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Abstract—The performance of modern wireless communica-
tion systems is typically limited by interference. The impact
of interference can be even more severe in ultra-reliable and
low-latency communication (URLLC) use cases. A powerful
tool for managing interference is rate splitting multiple access
(RSMA), which encompasses many multiple-access technologies
like non-orthogonal multiple access (NOMA), spatial division
multiple access (SDMA), and broadcasting. Another effective
technology to enhance the performance of URLLC systems and
mitigate interference is constituted by reconfigurable intelligent
surfaces (RISs). This paper develops RSMA schemes for multi-
user multiple-input multiple-output (MIMO) RIS-aided broad-
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cast channels (BCs) based on finite block length (FBL) coding.
We show that RSMA and RISs can substantially improve the
spectral efficiency (SE) and energy efficiency (EE) of MIMO
RIS-aided URLLC systems. Additionally, the gain of employing
RSMA and RISs noticeably increases when the reliability and
latency constraints are more stringent. Furthermore, RISs impact
RSMA differently, depending on the user load. If the system is
underloaded, RISs are able to manage the interference sufficiently
well, making the gains of RSMA small. However, when the user
load is high, RISs and RSMA become synergetic.

Index Terms—Finite block length coding, low latency, max-min
energy efficiency, max-min rate, MIMO systems, reconfigurable
intelligent surface, ultra-reliable communications.

I. INTRODUCTION

The sixth generation of wireless communication systems
(6G) has to substantially improve the spectral efficiency (SE),
energy efficiency (EE), peak and average data rate, latency,
and reliability [1], [2]. To reach these ambitious goals, 6G
has to overcome numerous challenges. In particular, due to a
shortage in the available spectrum, we may have to operate in
regimes where the number of users is significantly higher than
the number of available resource blocks, which leads to strong
interference. The impact of interference can be even more
severe in ultra-reliable low-latency communication (URLLC)
systems, which are needed to guarantee the extra requirements
of 6G applications such as cloud gaming or robotic aided
surgery. A powerful technique to handle interference is rate
splitting multiple-access (RSMA), which encompasses non-
orthogonal multiple access (NOMA), spatial division multiple
access (SDMA), broadcasting, and multi-casting [3]. Another
promising technology conceived for managing interference is
represented by reconfigurable intelligent surfaces (RISs) [4],
[5]. In this paper, we propose RSMA schemes for enhancing
the SE and EE of RIS-aided multi-user (MU) multiple-input
multiple-output (MIMO) URLLC systems.

A. Literature Review

The optimal treatment of interference critically depends on
how strong it is. When the interference is weak, treating
interference as noise (TIN) is optimal from a generalized
degree of freedom (GDoF) or from a sum-rate maximization
point of view [6], [7]. By contrast, the optimal approach to
deal with strong interference is to decode, remodulate and
subtract it [8], which is referred to as successive interfer-
ence cancellation (SIC). Unfortunately, the optimal decoding
strategy is unknown or is very complex for the operational
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regimes between these two extreme cases, which include many
practical scenarios. In these cases, we may often have to utilize
interference-management techniques, which are not neces-
sarily optimal. One such effective interference-management
technique is RSMA, which can exploit the benefits of both
the TIN and SIC schemes [3]. In the downlink (DL) RSMA1,
the total rate of each user can be split into two types of
messages, which are referred to as the common and private
messages. The common messages are decoded by a group
of (or even all) the users, while the private messages are
decoded only by the intended user. Moreover, each user
first decodes the corresponding common messages, and then,
removes them from the received signal to decode its intended
private message. Indeed, to decode the private message, each
user applies SIC to the common messages and treats the private
messages of the other users as noise.

RSMA is a highly adaptive multiple-access technique that
can handle interference effectively [9]–[12]. There are various
RSMA schemes with different formats for the common mes-
sages. The most practical RSMA scheme is the 1-layer rate
splitting (RS), which utilizes only a single common message
that has to be decoded by all the users [11]–[19]. Moreover, the
most attractive RSMA scheme is the generalized RS, which
features (K − 1) layers of message decoding that require a
large number of different common messages if the number
of users, K, is high [20]. Indeed, the complexity of RSMA
drastically increases when the number of layers grows, which
may affect its practicality. This is even more important for
URLLC systems, since decoding multiple layers of common
messages may increase the processing latency. Therefore, in
this paper, we consider only the 1-layer RS scheme.

Another technology to manage the interference and improve
the coverage is RIS, which has been shown to be promising in
enhancing the performance of various networks, including the
broadcast channel (BC) [21]–[24], K-user interference chan-
nel (IC) [25]–[30], multiple-access channel (MAC) [31], [32],
cognitive radio systems [33], and URLLC systems [34]–[36].
RISs are capable of ameliorating the effective channel, which
can help to increase the channel gains for the intended links
and/or attenuate the interfering channels. This feature enables
RIS to operate as an interference-management technology,
especially in ICs [25]–[29]. For instance, the authors of [25]
proposed interference-neutralizing designs for K-user single-
input, single-output (SISO) ICs, employing RISs. Moreover,
in [29], an RIS is used to reduce interference leakage in a
K-user MIMO IC.

Even though RISs are capable of handling interference in
specific scenarios, the performance of systems supporting high
user load may be further improved when leveraging RISs
along with other interference-management techniques such as
improper Gaussian signaling (IGS), NOMA, and RSMA. For
instance, the superiority of IGS over proper signaling in RIS-
aided systems has been established in [37]–[39]. Moreover, the
authors of [24], [40]–[42] showed that NOMA can improve the
performance of various types of multiple-antenna RIS-aided

1The focus of this work is on the downlink communications. We refer the
reader to [3] for a distinction between the DL and uplink (UL) RSMA.

TABLE I: Comparison of most related works on RSMA in systems
with FBL coding.

This paper [34] [49] [50] [51]–[54] [46]–[48]
RIS

√ √ √ √ √
-

Ch. disp. in [55]
√ √

- - - -
SE metrics

√ √ √
-

√ √
EE metrics

√ √
-

√
- -

MIMO systems
√

- - - - -
Multiple streams

√
- - - - -

systems. Additionally, the benefits of RSMA in RIS-aided
BCs has been investigated in [12], [43]–[45]. Specifically, the
authors of [12] proposed an optimization framework for 1-
layer RS in MIMO RIS-assisted systems and showed that
RSMA can enhance the SE and EE of RIS-aided BCs. The
authors of [44] considered the SE and EE tradeoffs in a single-
cell multiple-input single-output (MISO) BC with an active
RIS and showed that RSMA is capable of enhancing the
system performance.

The studies in [12], [43]–[45] on RSMA for RIS-aided sys-
tems showed that RSMA and RISs can be mutually beneficial.
However, these papers considered the asymptotic Shannon
rate as the performance metric of interest. To realize low
latency communications, finite block length (FBL) coding
has to be utilized, which makes the asymptotic Shannon rate
an inaccurate performance metric. Specifically, the achievable
data rate of FBL coding is lower than the Shannon rate and
depends on the channel dispersion, the packet length, and
the decoding error probability. Thus, the existing solutions
for RSMA in RIS-aided systems based on the Shannon rate
cannot be applied to URLLC systems utilizing FBL coding.
Unfortunately, there are only a limited number of studies on
RSMA in systems employing FBL coding [34], [46]–[54].
There are fewer treatises investigating the performance of
RSMA in RIS-aided systems relaying on FBL coding, as
shown in Table I. Furthermore, there is no work studying
RSMA in MIMO systems with FBL coding, not even for
systems operating without RISs. The authors of [34] proposed
1-layer RS schemes for MISO systems assisted by beyond
diagonal RISs and showed that RSMA and RISs can sub-
stantially enhance the SE and EE of multi-cell MISO BCs.
The authors of [50] showed that 1-layer RS is capable of
increasing the global EE of a single-cell MISO BC aided by
an RIS. In [49], [51], it was shown that RSMA can improve
the performance of different RIS-assisted SISO systems. The
papers in [52]–[54] showed that RSMA can improve the DL
SE of a BC with a multiple-antenna BS serving multiple
single-antenna users.

B. Motivation

MIMO systems play an essential role in modern wireless
communication networks. However, [36] is the only study on
resource allocation for multi-stream MU-MIMO systems using
FBL coding, and there is no literature on RSMA designed
for MIMO URLLC systems. Resource allocations schemes
for FBL encoding are much more difficult to handle than the
asymptotic Shannon rate and the solutions obtained for the
Shannon rate cannot be reused in RSMA URLLC systems.
Upon utilizing FBL coding, the achievable data rate depends



3

on the asymptotic Shannon rate, the channel dispersion, the
packet length, and the reliability criterion. The channel dis-
persion is a fractional function of the signal-to-interference-
plus-noise ratio (SINR), which makes the optimization of the
FBL rate and/or the EE much more challenging than in the
asymptotic case. Optimizing the rate for FBL coding is even
more complex in MIMO systems, where the optimization
variables are matrices.

