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ABSTRACT We simultaneously minimize the latency and improve energy efficiency (EE) of the multi-user
multiple-input multiple-output (MU-MIMO) rate splitting multiple access (RSMA) downlink, aided by a
reconfigurable intelligent surface (RIS). Our results show that RSMA improves the EE and may reduce the
delay to 13% of that of spatial division multiple access (SDMA). Moreover, RIS and RSMA support each
other synergistically, while an RIS operating without RSMA provides limited benefits in terms of latency
and cannot effectively mitigate interference. Furthermore, increasing the RIS size amplifies the gains of
RSMA more significantly than those of SDMA, without altering the fundamental EE-latency trade-offs.
Results also show that latency increases with more stringent reliability requirements, and RSMA yields
more significant gains under such conditions, making it eminently suitable for energy-efficient ultra-reliable
low-latency communication (URLLC) scenarios.

INDEX TERMS Energy efficiency, finite block length coding, latency versus energy efficiency trade-off,

low latency, MIMO systems, rate splitting, reconfigurable intelligent surface.

I. Introduction

Next-generation (NG) wireless networks have to support de-
manding applications, requiring low latency, hyper reliability,
and high energy efficiency (EE) [1]. In particular, the sixth
generation (6G) of wireless systems is expected to improve
EE and latency by factors of 100 and 10, respectively,
compared to 5G networks [2], [3]. A powerful tool to
achieve these ambitious goals is reconfigurable intelligent
surfaces (RISs) [4], [5]. Indeed, an RIS not only enhances
the performance of ultra-reliable low-latency communication
(URLLC) systems, but its benefits become more significant
as the reliability and latency requirements tighten [6], [7].
Another promising technology to improve latency and EE
is rate splitting multiple access (RSMA), which has been
widely recognized for its effectiveness in managing interfer-
ence [8]. In this paper, we investigate the latency-EE trade-
off of RSMA-assisted RIS-aided downlink (DL) systems and

quantify how the two technologies interact across different
operational points and performance demands.

A. Related Work

A primary impairment degrading latency is interference.
The optimal strategy for managing interference depends on
its level of severity. When interference is weak, treating
interference as noise (TIN) is the optimal approach. By
contrast, when there is a single dominant interferer, detecting
and subtracting it from the composite received signal is
optimal. This approach is known as successive interference
cancellation (SIC). Finally, in the presence of several similar
power interferers, parallel interference cancellation (PIC) is
the best solution. RSMA incorporates both TIN and SIC,
making it more flexible and general than other multiple
access schemes such as spatial division multiple access
(SDMA), broadcasting, and multicasting [8], [9].
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In the RSMA DL, each base station (BS) transmits two
types of messages: common and private. Each private mes-
sage is intended for a single user, while common messages
are detected by multiple users [8]. Several RSMA variants
exist, differing in how common messages are structured and
shared among users [10]. A practical and widely adopted
RSMA architecture is the 1-layer rate-splitting (RS) scheme,
which was first introduced in [11] and subsequently analyzed
and optimized in [12]. The 1-layer RS relies on a single
common message that is detected by all users in a cell, in
addition to user-specific private messages. At the receiver
side, each user first detects the common message, applies
SIC to remove it, and then detects its intended private mes-
sage while treating the remaining interference as noise. With
a favorable balance between performance and complexity,
the 1-layer RS architecture has emerged as a practical and
widely adopted RSMA variant, and has been shown to out-
perform conventional SDMA and non-orthogonal multiple
access (NOMA) across diverse deployment scenarios. In
particular, significant gains in spectral efficiency (SE), EE,
and robustness to imperfect channel state information have
been reported for multi-antenna broadcast channels (BCs)
and mobile environments in, e.g., [13]-[16]. Extensions to
more general RS formulations, receiver architectures, and
precoding strategies have further demonstrated the flexibility
and practical relevance of RS-based transmission in beyond-
5G and 6G systems [17], [18].

