and UEs regarding the cached content incurs
additional overhead. Furthermore, accounting for cache power
consumption is critical, as maintaining cache freshness demands
energy. Despite these challenges, optimizing caching jointly
with other radio resources holds significant potential for en-
hancing RSMA’s performance.

Integration with OFDM: Given the widespread adoption of
orthogonal frequency-division multiplexing (OFDM) in modern
wireless communications systems, recent research has focused
on integrating OFDM with next-generation multiple-access can-
didates, such as RSMA. Notably, OFDM-RSMA integration has
demonstrated significant advantages in mitigating inter-carrier
interference (ICI) [55] caused by Doppler spread and inter-
numerology interference (INI) [56] caused by different sub-
carrier spacing (SS) numerologies. These findings have opened
new avenues for future research. In particular, the integration
of beamforming design in OFDM-RSMA systems remains to
be thoroughly investigated, as most previous works focused
on SISO scenarios. It is also interesting to explore flexible
SS numerology selection, an aspect overlooked in prior works,
which only assessed the impact of different numerologies on
performance. Furthermore, with discussions on more advanced
OFDM variants like orthogonal time-frequency space (OTFES)
modulation underway, it is timely to investigate the combination
of RSMA with these emerging waveforms, which promise to
support ultra-high mobility.

CSI estimation: As RSMA utilizes the same CSI as SDMA
for RRM, acquiring and estimating CSI in RSMA systems is
expected to remain consistent with the established standardized
methods. Specifically, standardized CSI estimation procedures
are already in place for unicast services [57]. Additionally,
3GPP has implemented CSI estimation procedures tailored for
multicast-broadcast services, designed primarily to transmit
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multimedia content to multiple UEs efficiently [S8]. As RSMA
is based on unicast and multicast transmissions, it can seam-
lessly leverage existing CSI estimation procedures without any
changes. However, future RSMA systems may benefit from
the joint design of, e.g., reference signals for CSI estimation.
This joint design strategy could reduce the overhead compared
to employing individual and independent reference signals for
unicast and multicast transmissions, opening up novel research
directions on CSI estimation for RSMA systems.

VII. CONCLUSION

In this paper, two new RRM problems were proposed to
investigate the SE and EE of RSMA, taking into account charac-
teristics of practical wireless systems, namely the use of discrete
rates in contrast to the widely embraced continuous rates, the
need for selective UE admission instead of ubiquitously serving
all UEs, and imperfect SIC in lieu of ideal SIC. In particular,
we investigated the maximization of the WSR and WEE of
RSMA as optimization problems and jointly optimized the
beamforming, the UE admission, and the allocation of discrete
rates, while accounting for an imperfect SIC. Furthermore,
given the widespread adoption of Shannon’s capacity formula
for SINR-rate modeling in RRM designs, we also considered
the case of continuous rates. The considered RRM problems
resulted in nonconvex MINLPs, which are generally difficult to
solve. Nevertheless, we developed two algorithms capable of
finding high-quality solutions. The first algorithm addresses the
RRM with discrete rates and transforms the nonconvex MINLP
into a MISOCP, which can be solved globally optimally via
BnB and IPMs. This algorithm features custom cutting planes
that reduce the runtime. The second algorithm addresses the
RRM with continuous rates, and solves the nonconvex MINLP
using binary enumeration, SDR, and SCA, converging to a KKT
point. We revealed that ignoring the practical characteristics of
wireless systems in RRM design can have serious repercussions
on performance. Specifically, we demonstrated the importance
of accounting for discrete rates in the RRM model to avoid poten-
tially severe rate projection losses. In addition, we recognized the
importance of selectivity for UE admission, which yields greater
gains, as it allows to serve UEs with mutually beneficial channel
characteristics that can improve the WSR or WEE. Finally, our
results confirmed the benefits of accounting for imperfect SIC to
guarantee the allocated rate. Our simulations show that RSMA
designed for discrete rates achieves gains of up to 89.7% (WSR)
and 21.5% (WEE) compared to projecting continuous rates onto
the admissible set of discrete rates since projection losses are
avoided. Furthermore, user admission proves crucial for RSMA
as it yields additional gains of up to 15.3% (WSR) and 11.4%
(WEE) compared to random user admission when discrete rates
are considered.
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