In [36], the authors proposed resource allocation schemes
for MU-MIMO RIS-aided URLLC systems when interference
is treated as noise, and multiple data streams per user are
transmitted. It was shown that RISs can substantially improve
the system performance even with SDMA. However, the
benefits of RISs are reduced when the number of users grows.
Indeed, the level of interference increases with the number of
users, and an RIS alone may not be capable of mitigating
the interference by itself. Thus, in this paper, we aim for
integrating RSMA into MIMO RIS-aided URLLC systems.

As shown in Table I, there is no work on RSMA designed
for MIMO systems using FBL coding. Although the authors
of [34], [49]–[51] provided valuable insights into the per-
formance of RSMA in RIS-assisted systems, the algorithms
developed in [34], [49]–[51] cannot be applied to MIMO sys-
tems. Indeed, resource allocation for MIMO systems requires
more advanced linear algebra tools and is much more complex
than that for MISO systems, especially in the FBL case. Addi-
tionally, there are several open research questions, especially
for MIMO RIS-aided URLLC systems, that have not been
addressed in prior studies and require further investigation. In
particular, our goal is to answer the following questions:

• How does the performance of RSMA and RISs vary
with the reliability and latency constraints in MU-MIMO
URLLC systems?

• How do RISs and RSMA impact each other in different
operational scenarios?

• How do the benefits of RISs and RSMA vary for different
objective functions, notably SE and EE?

• Considering RSMA and RIS, which is more beneficial in
MU-MIMO URLLC systems when the user load is high?

We show that RSMA and RISs provide higher gains when
the reliability and latency constraints are more demanding.
Moreover, RSMA further improves the gains provided by RISs
when the user load is high. Furthermore, the benefits of RSMA
are more significant than those of RISs if the number of users
is higher than the number of transmit antennas (TAs) at the
base station (BS).

C. Contributions

In this study, we develop energy-efficient and spectral-
efficient resource allocation schemes for multi-user MIMO
URLLC systems by leveraging RISs and RSMA. To the
best of our knowledge, this is the first paper to propose
RSMA schemes for MU-MIMO systems with FBL coding,
where the asymptotic Shannon rate is not a precise metric
for characterizing the achievable data rate. We summarize the
main contributions made by this paper, as follows:

• We show that RSMA substantially increases the SE and
EE of MU-MIMO URLLC systems, outperforming the
SDMA schemes proposed in [36]. Interestingly, an RIS-
aided system employing TIN may perform worse than a
system without RISs that uses RSMA. This is particularly
the case for systems having high user loads, which are
typically interference-limited, and RISs may not be able
to fully mitigate the heavy interference.

• We show that the performance gains offered by RSMA
and RISs increase when the packets and codewords
become shorter, and the maximum tolerable bit error rate
becomes lower. Therefore, RSMA can provide higher
gains over TIN in URLLC systems, especially when the
number of transmit antennas at the BSs is less than the
number of users.

• We show that RSMA and RISs synergize their benefits
in systems with a higher user load. However, when the
user load is light, the RISs reduce the benefits of RSMA,
since they can effectively mitigate the interference in
this case. Hence, there is no need to use sophisticated
multiple access schemes in these scenarios. Additionally,
the benefits provided by RISs become more substantial in
systems having a high user load, when we utilize RSMA.

• The gains provided by RSMA become more significant
in URLLC RIS-aided systems, when the power budget
increases. Indeed, when the system performance is lim-
ited by interference, increasing the transmission power
and/or power budget of the transmitters increases the
interference level, and thus, it does not noticeably in-
crease the achievable rate and/or EE. However, when we
employ RSMA, the interference is appropriately managed
by RSMA, which significantly improves the performance
at high signal-to-noise ratios (SNR).

• We also develop single-stream RSMA schemes and
compare them to the multiple-stream RSMA ones. We
show that multiple-stream RSMA significantly outper-
forms single-stream RSMA. Additionally, switching from
MISO to MIMO systems provides significant gains even
when there are only a maximum of two data streams
per user. Note that even though MISO systems support
single-stream data transmissions, we cannot directly use
MISO schemes as single-stream MIMO schemes since
these solutions are not designed for multiple-antenna re-
ceivers. Indeed, the proposed RSMA schemes conceived
for MIMO systems substantially outperform an upgraded
version of the schemes proposed for MISO systems such
as the algorithms in [34].

D. Paper Organization

The paper is structured as follows. Section II presents the
network scenario, the channel models associated with RISs,
and the signal model. Moreover, Section II derives the rate and
EE expressions, and formulates the optimization problems of
interest. Section III develops the algorithms proposed for SE
and EE maximization. Section IV provides numerical results,
while Section V summarizes our findings and concludes the
paper.
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Fig. 1: A multicell BC assisted by RISs.

II. SYSTEM MODEL

We consider a multicell MIMO RIS-aided DL BC having
L BSs, each equipped with NBS transmit antennas (TAs),
as shown in Fig. 1. Each BS serves K users having Nu

receive antennas (RAs) each. Note that each user is served
by only a single BS. Moreover, M reflective RISs with NRIS

elements each aid the BSs. The data packets are assumed to
have a finite block length n. Moreover, we assume perfect
instantaneous global channel state information (CSI), as is
common in many studies on RISs [12], [21], [22], [24],
[38], [56]. This assumption is also widely used in resource
allocation solutions for URLLC systems [35], [46], [57]–
[59], specifically in systems with high channel coherence
times. In such systems, the CSI estimation is easier and more
accurate, allowing resource allocation solutions to be reused
over multiple time slots with low pilot overhead. Additionally,
studying RISs with perfect CSI reveals fundamental system
tradeoffs and provides an upper performance bound.

A. RIS Model

We employ the RIS model of [38], [56], for the MIMO
multicell BC considered. Therefore, the channel between BS
i and the k-th user in cell l, represented by Ulk, is given by

Hlk,i({Υ})=
M∑

m=1

Glk,mΥmGm,i︸ ︷︷ ︸
Link through RIS

+Flk,i︸︷︷︸
Direct link

∈ CNu×NBS, (1)

where Flk,i is the channel between the i-th BS and Ulk,
Glk,m is the channel between the m-th RIS and Ulk, Gm,i is
the channel between the i-th BS and the m-th RIS, {Υ} =
{Υm : ∀m} groups all the RIS coefficients, where Υm is the
scattering matrix for the m-th RIS. In this paper, we consider
diagonal RISs. Hence, we have

Υm = diag (υm1, υm2, · · · , υmNRIS
) , (2)

where υmn is the n-th reflection coefficient of the m-th RIS.
The coefficients υmn for all m, n are optimization variables,
which control the propagation channels. When an RIS element
operates in a nearly passive mode, the power of its output
signal is equal to or less than the power of its input signal.

Thus, we have |υmn|2 ≤ 1. In this case, the set encompassing
all the feasible υmn is [4, Eq. (11)]

FU =
{
υmn : |υmn|2 ≤ 1 ∀m,n

}
. (3)

which is a convex set. Another common assumption for the
RIS elements is the unit modulus constraint |υmn| = 1, which
yields the non-convex set [12, Eq. (47)]

FI = {υmn : |υmn| = 1 ∀m,n} . (4)

Hereafter, we represent the feasibility set of {Υ} by F , when
we do not refer to a specific set. Furthermore, we drop the
dependence of the channels on {Υ} to simplify the notation.

B. Signal Model

We assume that each BS employs 1-layer RS to serve its
associated users, which means that the transmit signal of BS
l is given by

xl = Wlsl,c︸ ︷︷ ︸
Common M.

+
∑
k

Wlkslk︸ ︷︷ ︸
Private M.

∈ CNBS×1, (5)

where sl,c ∈ CNBS×1 is the common message of BS l, which
is decoded by all of its associated users, slk ∈ CNBS×1

is the private message intended for Ulk, and the matrices
Wl ∈ CNBS×NBS and Wlk ∈ CNBS×NBS are, respectively,
the beamforming matrices for the common message sl,c and
the private message slk, intended for Ulk. The signals sl,c and
slk are assumed to be zero-mean, independent, complex, and
proper Gaussian vectors for all l, k, with the identity matrix
as their covariance matrix. Thus, the covariance matrix of xl

is

Cl=E{xlx
H
l }=WlW

H
l +

∑
k

WlkW
H
lk ∈CNBS×NBS, (6)

where E{X} denotes the mathematical expectation of X. Note
that the transmit power of BS l is given by Tr(Cl), where
Tr(X) denotes the trace of the square matrix X. We refer the
reader to [3, Section II.B] for more details on the signaling
model of the 1-layer RS. We denote the set containing all the
precoding matrices as {W} = {Wl,Wlk : ∀l, k}.