Most of the aforementioned works, however, focus on
single-stream transmission per user, which is well suited for
single-antenna receivers or rank-one transmission scenarios.
In general MU-MIMO systems where users are equipped
with multiple antennas, restricting each user to a single
data stream can be highly suboptimal [6], [19]. Impor-
tantly, the benefits of RSMA are not limited to single-
stream transmission and persist when multiple data streams
are transmitted per user. In this context, RSMA has been
extended to full MU-MIMO architectures with multi-stream
transmission, where SE and EE gains over SDMA have also
been observed [20]. In this paper, we adopt the MIMO RS
framework of [20], in which a vector of common streams is
transmitted and detected by all users.

Another technology to enhance coverage and influence
interference is RIS. Indeed, RISs can reshape the propagation
environment, strengthening desired links and attenuating se-
lected interference components [21], [22]. These capabilities
have led to demonstrated performance gains in BCs and
multi-user interference networks [23]-[26]. However, RIS-
based interference control is inherently constrained in DL
cellular systems, where a single transmitter serves multiple
users over a limited number of spatial data streams [27].
In such scenarios, RISs offer valuable additional degrees
of freedom but cannot fully mitigate interference when the
system load is high. Motivated by these limitations, RSMA
has been combined with RIS to jointly enhance coverage
and manage interference. The SE performance of RIS-

aided RSMA was first studied in [28], showing clear gains
over SDMA-based solutions in single-stream transmission
settings with single-antenna base station and users. Fur-
ther investigations revealed a synergistic interaction between
RSMA and RIS, arising from their complementary roles in
interference mitigation and channel enhancement [29], [30],
still under single-stream assumptions. These insights have
also been extended to fully MIMO scenarios with multiple
data streams per user, demonstrating that the RSMA-RIS
synergy persists in multi-antenna systems and under practical
hardware constraints [31]-[33].

Finally, to meet stringent latency requirements, finite
block length (FBL) coding is necessary, which limits the
applicability of Shannon-based rate expressions [34]. The
authors of [35]-[42] utilized RSMA to enhance the SE
of multiple-input single-output (MISO) FBL BCs, both in
scenarios with or without RISs. Moreover, the authors of
[43] revealed that RSMA increases the global EE of a
MISO RIS-aided BC with FBL. As a further advance, the
authors of [44] illustrated that RSMA improves both the
minimum rate and EE in a multi-cell RIS-aided MISO BC.
More recently, RIS-assisted RSMA under FBL coding was
also studied for a cell-free massive MIMO architecture with
single-antenna users [45], showing that RSMA enhances the
weighted sum rate of the system. Note that the authors
of [35]-[45] considered only single-stream transmission per
user. By contrast, RSMA supporting multiple streams was
considered in [19] to improve the SE and EE in multi-cell
MIMO URLLC RIS-aided BCs.

B. Motivations and Contributions

The aforementioned treatises used RSMA for enhancing
either the SE or EE of FBL systems. However, the salient
latency-oriented performance metrics have remained largely
unexplored, especially in RSMA-aided FBL systems. In
particular, as far as we are aware, the minimum-maximum
(min-max) delay of users has not been optimized for RSMA
schemes, as highlighted in Table 1. Min-max delay is a crit-
ical metric for guaranteeing fairness and worst-case latency.
Additionally, the joint latency-EE trade-off of RSMA has
not been examined. Existing studies mostly consider SE or
EE in isolation, overlooking the inherent interplay between
ultra-low latency and energy-efficient communication, which
is essential for NG URLLC.

These gaps are fundamental in the context of 6G per-
formance requirements, where latency, reliability, and EE
must be simultaneously improved [2], [3]. However, these
objectives are naturally in contrast: reducing latency often
demands higher transmit power and shorter codewords and
packets, which reduce EE. Conversely, aggressively maxi-
mizing EE tends to increase delay due to a typically low
transmission power. Therefore, understanding and optimiz-
ing the latency-EE trade-off is indispensable for providing
realistic and implementable design guidelines, especially for
RSMA and RIS architectures.
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TABLE 1: Summary comparison of closely related studies on RSMA for
RIS-assisted FBL systems.
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Min-max delay
EE-latency trade-off
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To address these limitations, this treatise closes the afore-
mentioned knowledge gap by jointly investigating latency
and EE in the RSMA-enabled MU-MIMO RIS-aided DL.
Rather than focusing on a single operating point, we charac-
terize the achievable EE-latency region and identify Pareto
operating points that reflect diverse performance require-
ments. Additionally, we examine how RSMA and RIS inter-
act across these operating points, shedding light on their roles
and combined impact under different latency and energy
demands. These insights form the basis of the contributions
detailed in the following:

e We formulate a new optimization problem for MU-
MIMO RIS-aided systems that jointly minimizes the
maximum user delay and maximizes the minimum EE,
through a weighted objective capturing diverse EE-
latency operating points. Although we leverage lower
bounds for FBL rates from [19], the resulting problem
is entirely novel in the context of RSMA and RIS, and
offers practically meaningful design insights that have
not been explored before.

e We demonstrate that RSMA and RIS fulfill comple-
mentary roles: RIS enhances link quality and coverage,
whereas RSMA is responsible for interference mitiga-
tion. Consequently, their combination is synergistic,
especially when the system operates in an interference-
limited regime, namely when the number of users
exceeds the number of BS transmit antennas. Indeed,
in such scenarios, it is not feasible to serve all users
over interference-free streams, and thus, an RIS alone
cannot resolve the interference issue. The benefits of
RSMA become more prominent as the number of
users and the BS power budget increase, primarily
due to the resulting higher interference levels. These
findings reinforce the importance of RSMA as a flexible
interference-management mechanism for NG multiple
access.

e We analyze how reliability constraints, transmit power,
and RIS size impact delay and EE. Moreover, we
characterize the latency-EE performance of RIS and
RSMA. In particular, our results show that:

— RSMA simultaneously decrease the maximum de-
lay and enhance the minimum EE for all latency-
EE operational points.

— Improving EE typically increases delay, while re-
ducing latency deteriorates EE, revealing a fun-
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FIGURE 1: System model of the MU-MIMO RIS-aided downlink.

damental trade-off. This trade-off becomes more
prominent as the BS power budget increases.

— Latency increases with more stringent reliability
requirements. This is in line with plausible expecta-
tions, since a reduced bit error rate (BER) requires
longer channel codes.

— RSMA offers higher performance gains under
tighter latency constraints, confirming its effective-
ness for URLLC scenarios.

— Increasing the number of RIS elements enhances
both latency and EE, but the magnitude of this
improvement depends strongly on the multiple-
access strategy and operating regime.

C. Paper Outline and Notations

The paper is organized as follows. Section II presents the
system model, deriving the rate, EE, the delay expressions
and the formulation of the optimization problem considered.
Section III designs an RSMA scheme for improving the
latency-EE trade-off. Section IV presents numerical results,
and Section V concludes the paper.

Notations: Iy denotes the N x N identity matrix. Scalars,
vectors, and matrices are represented by lowercase (e.g. t),
bold lowercase (e.g. t), and bold uppercase letters (e.g. T),
respectively. Zero-mean complex proper Gaussian signal t is
denoted by CN(0, T), where T = E{tt" } is the covariance
matrix of t. Tr(T), |T|, and E{T} denote the trace, de-
terminant, and mathematical expectation of T, respectively.
Moreover, R(t) is real value of ¢. Additionally, Q! denotes
the inverse of the Gaussian Q-function.

Il. System Model

We study an RIS-assisted MIMO BC, where a single BS
equipped with Npg antennas communicates with K multi-
antenna users, each having NV,, receive antennas. The trans-
mission is aided by an RIS comprising M reflecting ele-
ments. The RIS configuration follows the modeling approach
in [47], [48]. Hence, the resulting channel linking the BS to
user k can be expressed as Hy (¥) = G, PG + Fy, where
F. denotes the direct channel from the BS to user k, G
represents the channel matrix between the RIS and user £,
G corresponds to the channel linking the BS and the RIS,
as shown in Fig. 1, while ¥ models the scattering response.
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A nearly passive RIS with a diagonal structure is assumed,
ie., W= diag(wl,z/}h ce- ,’(/)1\/[), with |’(/Jm| <1 for all m.