The received signal at Ulk is

ylk =
∑
i

Hlk,ixi + nlk =Hlk,lWlsl,c︸ ︷︷ ︸
Common M.

+Hlk,lWlkslk︸ ︷︷ ︸
Private M.

+Hlk,l

∑
j ̸=k

Wljslj︸ ︷︷ ︸
Intracell Interference

+
∑
i̸=l

Hlk,ixi︸ ︷︷ ︸
Intercell Interference

+ nlk︸︷︷︸
Noise

∈ CNu×1, (7)

where nlk ∼ CN (0, σ2I) is the zero-mean proper additive
complex Gaussian noise at the receiver of Ulk, σ2 is the noise
variance at each receive antenna, and I is the identity matrix.

Note that there is both intercell and intracell interference
in the considered multi-cell system. The intercell interference
is treated as noise, since decoding and canceling the intercell
interference may require a large amount of signaling between
the BSs [12]. Moreover, to apply SIC to the intercell interfer-
ence may be very inefficient, because the BSs should transmit
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data at a rate that is supportable by outer-cell users. Hence,
the data rate becomes limited by the links between the BS and
the outercell users, which are typically much weaker than the
links between the BS and the inner-cell users.

C. Channel Dispersion, Rate and EE Expressions

We assume that the BSs employ FBL coding to support
low-latency communication. Thus, the achievable data rate
depends on the channel dispersion, the packet length, the
reliability constraint, and on the traditional Shannon rate. In
this subsection, we first formulate the achievable data rate in
multi-user MIMO systems with FBL coding in Lemma 1 and
then derive the achievable rate and EE of each user.

Lemma 1 ( [36], [60]). Upon utilizing the normal approxima-
tion (NA), the FBL rate of a user in an interference-limited
multi-user MIMO system is

r = log
∣∣I+D−1S

∣∣︸ ︷︷ ︸
Shannon Rate

−Q−1(ϵ)

√
2Tr(S(D+ S)−1)

n
, (8)

where |X| denotes the determinant of X, n is the packet length,
ϵ is the maximum tolerable bit error rate for the message, Q−1

is the inverse of the Gaussian Q-function, S is the covariance
matrix of the desired signal, and D is the covariance ma-
trix of the interference plus noise. Moreover, an achievable
channel dispersion2 for the considered communication link is
2Tr(S(D+ S)−1).

Proof. Please refer to [60, Theorem 68] and Lemma 1 and
Lemma 2 in [36].

In the 1-layer RS scheme, Ulk first decodes the common
message sl,c while treating the other received signals as noise.
Hence, the maximum decoding rate of sl,c at Ulk is

rc,lk = log
∣∣∣I+D−1

c,lkSc,lk

∣∣∣
−Q−1(ϵc)

√
2Tr(Sc,lk(Dc,lk + Sc,lk)−1)

n
, (9)

where n is the packet length of the common message, ϵc is
the maximum tolerable bit error rate for the common message,
Sc,lk = Hlk,lWl(Hlk,lWl)

H is the covariance matrix of the
common message at the receiver of Ulk, and Dc,lk is the
interference-plus-noise covariance matrix when decoding the
common message Sc,lk, which is given by

Dc,lk=σ2I+
∑
j

Hlk,lWljW
H
ljH

H
lk,l+

∑
i̸=l

Hlk,iCiH
H
lk,i, (10)

where Ci is a convex function of Wi and Wij for all i, j,
and is given by (6).

2The channel dispersion in Lemma 1 is suboptimal, but it is achievable by
Gaussian signaling in multi-user systems in the presence of interference [55].
The optimal channel dispersion is Tr(I− (I+D−1S)−2) [61], but it is not
achievable by Gaussian signals when there exists interference. Hence, in this
paper, we adopt the achievable channel dispersion derived in [55].

The signal sl,c should be transmitted at a rate rcl that can
be decoded by all the users associated with BS l. Therefore,
the maximum transmission rate of sl,c is given by

rc,l = min
k

(rc,lk). (11)

The constraint in (11) is referred to as the decodability
constraint for the common message. Note that a user is in
outage if it cannot decode the common message. Moreover,
the user is unable to decode its own private message without
successfully decoding the common message.

After decoding sl,c, Ulk removes sl,c from its received
signal and then decodes its own private message. Hence, the
maximum achievable rate of sp,lk at Ulk is given by

rp,lk = log
∣∣I+D−1

lk Slk

∣∣−Q−1(ϵp)

√
2Tr(SlkD

−1
c,lk)

n
, (12)

where n is the packet length of the private message, ϵp is
the maximum tolerable bit error rate for the private message,
Slk = Hlk,lWlk(Hlk,lWlk)

H is the covariance matrix of
the private message for Ulk at its receiver, and Dlk is the
covariance matrix of the intracell and intercell interference
plus noise, which is given by

Dlk=σ2I+
∑
j ̸=k

Hlk,lWljW
H
ljH

H
lk,l+

∑
i̸=l

Hlk,iCiH
H
lk,i. (13)

Note that Dc,lk = Dlk + Slk. Thus, we can write the
achievable channel dispersion of the private message for Ulk

as 2Tr
(
SlkD

−1
c,lk

)
. Additionally, we assume that the common

and private messages have the same finite block length n.
The achievable rate of Ulk is equal to the sum of its rate

portion for the common message and the rate of its private
message as

rlk = tlk + rp,lk, (14)

where tlk is the rate portion of the common message sl,c that
is dedicated to Ulk. Note that the rates t = [tlk : ∀l, k] are
indeed optimization variables, and we have

∑
k tlk ≤ rc,l.

Depending on the choice of t, 1-layer RS can switch between
SDMA, NOMA, and broadcasting when K = 2. If tlk = 0
for all l, k, the intracell interference is treated as noise, and
the 1-layer RS scheme operates as SDMA. Moreover, when
rp,lk = 0 for all l, k, all the users get their data rate only
from the corresponding common message, which is known as
broadcasting. For further discussions on possible solutions for
the common and private rates, please refer to [3], [62].

Finally, the EE of Ulk is [63]

elk =
rlk

pc + ηTr
(
WlkWH

lk

)
+ η

K Tr
(
WlWH

l

) , (15)

where η−1 is the power efficiency of the BSs, and pc is the
constant power consumption of the system, when transmitting
data to a user, as given by [38, Eq. (27)].

D. Discussions on the Latency and Reliability Constraint

In the 1-layer RS scheme, each user should first decode a
common message and then apply SIC to the common message
to decode its private message. Hence, if the common message
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is not decoded correctly, then the private message cannot be
decoded either. It means that the probability that an error
occurs is

ϵ = ϵc + (1− ϵc)ϵp ≤ ϵc + ϵp. (16)

To achieve a latency of less than τ seconds, the achievable
rate of Ulk has to be higher than or equal to rthlk = 2n

ωτ (b/s/Hz),
where ω is the channel bandwidth. Note that we assume
that the packet lengths for the common and private messages
are equal. Thus, we consider 2n as the worst case for the
packet length so that rlk > rthlk ensures both the common and
private messages are successfully decoded within τ seconds.
Hence, the latency constraint is equivalent to an achievable
rate constraint. It is worth emphasizing that this modeling of
the reliability and latency constraints aligns with other studies
on URLLC systems such as [64, Remark 1], [34, Sec. II.D],
[36], [65].

E. Problem Statement

We consider both SE and EE maximization problems. To
enhance the SE, we maximize the minimum weighted rate
among all users, which leads to the following optimization
problem

max
r,{W},{Υ}∈F,t

r (17a)

s.t. rlk ≥ max(αlkr, r
th
lk ), ∀l, k, (17b)

Tr(Cl) ≤ Pl, ∀l, (17c)
tlk ≥ 0, ∀l, k, (17d)∑
k

tlk ≤ min
k

(rc,lk), ∀l, (17e)

where Pl is the power budget of BS l, the coefficients αlk for
all l, k are the weights of the users reflecting their priorities,
(17b) represents the latency constraint as discussed in Section
II-D, (17c) is the power budget constraint, (17d) is due to
the fact that the rates cannot be negative, and (17e) is the
decodability constraint of the common message. Additionally,
the optimization variables are r, {W}, {Υ}, and t, where r
is an auxiliary variable, denoting the minimum weighted rate
of users. We, moreover, maximize the minimum weighted EE
among users, which leads to

max
e,{W},{Υ}∈F,t

e (18a)

s.t. elk ≥ λlke, ∀l, k, (18b)

rlk ≥ rthlk , ∀l, k, (18c)
(17c), (17d), (17e), (18d)

where the coefficients λlk for all l, k are the weights of the
users assigned based on their priorities, (18c) is the latency
constraint, and e is an auxiliary variable, denoting the mini-
mum weighted EE of users. Note that the algorithms proposed
can also be applied to other optimization problems such as
maximizing sum rate, global EE and geometric mean of the
rates. In this paper, we consider maximization of the minimum
weighted rate/EE, since the achievable rate/EE region can
be calculated by solving and employing the rate/EE profile
technique [66]–[70]. Additionally, the minimum rate/EE can

also be viewed as a metric for the fairness among the users
[71].