We assume the availability of perfect instantaneous global
channel state information (CSI). This assumption is standard
in RIS-assisted beamforming and URLLC resource alloca-
tion studies, as it enables the characterization of fundamental
performance limits [6], [49], [S0]. In practical systems, RIS-
related CSI can be acquired via pilot-based training, RIS
reflection pattern design, and compressive sensing techniques
[51]-[53]. The impact of imperfect CSI is an important
direction for future resource-allocation studies.

A. Signal Model and Rate Expressions
We assume that the BS employs the MIMO RS proposed
in [20], implying that the BS transmits

x= TYs, +ZTksk€CNBSX1, (1)
k
Common M N
Private M

where s, ~ CA/(0,Iy) is the common stream vector, sg ~
CN(0,1Iy) is the private stream vector intended for user ,
while the matrices Y € CNBs*xN and Y, € CVBs*N are,
respectively, the beamforming matrices for s. and si, where
N = min(Npg, N,) is the maximum number of streams
per user. The signals s. and sj, consisting of maximum N
streams each, are assumed to be independent and identically
distributed. We refer the reader to [20, Section II.B] and
[19, Section II.B] for further details. We denote the set of
beamforming matrices as {Y} = {Y¥1, Yy, -+, Yk, T}.

In the MIMO RS proposed in [20], the messages of user
k are split into a common part, included in the vector stream
S¢, and a private part s;. Hence, user k aims for detecting
sc and sy. The interfering signals s;, Vj # k, are treated as
noise by user k. Moreover, each user first detects s, treating
all other signals as noise. Then, the users apply SIC to the
common part before detecting their corresponding private
part. Therefore, the maximum achievable rate for s, at user
k is [6]

-1
ren=log 1+G21+2Hkxjrf H,?) S
J

)

€3

where ¢~ is the noise variance, n. is the codeword length
of the common part, ¢, is the maximum tolerable BER for
the common part, and S, = H, Y Y7H is the covariance
matrix of the common part at the receiver of user k. Since
all users have to detect s, its transmission rate r. has to be
supportable by all users. Hence, r. has to obey

re < rnkin(rck.). 3)

e \/2Tr(SCk(a2I+ Ser +3,H, Y, YIHY)

e

2

After detecting s., user k£ removes s, from its received
signal and then detects s;. Thus, the maximum achievable

rate for s;, is
rpr = log |I + (021—1—2 HijTfH}j)flSﬁ
7k
HyyH\—
B Q_l(ep)\/2Tr(Sk(U2I+Zj:IijTj HI)-1)
P

G

where n,, is the codeword length of the private message, €,
is the maximum tolerable BER for the private message, and
S, =H,Y, TkH HkH is the covariance matrix of the private
message for user k at its receiver.

The rate of user k is 7, = zp + rpi, Where 2, is the rate
portion of s, dedicated to user k, which is an optimization
variable [8]. The EE of user k is

2k + Tpk

%= L))’ )

where p({Y}) is the power consumption at supporting the
rate g, which is given by [19, Eq. (15)]

p({T}) = P+ T (X)) + T (XYY), (6)

where 71 denotes the inverse power efficiency of the BS,
and P, represents the system’s static power consumption
associated with data transmission to a user, as specified
in [47, Eq. (27)]. For notational simplicity, we omit the
dependency of p; on the beamforming matrices in the
expressions hereafter. Additionally, given the achievable rate
Tk, the transmission delay of user k for a message of length
g is dx, = li/rk. Note that in the MIMO RS, a message
with the length [, is split into two parts as described above.
We assume that there are at least [, bits in the buffer of the
BS awaiting transmission to user k.

Remark 1 ( Discussion on the reliability constraint). Reli-
ability is explicitly accounted for through the FBL normal
approximation, in which the decoding error probability is
inherently embedded in the achievable rate expression [34].
In particular, the adopted rate formulation incorporates the
target error probability €, ensuring that the resulting trans-
mission rates satisfy the prescribed reliability requirement
by design.

Under the considered RSMA framework, successful de-
coding of the private stream requires prior decoding of the
common stream followed by successive interference cancel-
lation. Consequently, the overall decoding error probability
at a user can be expressed as € = €. + (1 — €.)ep, Which
admits the conservative upper bound ¢ < ¢, + ¢,. This
bound provides a tractable and widely accepted character-
ization of reliability in RSMA systems operating under FBL
constraints [44, Sec. II.D].