Hereafter, we refer to the maximum minimum weighted
rate (or EE) as the max-min weighted rate (or EE). The
optimization problems (17) and (18) are complex non-convex
problems, since the rates are not jointly concave functions
of {W} and {Υ}. In the next section, we propose efficient
algorithms for solving (17) and (18).

III. PROPOSED SOLUTIONS FOR SPECTRAL AND ENERGY
EFFICIENCY MAXIMIZATION

In this section, we derive solutions for (17) and (18) by
utilizing powerful numerical optimization tools such as alter-
nating optimization (AO), majorization minimization (MM),
and the generalized Dinkelbach algorithm (GDA). Our solution
is iterative, and starts with a feasible initial point3 denoted as
{W(0)} and {Υ(0)}. Then, we employ AO and update either
{W} or {Υ} in each step. More particularly, we develop
iterative algorithms in which we first update {W} while {Υ}
is fixed to {Υ(z−1)}, where z is the iteration index. Then we
alternate and update {Υ} when we fix {W} to {W(z)}. We
iterate this operation until the algorithm converges. Below, we
describe our detailed solutions for updating {W} and {Υ}.

A. Updating {W}
In this subsection, we solve (17) and (18) when {Υ} is fixed

to {Υ(z−1)}. We first provide the solution for the max-min
weighted rate and then solve (18).

1) Maximizing the minimum weighted rate: The max-min
weighted rate for fixed RIS coefficients can be written as

max
r,{W},t

r (19a)

s.t. rlk

(
{W},{Υ(z−1}

)
≥max(αlkr, r

th
lk ), ∀lk, (19b)

Tr(Cl) ≤ Pl, ∀l, (19c)
tlk ≥ 0, ∀lk, (19d)∑
k

tlk ≤ min
k

(rc,lk), ∀l. (19e)

Constraints (19c) and (19d) are convex, and (19) is linear
in t, and r. However, (19) is non-convex due to (19b) and
(19e). Specifically, rp,lk and rc,lk are non-concave functions of
{W}, which makes (19) non-convex. To derive a suboptimal
solution for (19), we leverage the MM method and calculate
appropriate concave surrogate functions for rp,lk and rc,lk. To
this end, we utilize the lower bounds in [36, Lemma 3] and
[36, Lemma 4], which are provided below to facilitate the
development of the algorithm.

Lemma 2 ( [38]). Consider the arbitrary matrices Γ ∈ Cm×n

and Γ̄ ∈ Cm×n, and positive definite matrices Ω ∈ Cm×m

3To find a feasible initial point, we can choose a random point, satisfying
the power constraint for {W} and the unit modulus constraint for {Υ}. If this
random point that satisfies (17c) and belongs to the set FI does not satisfy
the latency constraint in (18c), we can run our algorithm to maximize the
minimum rate of users for a few iterations to attain an initial point, satisfying
all the constraints in (17) or (18).
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and Ω̄ ∈ Cm×m, where m and n are arbitrary natural
numbers. Then, we have:

ln
∣∣I+Ω−1ΓΓH

∣∣ ≥ ln
∣∣I+Ω−1Γ̄Γ̄H

∣∣
− Tr

(
Ω̄−1Γ̄Γ̄H

)
+ 2R

{
Tr

(
Ω̄−1Γ̄ΓH

)}
− Tr

(
(Ω̄−1 − (Γ̄Γ̄H + Ω̄)−1)H(ΓΓH +Ω)

)
. (20)

Lemma 3 ( [36]). The following inequality holds for arbitrary
matrices Γ ∈ Cm×n and Γ̄ ∈ Cm×n and positive semi-definite
Ω ∈ Cm×m and Ω̄ ∈ Cm×m

f (Γ,Ω) = Tr
(
Ω−1ΓΓH

)
≥ 2R

{
Tr

(
Ω̄−1Γ̄ΓH

)}
− Tr

(
Ω̄−1Γ̄Γ̄HΩ̄−1Ω

)
, (21)

where m and n are arbitrary natural numbers, and R{x}
returns the real value of x.

The FBL rates rp,lk and rc,lk consist of two parts: the
asymptotic Shannon rate and the term related to the channel
dispersion. We utilize the quadratic, concave lower bound in
Lemma 2 to calculate a surrogate function for the part related
to the first-order Shannon rate of rp,lk and rc,lk. Moreover,
we use the results in Lemma 3 to compute a concave lower
bound for the part related to the channel dispersion term. In the
lemma below, we derive surrogate functions for rp,lk and rc,lk,
which are jointly quadratic and concave in the beamforming
matrices {W}.

Lemma 4. For all feasible {W}, the following inequalities
hold

rp,lk ≥ r̃
(z)
p,lk = ap,lk + 2

∑
ij

R
{

Tr
(
Ap,lk,ijW

H
ij H̄

H
lk,i

)}
+ 2

∑
i̸=l

R
{

Tr
(
Ap,lk,iW

H
i H̄H

lk,i

)}
− Tr (Bp,lkDc,lk) ,

(22)

rc,lk ≥ r̃
(z)
c,lk = ac,lk + 2

∑
ij

R
{

Tr
(
Ac,lk,ijW

H
ij H̄

H
lk,i

)}
+ 2

∑
i

R
{

Tr
(
Ac,lk,iW

H
i H̄H

lk,i

)}
− Tr

(
Bc,lk(H̄lk,lWlW

H
l H̄H

lk,l +Dc,lk)
)
, (23)

where we have:

ap,lk = ln
∣∣I+ D̄−1

lk S̄lk

∣∣− Tr
(
D̄−1

lk S̄lk

)
−Q−1(ϵp)

2
√
n


√
2Tr

(̄
SlkD̄

−1
c,lk

)
+

2I√
2Tr

(̄
SlkD̄

−1
c,lk

)
,

ac,lk = ln
∣∣∣I+ D̄−1

c,lkS̄c,lk

∣∣∣− Tr
(
D̄−1

c,lkS̄c,lk

)
− Q−1(ϵc)

2
√
n

√ζ̄c,lk +
2I√
ζ̄c,lk

 ,

Ap,lk,ij=

D̄
−1
lk H̄lk,lW̄lk if i = l, j = k,

Q−1(ϵp)√
2nTr(S̄lkD̄

−1
c,lk)

D̄−1
c,lkH̄lk,iW̄ij otherwise,

Ap,lk,i=
Q−1(ϵp)√

2nTr
(
S̄lkD̄

−1
c,lk

)D̄−1
c,lkH̄lk,iW̄i,

Ac,lk,ij=
Q−1(ϵc)√

nζ̄c,lk

(S̄c,lk + D̄c,lk)
−1H̄lk,iW̄ij ,

Ac,lk,i=

{
D̄−1

c,lkH̄lk,lW̄l if i = l,
Q−1(ϵc)√

nζ̄c,lk
(S̄c,lk + D̄c,lk)

−1H̄lk,iW̄i, otherwise,

Bp,lk= D̄−1
lk − D̄−1

c,lk+
Q−1(ϵp)√

2nTr
(
S̄lkD̄

−1
c,lk

)D̄−1
c,lkD̄lkD̄

−1
c,lk,

Bc,lk= D̄−1
c,lk−(S̄c,lk + D̄c,lk)

−1

+
Q−1(ϵc)√

nζ̄c,lk

(S̄c,lk + D̄c,lk)
−1D̄c,lk(S̄c,lk + D̄c,lk)

−1,

where D̄lk, D̄c,lk, S̄lk, S̄c,lk, W̄ij , W̄i, and H̄lk,i, ∀l, k, i, j
are, respectively, the initial values of Dlk, Dc,lk, Slk, Sc,lk,
Wij , Wi, and Hlk,i at the current step, which are ob-
tained upon replacing {W} by {W(z−1)} and {Υ} by
{Υ(z−1)}. Moreover, I = min(NBS , Nu) and ζ̄c,lk =
2Tr

(
S̄c,lk(D̄c,lk + S̄c,lk)

−1
)

is the initial value of the channel
dispersion for decoding the common message at Ulk.

Proof. Please refer to Appendix A.

We substitute rp,lk and rc,lk by r̃
(z)
p,lk and r̃

(z)
c,lk in (19),

respectively, which yields the convex problem

max
r,{W},t

r (24a)

s.t. r̃
(z)
p,lk + tlk ≥max(αlkr, r

th
lk ), ∀lk, (24b)∑

k

tlk ≤ min
k

(r̃
(z)
c,lk), ∀l, (24c)

(19c), (19d). (24d)

Since (24) is a convex optimization problem, the globally opti-
mal solution of (24) can be efficiently computed by numerical
optimization tools such as CVX [72].