B. Problem Statement

We study the latency-EE trade-off of RSMA by considering
an OF, including both the minimum EE and maximum delay
of users with appropriate weights. More specifically, we
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solve the following optimization problem

o )05
min  amax| ——— |- (1 — @)min| ——
{T},‘Iﬁ{z} k rpk + 2k k pkt

(7a)

st Te (XY +> 0 xf) < P (7b)

i
2 >0, VEk, (7¢)
>z < min(rep), (7d)
k
[l <1, Vm, (7e)
H; (‘I’) = GyVG + Fy, Vk, (71)

where 0 < a < 1 (or 1 — ) is the priority weight of
latency (or EE), P is the power budget of the BS, (7b) is the
power constraint, (7c¢) ensures non-negative achievable rates,
(7d) is the detectability constraint for s., (7e) guarantees
feasible values of the RIS coefficients, and (7f) accounts
for the channel dependency on the RIS coefficients. The
constraints in (7b), (7¢), (7e), and (7f) are convex. However,
(7d) is non-convex since r.j is non-concave in {Y} and W.
Additionally, the OF of (7) has a fractional structure, and it is
neither a convex nor a concave function of the optimization
variables. Therefore, (7) falls into the class of fractional
matrix programming (FMP) optimization problems.

lll. Proposed Solution

We derive a suboptimal solution for (7) by employing
alternating optimization (AO) and the framework introduced
in [54]. More specifically, the procedure is initialized with a
feasible point {X(?} and ¥, after which {Y} and ¥ are
updated in an alternating manner. In the ¢-th iteration, we
first update { Y} while keeping ¥ fixed at ¥~ We then
alternate and optimize W when {Y'} is kept fixed at {X()}.
Updating {Y'} (or ®) is still challenging even when ¥ (or
{Y}) is kept fixed. Indeed, the rates are neither concave
nor convex in {Y} or ¥. Additionally, the OF of (7) is a
summation of fractional functions, which further complicates
solving (7).

A. Updating Beamforming Matrices
With ¥ held constant at ¥~ (7) can be reformulated as

min {a maxdy — (1 — @) min ek} (8a)
{r}.{=z} k k
s.t. (7b), (7¢), (7d), (8b)

which falls into FMP optimization problems. To solve (8),
we leverage the results in [54, Lemma 1] and [54, Lemma
2]. For this purpose, we need a concave lower bound for 7,
and r.; for all k, presented in the following lemma.
Lemma 1 ([19]). All feasible {X'} satisfy the inequalities
rok > 7o) =2R{Tr (AR T HN 42 R {Tr(AL, Y ITH]T)}
#k

VOLUME 00, 2025

+ap — Tr (B;c <G‘QI+ZI:I]€T]T§{I:IICH>> s
J

Tek = 'FSC) = Qck
+ 2R {Tr (A YH)} + 2 R{Tr (Ao, Y HY)}
J

—Tré?:ck(rQI—&—Hk YYias? +ZHk Tfﬂf)),

where we have:
-1

1
C, = 0’214—2 Tkj

T, ck—< I+ZTKJ> Sck;
J#k
—1
= 2Tr (021+2Tkj> Thi |
J

ek
-1
ecr, = 2Tr <UQI+SCk+ZTkj> Sck: ,
J
ak:1n|I+C;€|—Tr(C;€) Q_( )(\/7—1- >
2/m, NG
Q- (ec) 2N
—1n [T+ C k|~ Tr(Cop) — [eor :
ack =In [I4+Cep| —=Tr(Cep) SN +\/@
-1
Ap= O'ZI+ZTkj I:Ik‘i-]67
7k
-1
Ack:<1'21+2’:_[‘kj> H,7,
J
0 -1
-1
71 B B
Ack’j: %( QI+S(~k +¥ Tkj> Hk‘rj,
; ) L)
Befrrenm) ey o2l
ik i MpCh

-1
021+Z Tkj

(0'2“2 T) ,
J#k J
—1 -1
B, = ( 2I+ZTk]> <U2I+Sck+ZTkj>
J
Q' (co) -
€ 9 _ -
+ m (O’ I+S('k‘+ZTk]>
J

-1
X (021+2Tkj> <021+Sck+ZTkj> )
J J

-1
X (0’21+Z Tkj>

J
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where Ty; = I:IijYfI:IkH, S, = HRYYHHE, H), =
Hy(®0D), Y =Y0Y, and Y; =Y for all k, j.