2) Maximizing the minimum weighted EE: The max-min
weighted EE optimization problem falls into the category
of fractional programming problems, since the EE terms are
fractional functions of {W}. To solve (18) for fixed {Υ(z)},
we replace rp,lk and rc,lk with r̃

(z)
p,lk and r̃

(z)
c,lk, respectively, in

(18), which results in

max
e,{W},t

e (25a)

s.t. ẽ
(z)
lk ≥ λlke, ∀lk, (25b)

r̃
(z)
p,lk + tlk ≥ rthlk , ∀lk, (25c)

(19c), (19d), (24c), (25d)

where

ẽ
(z)
lk =

r̃
(z)
lk + tlk

pc + ηTr
(
WlkWH

lk

)
+ η

kTr
(
WlWH

l

) . (26)

The constraints (19c), (19d), (24c), and (25c) are convex, but
(25) is non-convex since ẽlk has a fractional structure in {W},
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and it is non-concave. Since the numerator of ẽlk is concave
for all l, k, and its denominator is convex, we can calculate the
optimum of (25) by the GDA. More specifically, the optimum
of (25) can be found by iteratively solving

max
e,{W},t

e (27a)

s.t. r̃
(z)
lk + tlk −µ(z,m)plk ({W})≥λlke, ∀lk, (27b)

(19c), (19d), (24c), (25c), (27c)

and updating the constant coefficient µ(z,m) as

µ(z,m) = min
lk

{
r̃
(z)
lk

(
{W(m−1)}

)
plk

(
{W(m−1)}

) } , (28)

where m is the iteration index of the GDA, and

plk ({W}) = pc + ηTr
(
WlkW

H
lk

)
+

η

k
Tr

(
WlW

H
l

)
. (29)

3) Discussions on single-stream RSMA: Utilizing MISO or
SIMO systems restricts the maximum number of streams per
user to 1. An advantage of MIMO systems is the ability to
support multiple data streams per user, significantly enhancing
both the diversity gain and overall system performance. Of
course, these benefits can be achieved only when the system
is optimized for multiple-stream data transmissions. However,
one can also use the multiple transmit and receive antennas
for beamforming only, thereby improving the SINR, utilizing
single-stream data transmission. To implement single-stream
RSMA, one can replace matrices Wl and Wlk with vectors
wl ∈ CNBS×1 and wlk ∈ CNBS×1, respectively. Note that
MISO systems are limited to single-stream data transmission.
Still, the RSMA algorithms harnessed for MISO systems like
the ones in [34] cannot be applied to MIMO systems since they
are designed for single-antenna users. Indeed, the SE and EE
optimization of MIMO systems is much more complex than in
the MISO ones, even when single-stream data transmission is
employed. To elaborate on this issue, we restate rc,lk for the
case that the common message transmitted by BS l is single
stream:

rc,lk,Single-Stream = log
(
I+wH

l HH
lk,lD

−1
c,lkHlk,lwl

)
−Q−1(ϵc)

√
2wH

l HH
lk,l(Dc,lk + Sc,lk)−1Hlk,lwl

n
, (30)

where Dc,lk and Sc,lk are defined as in (9). To simplify rc,lk
for the single-stream data transmission, we use the Sylvester
determinant identity, stating that |I + AB| = |I + BA|,
where A and B are arbitrary matrices. Note that Dc,lk and
(Dc,lk + Sc,lk)

−1 are not rank one even when all transmitted
signals are single stream. Indeed, the rate expressions in
MIMO systems depend on the covariance matrix of the inter-
ference plus noise, even when single-stream data transmission
is utilized. On the contrary, the covariance of the interference
plus noise is scalar in MISO systems, which makes reusing
MISO designs impossible as single-stream MIMO schemes.

B. Updating {Υ}
In this subsection, we solve (17) and (18) when {W} is

fixed to {W(z)}. In this case, the solution of (17) can be
derived similarly to the solution of (18). Indeed, when we fix
{W}, the EE of a user becomes a scaled function of the rate,
and it is not a fractional function in the optimization variables
{Υ} and t. Therefore, we provide only the solution of (18),
which we can formulate as a max-min weighted rate problem
in {Υ} for fixed {W(z)} as follows

max
e,{Υ}∈F,t

e (31a)

s.t. rlk ≥ max(λlkp
(z)
lk e, rthlk ), ∀lk, (31b)

(17d), (17e), (31c)

where rlk = rp,lk + tlk and p
(z)
lk = plk

(
{W(z)}

)
is given by

inserting {W(z)} into (29). In the following, we solve (31)
for FU and FI in separate parts.

1) Updating {Υ} for FU : Since the rates rp,lk and rc,lk
are not concave in {Υ}, (31) is non-convex. To solve (31),
we first calculate appropriate surrogate functions for the rates
as in Lemma 4, since the structures of the rates are similar in
{Υ} and {W}.

Corollary 1. For all feasible {Υ} and fixed {W}, the
following inequalities hold

rp,lk ≥ r̂
(z)
p,lk = ap,lk + 2

∑
ij

R
{

Tr
(
Ap,lk,ijW̄

H
ijH

H
lk,i

)}
+2

∑
i̸=l

R
{

Tr
(
Ap,lk,iW̄

H
i HH

lk,i

)}
− Tr (Bp,lkDc,lk) , (32)

rc,lk ≥ r̂
(z)
c,lk = ac,lk + 2

∑
ij

R
{

Tr
(
Ac,lk,ijW̄

H
ijH

H
lk,i

)}
+ 2

∑
i

R
{

Tr
(
Ac,lk,iW̄

H
i HH

lk,i

)}
− Tr

(
Bc,lk(Hlk,lW̄lW̄

H
l HH

lk,l +Dc,lk)
)
, (33)

where the coefficients ap,lk, ac,lk, Ap,lk,ij , Ac,lk,ij , Ap,lk,i,
Ac,lk,i, Bp,lk, and Bc,lk are defined as in Lemma 4, and
W̄l = W

(z)
l and W̄lk = W

(z)
lk for all l, k.

Proof. The rates have a similar structure in {Υ} and {W}.
Thus, this corollary can be proved similar to Appendix A.
Specifically, we can employ the bound in Lemma 2 to calculate
a concave lower bound for the part of the FBL rate, related
to the Shannon rate. Additionally, we can employ the bounds
in (39) and Lemma 3 to derive a suitable lower bound for the
part of the FBL rate, related to the channel dispersion, packet
length and the reliability constraint.

If we insert r̂(z)p,lk and r̂
(z)
c,lk into (31) for FU , we have

max
e,{Υ},t

e (34a)

s.t. r̂
(z)
p,lk + tlk ≥ max(λlkp

(z)
lk e, rthlk ), ∀lk, (34b)∑

k

tlk ≤ min
k

(r̂
(z)
c,lk), ∀l, (34c)

tlk ≥ 0, ∀l, k, (34d)
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|υmn|2 ≤ 1, ∀m,n, (34e)

which is convex and can be efficiently solved. For FU , the
framework converges to a stationary point of (18) (or (17)),
since the concave lower bounds in Lemma 4 and Corollary 1
fulfill the three conditions mentioned in [73, Section III]. We
summarize our solution for (18) with FU in Algorithm I.

Algorithm I Max-min weighted EE with FU .
Initialization
Set γ1, γ2, z = 1, {W} = {W(0)}, and{Υ} = {Υ(0)}
While

(
min
∀lk

e
(z)
lk −min

∀lk
e
(z−1)
lk

)
/min

∀lk
e
(z−1)
lk ≥ γ1

Update {W} for fixed {Υ(z−1)}
Calculate r̃lk according to Lemma 4
Calculate ẽlk based on (26)
Compute {W} by solving (25), i.e., by running
While

(
min
∀lk

ẽ
(m)
lk −min

∀lk
ẽ
(m−1)
lk

)
/min

∀lk
ẽ
(m−1)
lk ≥ γ2

Update µ(z,m) based on (28)
Update {W} by solving (27)

Update {Υ} for fixed {W(z−1)}
Derive r̂

(z)
lk according to Corollary 1

Calculate {Υ(z)} by solving (34)
z = z + 1

End (While)
Return {W(⋆)} and {Υ(⋆)}.