Upon leveraging [54, Lemma 1], [54, Lemma 2], and the
concave bounds in Lemma 1, (8) is rewritten as

min ad — (1 —a)e 9a
{Y}.{=},{t}.{u},e.d ( ) %)
s.t. (7b), (7¢), (9b)
>z < min(Ry), (%)

k
A 4z >t > 0, Vk, (9d)
( ) + zp > uk, up > 0, Vk, (9e)

I

ti <d, vk, (9

2
20w, — () pe =€, W, )

where {t} = {t1,t2, - ,tx}, {u} = {us,uz,--- ,ux}, e,
and d are auxiliary variables, and )\kz is constant, given by

A& _ Vrs({X0D}, $G-D)
g pe({X0=D})
for all k. Note that the constraints of (9) are convex, and
its OF is linear, making (9) a convex optimization problem.
Solving (9) yields {1

(10)

B. Updating RIS Scattering Matrix
When {Y} is kept fixed at {X®}, (7) reduces to

lIr}n{lg} {a m]?xdk -(1-a) mkinek} (11a)
s.t. (7¢), (7d), (7e), (7). (11b)

When beamforming matrices are kept fixed, e; becomes a
linear function of rj, making the solution of (11) simpler
than that of (8). Nevertheless, (11) is still an FMP optimiza-
tion problem, and we leverage [54, Lemma 1] and a concave
lower bound for 7, and r.;, for all £ to solve it. The lemma
below represents a concave lower bound for r,; and 7.

Lemma 2 ([19]). All feasible W satisfy the inequalities

=2R{Tr (A, Y H)}42) R{Tr(Aw; T H])}
Jj#k

+ay, —Tr <Bk <U2I+ZHkm§f H;/ )) . (12)
J

Tpk>7”

A1) _
Tek 2 Top = Ock

+ 2R {Tr (A YPHT)} +2) R {Tr (Ao, TIH[)}
J
— Tr<135k<021+ H,YYIHY +ZHijY§IHkH>), (13)
J
where all coefficients are defined as in Lemma 1 by setting
Y =", and X; =Y\, vj.

Upon utilizing [54, Lemma 1] and Lemma 2, (11) is
rewritten as

Ik
min ozmax{k}(loz)e
‘Il,{z},{t},e k tk

s.t. (7¢),(7e), (7, >z, < Hgfin(fﬁi)),
k

(14a)

(14b)

)+ 2 > max{ty, ep({ YD)} > 0, Vk,
(14¢)

where {t} = {t;,%2, - ,tx} and e are auxiliary variables.
The solution of (14) gives ¥,

The convergence behavior of the proposed algorithm fol-
lows from the monotonic reduction of the objective function
achieved in each iteration. Given that the objective of (7) is
bounded from below, convergence of the iterative sequence
is ensured. Additionally, the surrogate functions comply with
the established majorization minimization (MM) principles,
including exactness at the operating point, gradient con-
sistency, and global bounding [54]-[56]. These properties
collectively guarantee convergence to a stationary solution
of (7). A summary of the solution is provided in Algorithm
I, where [} is the objective function of (7).

Algorithm I: Summary of the proposed solution.

Initialization: Set 0, i = 1, {W} = {(W©}, & = ¢

While (maxﬁ( 0 _ max,@’(Z 1))/111%(6(Z D>

Calculate r(k) and rgk) according to Lemma 1

Solve (9) to find {W ¥}

Calculate 7‘( " and 7](:1@)

Solve (14) to find ¥®
i=i+1
End (While), Return {W®)} and &)

according to Lemma 2

C. Computational Complexity Analysis

This subsection provides an order-level characterization of
the computational complexity of the proposed algorithm in
terms of the number of multiplications. As described in
Algorithm I, the solution is obtained via an iterative AO
framework combined with an MM procedure. In each itera-
tion, two convex optimization problems are solved sequen-
tially: one corresponding to the update of the beamforming
matrices {Y} and the other one to the update of the RIS
scattering matrix W. Consequently, the overall complexity is
determined by the sum of the complexities associated with
solving these two convex subproblems.