2) Updating {Υ} for FI : To update {Υ} for FI , we have
an additional non-convex constraint |υmn|2 ≥ 1 for all m and
n, which can be approximated as a convex constraint by using
the convex-concave procedure similar to [36, Eq. (43)] as

|υmn|2≥|υ(z−1)
mn |2−2R{υ(z−1)∗

mn (υmn−υ(z−1)
mn )}≥1−δ, (35)

for all m,n, where δ > 0. In this case, we have

max
e,{Υ},t

e (36a)

s.t. |υ(z−1)
mn |2−2R{υ(z−1)∗

mn (υmn−υ(z−1)
mn )}≥1−δ, ∀m,n,

(36b)
(34b), (34c), (34d), (34e). (36c)

The problem (36) is convex, but its solution, denoted by
{Υ(⋆)}, may not satisfy |υmn| = 1 for all m,n because of the
relaxation in (35). Thus, we normalize {Υ(⋆)} as υ̂mn =

υ(⋆)
mn

|υ(⋆)
mn|

for all m,n, and update {Υ} for FI according to

{Υ(z)} =


{Υ̂} if f0

({
W(z)

}
, {Υ̂}

)
≥

f0
({

W(z)
}
, {Υ(z−1)}

)
{Υ(z−1)} otherwise,

(37)
to ensure convergence by generating a non-decreasing se-
quence of f0 ({W} , {Υ}), where f0 = minlk{ rlk

αlk
} and

f0 = minlk{ elk
λlk

} when solving (17) and (18), respectively.

C. Computational Complexity Analysis

In this subsection, we estimate an approximate upper bound
for the number of multiplications required by our algorithms
to obtain a solution for (18) with the feasibility set FU . The
computational complexity of solving (17) can be similarly

approximated. In the following, we first approximate the
number of multiplications to update {W} and {Υ} in separate
paragraphs.

As shown in Algorithm I, updating {W} requires solving
the convex optimization problem in (26). To numerically solve
such a problem, the number of Newton iterations increases
proportionally with the square root of the number of its con-
straints [74, Chapter 11], which is equal to L(3K+2) in (26).
Solving each Newton iteration needs to calculate r̃c,lk and r̃p,lk
for all users. The number of multiplications to compute r̃p,lk is
approximately in the same order as that of r̃c,lk. These surro-
gate rates are quadratic in {W}, and to compute each approx-
imately requires O

[
LKN2

BS(2NBS +Nu)
]

multiplications.
As we employ the GDA, (26) has to be iterated to obtain the
solution of (25). We set the maximum number of iterations of
the GDA to J . Thus, the total number of multiplications to
update {W} at each iteration of our algorithm can be approx-
imated as O

[
JL2K2N2

BS

√
L(3K + 2)(2NBS +Nu)

]
.

To update {Υ} requires solving the convex optimization
problem in (34), which has L(2K+1)+MNRIS constraints.
To solve each Newton iteration, one needs to calculate 2LK
surrogate rates and L2K equivalent channels. The number
of multiplications to compute r̂p,lk (or r̂c,lk) in Corollary
1 is on the same order of that of r̃p,lk (or r̃p,lk), which is
approximately O

[
LKN2

BS(2NBS +Nu)
]
. To calculate each

channel, Hlk,i, ∀l, k, i, approximately needs MNuNBSNRIS

multiplications. Therefore, to update {Υ} approximately
needs O[L2K

√
L(2K + 1) +MNRIS(KN2

BS(2NBS +
Nu) +MNuNBSNRIS)] multiplications.

IV. NUMERICAL RESULTS

In this section, we provide numerical results through Monte
Carlo simulations. To this end, we consider a two-cell BC with
two multiple-antenna BSs, each serving K multiple-antenna
users, and one RIS in each cell as shown in [12, Fig. 2].
We assume that there is a line of sight (LoS) link between
each RIS and all users as well as all the BSs. Specifically, the
small-scale fading of the RIS-related links follows a Rician
distribution with a Rician factor of 3. Moreover, we assume
that the link between each BS and each user is non-LoS
(NLoS), and follows a Rayleigh distribution. Additionally,
we assume that all the users have the same priority, which
means that all the users have the same weight, i.e., αlk = 1
(or λlk = 1) for all l, k. In other words, we consider the
maximization of the minimum rate (or EE), which we refer to
as the max-min rate (or EE). Furthermore, the power budget
of the BSs is set to P . We also assume that ϵc = ϵp = ϵ/2,
where ϵ is the maximum acceptable bit error rate, and n is the
packet length. The other parameters, including the large-scale
fading, are selected based on [38].

To make the numerical results consistent, we define a
scenario for the max-min rate numerical results, referred to
as "Scenario 1" in which NBS = 2, Nu = 2, P = 10 dB,
K = 3, L = 2, M = 2, ϵ = 10−5, n = 256 bits, and
NRIS = 20. Additionally, we define "Scenario 2" for the max-
min EE numerical results in which NBS = 2, Nu = 2, K = 3,
P = 10 dB, L = 1, M = 1, ϵ = 10−5, n = 256 bits, and
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NRIS = 20. In the numerical results, we mainly consider the
parameters from Scenario 1/Scenario 2 for the SE/EE results,
unless we explicitly mention otherwise. Obviously, if we refer
to Scenario 1 while considering the impact of a specific
parameter (e.g., packet length), all the other parameters are
chosen based on the values in Scenario 1, except the specific
parameter (i.e., packet length), which varies as depicted in the
corresponding figure.

Note that to the best of our knowledge, there is no work on
RSMA and/or NOMA in MU-MIMO RIS-aided systems with
FBL coding and supporting multiple-stream data transmission
per user. Thus, we compare the performance of the proposed
RSMA schemes to the scheme in [36], which uses TIN, and
to the NOMA-based schemes in [24], [42], which is based on
the Shannon rate. The legends in the figures are defined as:

• RIS-RS/RIS-RSI (or RIS-TIN): The RSMA algorithms
(or the TIN algorithms in [36]) conceived for MIMO RIS-
aided URLLC system with FU /FI (or FU ).

• No-RIS-RS (or No-RIS-TIN): The RSMA design (or the
TIN algorithms in [36]) for MIMO URLLC systems that
do not use RIS.

• RIS-Rand-RS (or RIS-Rand-TIN): The RSMA scheme
(or the scheme with TIN in [36]) for MIMO RIS-aided
URLLC systems that utilize random RIS coefficients.

• RIS-Sh: The RSMA algorithms for MIMO RIS-aided
systems with the asymptotic Shannon rate and FU .

• SS-RIS-RS (or SS-RIS-TIN): The single-stream RSMA
algorithms (or the single-stream TIN algorithms in [36])
conceived for MIMO RIS-aided URLLC system with FU .

• NOMA-Sh (or NOMA): The NOMA-based scheme pro-
posed in [24], [42] employing proper Gaussian signaling
and perfect devices for MIMO RIS-aided systems with
the Shannon (or FBL) rate and FU .

A. Maximization of the Minimum Rate

We evaluate the max-min rate of the proposed RSMA
schemes in this subsection. We also examine how RSMA can
influence the performance of RISs and vice versa. To this
end, we investigate the impact of different system parameters
like the BSs’ power budget, the packet length, the reliability
constraint, and the number of users per cell.

1) Impact of power budget: Fig. 2 depicts the average max-
min rate versus the power budget at the BSs for Scenario 1.
This may not be considered as a system of high user load,
since the total number of antennas is higher than the number
of users. However, the number of BS antennas is smaller than
the number of users per cell. In this figure, RSMA substantially
increases the average max-min rate. Indeed, the RSMA scheme
for systems operating without RIS substantially outperforms
the TIN scheme proposed in [36] for the RIS-aided systems.
Additionally, RSMA with RIS significantly outperforms the
other schemes, when the RIS elements are optimized based
on our proposed scheme.

Fig. 3 shows the average max-min rate gains of utilizing
RSMA and RISs versus the power budget at the BSs for
Scenario 1. The benefits of RSMA are calculated as the
percentage of improvements in the max-min rate over the
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Fig. 3: Average max-min rate gains of utilizing RSMA and RISs
versus the power budget at the BSs for Scenario 1.

SDMA schemes, which utilize TIN. Specifically, the RSMA
benefits associated with (without) RIS are derived by com-
paring the average max-min rate of the RIS-RS (No-RIS-RS)
scheme with the RIS-TIN (No-RIS-TIN) scheme. Moreover,
the benefits of RIS with RSMA (or TIN) are obtained by
comparing the max-min rate of the RIS-RS (RIS-TIN) scheme
to that of the No-RIS-RS (No-RIS-TIN) scheme. Interestingly,
RISs boost the RSMA gains in this example. Moreover, the
gains of RSMA scale with the power budget at the BSs. This
happens, since increasing the power budget may not lead to
a significant rate increment, when the system is interference
limited. However, when a powerful interference-management
technique is used, the interference is mitigated, and hence, the
interference limits performance to a lesser extent especially in
the high SNR regime. This is also in line with previous results
in [38], [73], [75], where it was shown that the benefits of IGS
increase with the transmitters’ power budget P .

Another interesting observation in Fig. 3 is that RSMA may
augment the benefits of RISs. In this example, the gain with
RISs for TIN is almost negligible (less than 10%). However,
the RIS gain significantly increases when RSMA is employed.
Additionally, the RIS gain decreases with the BS power budget
when TIN is used. This is in stark contrast to the case when
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Fig. 5: Average max-min rate benefits of utilizing RSMA and RISs
versus n for Scenario 1.

RSMA is employed, as described before. Note that, in this
figure, NRIS = 20, which is relatively low. It is known that
the RIS gains become more significant when NRIS grows.

2) Impact of the packet length: Fig. 4 illustrates the average
max-min rate versus the packet length for Scenario 1. In this
example, RSMA for RIS-aided systems with optimized RIS
elements substantially outperforms all the other algorithms.
Moreover, RSMA provides much more significant gains com-
pared to RISs, and all the RSMA schemes outperform the TIN
schemes both with and without an RIS. Additionally, the max-
min rate grows with n, and it is expected to converge to the
Shannon rate in the asymptotic case.

Fig. 5 shows the average max-min rate gains of utilizing
RSMA and RISs versus n for Scenario 1. In this example,
the RISs significantly amplify the RSMA gains. Moreover, the
RSMA gains are much more significant when the packets are
shorter. As described in Section II-D, the latency constraint
is related to the packet length, and shorter packets have to
be utilized when a lower latency has to be achieved. As a
result, RSMA is more beneficial in URLLC systems. We also
observe that the RIS gains are less than 10% when TIN is used,
but the gains considerably increase when RSMA is employed.
Specifically, RSMA enhances the gains of RISs by more than
a factor of 3 in this example. Furthermore, the RIS gains are
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Fig. 6: Average max-min rate versus ϵ for Scenario 1.
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Fig. 7: Average max-min rate benefits of utilizing RSMA and RISs
versus ϵ for Scenario 1.

reduced when n grows, which shows that RISs provide higher
gains in URLLC systems.

3) Impact of the reliability constraint: Fig. 6 depicts the
average max-min rate versus the maximum tolerable bit error
rate for Scenario 1. Again, RSMA substantially outperforms
the TIN schemes both with and without RISs. Moreover, the
proposed RSMA scheme using RISs significantly outperforms
the other schemes, if the RIS elements are optimized by the
proposed algorithms. Additionally, the max-min rate increases
with ϵ. This means that the lower the maximum tolerable bit
error rate is, the lower the data transmission rate has to be.

Fig. 7 shows the average max-min rate benefits of utilizing
RSMA and RISs versus n for Scenario 1. The benefits of
RSMA increase with ϵ−1. Thus, the lower the maximum
tolerable bit error rate is, the higher improvements along
with RSMA. Moreover, RISs noticeably improve the gains of
RSMA. Additionally, we can observe that RSMA drastically
increases the gains along with RISs. Furthermore, in this
example, the gains associated with RISs slightly increase,
when ϵ is reduced.

4) Impact of the number of users per cell: Fig. 8 shows
the benefits of utilizing RSMA versus K for Scenario 1. This
figure reveals that the higher the number of users is, the higher
gain RSMA can provide. Indeed, the amount of interference
escalates, when there are more users in the system, and an
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Fig. 8: Average max-min rate benefits of utilizing RSMA versus K
for Scenario 1.

1 2 3 4 5
2

2.5

3

3.5

4

4.5

5

5.5

Nu

M
ax

-M
in

R
at

e
(b

/s
/H

z)

RIS-RS
No-RIS-RS
Rand-RIS-RS

Fig. 9: Average max-min rate versus Nu for NBS = 2, P = 10 dB,
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interference-management technique becomes more beneficial
when the interference level is higher. Therefore, the gains
achieved by RSMA increase with K.

Another interesting observation gleaked from Fig. 8 is
the impact of RISs on the benefits of RSMA. When the
number of BS antennas is lower than the number of users
per cell, RISs increase the RSMA gains. However, when
K = NBS = 2, RISs reduce the RSMA gain and make
it almost negligible. In this example, the RSMA gain for
K = 2 is around 14% without RISs, which is reduced to
around 1.7% when RISs are used. Note that RISs also have
interference-management capabilities in certain scenarios [29].
Hence, RISs can adequately mitigate the impact of interference
when the interference is not strong. By contrast, the RIS has
to be supported by more powerful interference-management
techniques when the interference is strong. In this case, RISs
can improve the coverage, while RSMA is responsible for
interference management.

5) Impact of the number of receive antennas: Fig. 9 shows
that the average max-min rate increases with Nu, and the
highest gain is achieved when Nu is increased from 1 to 2,
i.e. when switching from a MISO system to a MIMO one.
Indeed, Fig. 9 illustrates that MIMO systems significantly
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Fig. 10: Comparison between multiple-stream and single-stream date
transmission for NBS = 2, K = 3, L = 1, M = 1, ϵ = 10−5,
n = 256 bits and NRIS = 20.

outperform MISO systems even when there are only two
transmit antennas, demonstrating the superiority of our RSMA
schemes proposed for MIMO systems over the schemes in
[34]. Moreover, the gain of MIMO systems scales with the
number of receive antennas.

Fig. 10 shows the gains achieved by utilizing RSMA in
RIS-aided systems versus the power budget at the BS for dif-
ferent Nu. Interestingly, the benefits of using RSMA increase
with Nu, and switching from MISO to MIMO enhances the
improvements obtained by using the proposed RSMA scheme
in RIS-assisted systems with high user loads. Additionally,
the highest relative gain is achieved when Nu increases from
1 to 2, especially at lower SNRs. In Fig. 8, we showed that
RSMA does not provide a considerable gain in MIMO RIS-
aided systems when NBS ≥ K. This means that increasing
the number of transmit antennas decreases the RSMA benefits,
since the BS can easily manage interference when NBS ≥ K.
However, the number of receive antennas has a different
impact on the performance of RSMA when NBS < K. Indeed,
increasing Nu enhances the effective SINR at the users, but
it cannot substantially contribute to interference management
when the user load is high, i.e., when NBS < K since
the maximum number of streams that the BS can support
is still lower than the number of users. Note that increasing
the number of antennas either at the receiver side or at the
transmitter side enhances system performance, but each could
lead to a different impact on the gains achieved by RSMA.

6) Comparison with NOMA and TIN: Fig. 11 shows the
average max-min rate versus the power budget at the BSs
for Scenario 1. Note that the NOMA-based schemes in [24],
[42] consider only the Shannon rates. Hence, we provide the
average results for the Shannon and FBL rates achieved by the
schemes in [24], [42]. Interestingly, the TIN scheme with FBL
coding outperforms the NOMA-based scheme with both the
Shannon and FBL rates, when K = 2. However, when K = 4,
the NOMA-based scheme with either FBL rates or Shannon
rates noticeably outperforms the TIN scheme. As discussed
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Fig. 11: Average max-min rate versus the power budget at the BSs
for Scenario 1.
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in the results of Fig. 8, when K = 2, the interference level
is low, and TIN performs very close to the RSMA scheme.
However, when K increases, the interference becomes more
severe, which makes TIN highly suboptimal. Additionally, Fig.
11 illustrates that the RSMA scheme outperforms the other
schemes in both cases, i.e., K = 2 and K = 4. Since RSMA
includes both TIN and SIC strategies, it can switch between
these strategies, depending on the interference level. Thus,
RSMA performs better than the TIN and the NOMA-based
schemes. We can also observe in Fig. 11 that applying the
solutions associated with the Shannon rate to the FBL rates
drastically decreases the performance. Indeed, the performance
gap of the schemes proposed in [24], [42] for the FBL and
Shannon rates is significantly higher than the gap for the
RSMA scheme that considers FBL rates. As the schemes in
[24], [42] are designed for Shannon rates, their performance
significantly drops by switching from the Shannon rate to the
FBL rate, which shows the importance of developing resource
allocation schemes considering the FBL rate.

7) Comparison with single-stream RSMA: In Fig. 12, we
compare the performance of our RSMA schemes proposed
for single- and multi-stream data transmission per user. In
this figure, the maximum number of streams per user is 2.
However, our RSMA scheme supporting multiple-stream data
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Fig. 13: Average max-min EE versus pc for Scenario 1.

transmission significantly outperforms the one using single-
stream data transmission, especially at higher SNRs. Indeed,
the RSMA scheme conceived for systems operating without
RIS outperforms single-stream RSMA in RIS-aided systems.
In other words, the additional gains achieved by using RIS
would be eroded if we employed single-stream data trans-
mission. Note that the single-stream scheme is an enhanced
version of the RSMA schemes in [34] developed for MISO
systems.