Since both optimization problems are convex, they are
solved using standard interior-point methods (IPMs). Ac-
cording to convex optimization theory, the number of New-
ton steps required by IPMs scales proportionally to the
square root of the total number of constraints [57, Chap-
ter 11]. Therefore, the iteration complexity primarily depends
on the constraint set size of each subproblem.
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1) Beamforming Update

Updating {Y'} requires solving (9), which contains 6K + 1
constraints. For order analysis, this can be approximated as
6K, implying that the number of Newton iterations scales
as O(V6K). The dominant computational cost per Newton
step arises from evaluating the surrogate rate expressions for
all users. Under the RSMA transmission strategy considered,
two rate terms have to be computed per user, corresponding
to the common and private messages. Since both rates exhibit
comparable computational complexity, we conservatively
characterize the per-user cost using the common-message
rate, which involves slightly more operations.

Although the achievable rates are originally expressed us-
ing log-det functions involving SINR matrices, the proposed
MM framework employs the lower bounds derived in Lemma
1. These surrogate functions are quadratic in {Y'}, with
coefficients that remain fixed throughout the IPM iterations.
As both the coefficients and channel matrices are computed
once prior to the Newton updates, their contribution is
negligible compared to the repeated matrix multiplications
required within each Newton step. Specifically, the dominant
term stems from evaluating expressions of the form

Tr (Bck <021 +HYYTH +) HijTfHkH>> ;
J

which requires computing matrix products such as
H, YY?H/ for all K users. Recall that H), € CNv*Nas
and ¥ ¢ CNVBs*N_ where N = min(Npg,N,). For
worst-case scaling, N can be approximated by Npg.
The required matrix multiplications therefore scale as
O(N34(2Nps + N,)). Since these operations are per-
formed across K users, the dominant complexity per Newton
step becomes O(K?NZg4(2Nps + Ny)). Combining this
with the IPM iteration count yields the overall beamforming
update complexity:

O(K2N§S\/6K(2NBS + Nu)) .

Importantly, this complexity term is independent of the RIS
size M. This follows from the fact that the channel matrices
are computed once prior to solving (9) and remain constant
throughout the IPM iterations.

15)

2) RIS Scattering Matrix Update

Updating W requires solving (14), which contains 3K +
M +1 constraints. In compact matrix form, the unit-modulus
constraints can be represented efficiently; however, to derive
an upper bound, we conservatively consider M scalar con-
straints. Consequently, the Newton iteration count scales as
O(V3K + M). While the surrogate rate evaluations remain
of comparable order to the beamforming update, this step
additionally requires recomputation of the effective channel
matrices, since they explicitly depend on the RIS coefficients.
At each Newton step, the equivalent channel matrices must
therefore be updated for all K users. The dominant operation
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FIGURE 2: Network topology for numerical evaluations.

in updating the channels is the evaluation of the cascaded
channel term G WG, where ¥ is diagonal. This operation
requires approximately O(NggsM N, ) multiplications. Ac-
counting for both rate evaluations and channel updates, the
RIS update complexity per AO iteration becomes

O(K*NjsV3K + M(2Nps + Ny)
+ KMN,NpsV3K + M). (16)

3) Overall Complexity

Combining the beamforming and RIS update costs over
Nmax AO iterations, the total computational complexity is
on the order of

O(Nmax K2 N3 (VEEK + V3K + M)(2Nps + N,,)
+ NmaxKMNuNBS\/m). (17)

In summary, the computational complexity increases with
K®%?, N3g, N,, and M3/ The dependence on M3/?
characterizes the marginal impact of RIS size under fixed
(K, Nps, N,), whereas the full scaling behavior is governed
by the expression above when multiple system dimensions
vary jointly.

4) Comparison with SDMA

The computational complexity of SDMA is in the same
order as that of RSMA for the considered setup. Indeed,
to obtain an RSMA solution, one needs to compute 2K
rates in total, i.e., two rates per user: one for the common
message and one for the private message. By contrast, for
deriving a solution for SDMA, only one rate per user has
to be calculated. However, the computational complexity of
computing each rate in both cases is in the same order.
Therefore, the computational complexity of SDMA scales
with K°/2, N}, N,, and M3/2, which yields a similar
complexity order as RSMA.