B. Energy Efficiency Metrics

Here, we evaluate the performance of the proposed RSMA
scheme in terms of the max-min EE. Moreover, we investigate
how RSMA and RISs influence each other from an EE
perspective. Specifically, we evaluate the impact of pc, n, and ϵ
on the performance of RSMA and RISs. In this subsection, we
adopt P = 10 dB for all figures. Moreover, for a fair compar-
ison between the RIS-aided systems and the systems without
an RIS, we consider a lower static power for the systems
operating without RISs. Specifically, we assume that 1 Watt is
required to operate each RIS. Thus, pc,No−RIS = pc − 1/K,
where pc is the static power consumed by the system, which
is defined as in (15). Even with this assumption, our results
show that RISs can improve the EE, as discussed below.

1) Impact of pc: We illustrate the average max-min EE
versus pc for Scenario 1 in Fig. 13. This example reveals
that each RSMA scheme significantly outperforms all the
TIN schemes both with and without RIS. Moreover, an RIS
can improve the performance substantially only when its
coefficients are accurately optimized. Additionally, the RSMA
scheme of RIS-aided systems performs the best among the
schemes considered.

Fig. 14 shows the EE gains of RSMA and RISs versus
pc for Scenario 1. Again, in this example, we can observe
that RSMA and RISs mutually enhance each other’s gains.
Hence, they are mutually beneficial technologies. Additionally,
the gain of RSMA is much higher than the gain of RISs in
this example.
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Fig. 14: Average EE benefits of utilizing RSMA and RISs versus pc
for Scenario 1.
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Fig. 15: Average max-min EE versus ϵ for Scenario 2.

2) Impact of the reliability constraint: Fig. 15 illustrates
the average max-min EE versus ϵ for Scenario 2. This figure
shows that RSMA with RISs can significantly improve the EE.
Moreover, similar to the other examples of this section, all the
RSMA designs outperform each TIN scheme both with and
without employing an RIS. Additionally, the RSMA scheme
of RIS-aided systems substantially outperforms all the other
schemes.

Fig. 16 shows the gains of employing RSMA and RISs
in terms of the max-min EE versus ϵ for Scenario 2. Here,
the gain along with RSMA is more significant in RIS-aided
systems than in systems operating without an RIS. Moreover,
the gains of RSMA and/or RISs are enhanced when ϵ is
reduced. Thus, RSMA and RISs are more beneficial when
highly reliable communication is needed. Additionally, we
can observe that RSMA enhances the gains of RISs and vice
versa, which implies again that they are mutually beneficial
technologies.

3) Impact of the packet length: Fig. 17 shows the average
max-min EE versus the packet length in bits for Scenario 2.
In this example, RSMA provides higher benefits compared to
an RIS. Specifically, a system without an RIS using RSMA
outperforms an RIS-assisted system with TIN. Additionally,
an RIS only improves the performance if its coefficients are
appropriately optimized.

10−610−510−410−310−2
75

85

95

105

115

125

ϵ

R
el

at
iv

e
Pe

rf
or

m
an

ce
Im

pr
ov

em
en

t
(%

)

With RIS Without RIS

(a) Benefits of RSMA over
SDMA.

10−610−510−410−310−2
16

20

24

28

32

36

ϵ

R
el

at
iv

e
Pe

rf
or

m
an

ce
Im

pr
ov

em
en

t
(%

)

With RSMA Without RSMA

(b) Benefits of RIS over systems
operating without RISs.

Fig. 16: Average EE benefits of utilizing RSMA and RISs versus ϵ
for Scenario 2.
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Fig. 17: Average max-min EE versus versus n for Scenario 2.

Fig. 18 shows the benefits of employing RSMA and RISs
in terms of the max-min EE versus n for Scenario 2. As
it can be observed, RSMA provides higher gains in an RIS-
aided system than in a system operating without RISs, and the
RSMA gains are higher when the packet length is reduced.
Similarly, the RIS gains increase when we use RSMA in this
example, since the system is interference-limited, and an RIS
alone cannot completely eliminate the interference.

V. SUMMARY AND CONCLUSIONS

This paper developed RSMA algorithms for maximizing the
minimum weighted rate and/or EE of the users in a multicell
RIS-aided URLLC MIMO BC. The main findings of this study
are summarized below:

• RSMA and RISs substantially enhance both the SE and
EE of MU-MIMO URLLC systems. The SE gains of
RISs and RSMA are higher than their EE benefits, since
the optimal EE usually favors a lower transmit power
than the optimal SE. Moreover, the benefits of RSMA
and RISs are increasing functions of the BSs transmission
power.

• RISs impact the performance of RSMA differently, de-
pending on the user load. When the number of users is
higher than the number of TAs at the BSs, RISs improve
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Fig. 18: Average EE benefits of utilizing RSMA and RISs versus n
for Scenario 2.

the RSMA gains and vice versa. However, when the user
load is low, RISs erase the RSMA gains.

• RISs and RSMA can provide higher gains when the
reliability and latency constraints are more demanding.
Particularly, the benefits of RSMA and RIS are enhanced
when the maximum tolerable packet error rate and packet
length are reduced.

• RSMA provides higher SE and EE gains than RISs
when the user load is higher than one. Additionally, in
the scenarios considered, RSMA always outperformed
SDMA both with and without RISs.

APPENDIX A
PROOF OF LEMMA 4

The rates rc,lk and rp,lk comprise a term associated with the
first-order Shannon rate and a term with the channel dispersion
expression. Since both rates rc,lk and rp,lk have a similar
structure, we prove that the lower bound holds for rc,lk. It
is straightforward to show that (22) holds based on the proof
of the lower bound in (23). To calculate the concave lower
bounds, we derive a lower bound for each part separately.
Specifically, we utilize Lemma 2 to compute a lower bound
for the Shannon rate part as

ln
∣∣∣I+D−1

c,lkSc,lk

∣∣∣ ≥ ln
∣∣∣I+ D̄−1

c,lkS̄c,lk

∣∣∣− Tr
(
D̄−1

c,lkS̄c,lk

)
+ 2R

{
W̄H

l H̄H
lk,lD̄

−1
c,lkHlk,lWl

}
−Tr

(
(D̄−1

c,lk−(S̄c,lk+D̄−1
c,lk)

−1)(H̄lk,lWlW
H
l H̄H

lk,l+Dc,lk)
)
.

(38)

The part of rc,lk, which is related to the channel

dispersion term, is −Q−1(ϵc)
√

ζc,lk
n , where ζc,lk =

2Tr
(
Sc,lk(Sc,lk +Dc,lk)

−1
)

is the channel dispersion for de-
coding the common message at Ulk, and ϵc and n are constant.

Thus, deriving a concave lower bound for −Q−1(ϵc)
√

ζc,lk
n

is equivalent to finding a convex upper bound for
√

ζc,lk. To
obtain a convex upper bound for

√
ζc,lk, we first employ the

inequality below:

√
ζc,lk ≤

√
ζ̄c,lk

2
+

ζc,lk

2
√
ζ̄c,lk

, (39)

where ζ̄c,lk is defined as in Lemma 4. Unfortunately, ζc,lk is
not a convex function, but we can derive a convex upper bound
for ζc,lk upon utilizing the bound in Lemma 3. To this end,
we rewrite ζc,lk as

ζc,lk = 2Tr
(
I−Dc,lk(Sc,lk +Dc,lk)

−1
)
. (40)

Now, we want to obtain a concave lower bound for
Tr

(
Dc,lk(Sc,lk +Dc,lk)

−1
)
, which can be derived by utilizing

Lemma 3 as

Tr
(
Dc,lk(Sc,lk +Dc,lk)

−1
)
≥

2
∑
ij

R
{

Tr
(
(S̄c,lk + D̄c,lk)

−1H̄lk,iW̄ijW
H
ij H̄

H
lk,i

)}
+ 2

∑
i̸=l

R
{

Tr
(
(S̄c,lk + D̄c,lk)

−1H̄lk,iW̄iW
H
i H̄H

lk,i

)}
−Tr

[
(S̄c,lk+D̄c,lk)

−1D̄c,lk(S̄c,lk+D̄c,lk)
−1(Sc,lk+Dc,lk)

]
.

(41)

From (39), (40), and (41), we have

−Q−1(ϵc)

√
ζc,lk
n

≥−Q−1(ϵc)

√
ζ̄c,lk
4n

−Q−1(ϵc)
Tr(I)√
nζ̄c,lk

+
2Q−1(ϵc)√

nζ̄c,lk

∑
ij

R
{
Tr

(
(S̄c,lk+D̄c,lk)

−1H̄lk,iW̄ijW
H
ij H̄

H
lk,i

)}
+
2Q−1(ϵc)√

nζ̄c,lk

∑
i̸=l

R
{
Tr

(
(S̄c,lk+D̄c,lk)

−1H̄lk,iW̄iW
H
i H̄H

lk,i

)}
− Q−1(ϵc)√

nζ̄c,lk

Tr
[
(S̄c,lk+D̄c,lk)

−1D̄c,lk(S̄c,lk+D̄c,lk)
−1

×(Sc,lk+Dc,lk)] . (42)

Upon using (38) and (42), we can readily obtain (23).
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