IV. Numerical Results

This section presents numerical results obtained through
Monte Carlo simulations. The network topology for the
numerical evaluations is depicted in Fig. 2. Moreover, the
simulation parameters and setup are based on [54, Appendix
G]. Additionally, we set M = 20, € = 2¢, = 2¢, = 1072,
and n, = n, = n = 256 bits. The performance of RSMA
is benchmarked against a conventional SDMA baseline,
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obtained by setting the power of the common message to
zero, i.e., Y = 0. In particular, legend definitions for the
figures are provided below:

e RIS-RSMA (or RIS-SDMA): RSMA (or SDMA)
transmission strategy tailored to a MIMO FBL system
assisted by an RIS.

e No-RIS-RSMA (or No-RIS-SDMA): RSMA (or
SDMA) framework designed for MIMO FBL scenarios
operating without RIS support.

e RIS-Rand-RSMA (or RIS-Rand-SDMA): RSMA (or
SDMA) approach for RIS-aided MIMO FBL systems
in which the RIS phase shifts are randomly generated
with unit-modulus constraints.

The benchmarks selected are designed to isolate the individ-
ual and joint contributions of RIS deployment and RSMA-
based interference management. Specifically, comparisons
between RIS-assisted and No-RIS schemes quantify the
propagation gains introduced by the RIS, whereas compar-
isons between RSMA and SDMA reveal the benefits of
rate splitting under identical system assumptions. Moreover,
the RIS-Rand configurations provide a reference illustrating
the performance attainable without phase-shift optimization.
This benchmark structure is particularly relevant given the
absence of prior studies jointly examining RIS-assisted
RSMA systems under FBL constraints with explicit EE-
latency trade-off optimization.

Fig. 3 demonstrates the trade-off between latency and EE,
where the z-axis represents the min-max delay and the y-axis
shows the max-min EE. Each RSMA scheme significantly
reduces latency, while simultaneously enhancing the EE.
As expected, reducing latency requires higher transmission
power, which in turn erodes the EE. However, the extent
of EE degradation is surprisingly severe, especially when
latency has a higher priority than EE in the OF of (7). In Fig.
3, we depict the latency-EE region for two values of P, i.e.,
P =10dB and P = 20 dB. While the maximum EE remains
constant across both cases, the minimum achievable delay
improves substantially, as P increases. Indeed, to maximize
EE, the BS has to transmit at a power lower than the power
budget, when P is sufficiently high [58]. By contrast, latency
is a strictly decreasing function of P, as shown in Fig. 4.
Another key observation in Fig. 3 concerns the gains of em-
ploying RIS. Although RIS offers modest EE improvements,
its impact on latency is limited. Furthermore, RIS with ran-
dom coefficients performs worse than the no-RIS baseline,
highlighting the importance of adequate RIS optimization.
Indeed, it is important to emphasize that random RIS phase
shifts do not guarantee constructive combining. In multi-user
interference-limited regimes, the reflected links may alter the
interference structure, potentially leading to marginal or even
negative performance variations relative to the No-RIS case
for specific channel realizations.

Fig. 4 illustrates the average maximum delay versus P,
demonstrating that RSMA reduces the average maximum
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FIGURE 3: Latency-EE region (Nps = Ny, = 3, and K = 4).
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FIGURE 4: Average min-max delay versus P (Npgs = Ny, = 2).

delay by an order of magnitude compared to SDMA. Specif-
ically, the maximum delay achieved by SDMA in Fig. 4a
is at least 3.3 times (and up to 5.8 times) higher than
that of RSMA. Equivalently, RSMA reduces the average
maximum delay to 23% (15%) compared to that of SDMA
when P = 10 dB (P = 20 dB), as seen in Fig. 4a. The
average maximum delay also decreases as the BS power
budget increases. Indeed, higher transmission power enables
higher data rates, resulting in lower latency. Additionally, the
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average maximum delay rises significantly as K increases
from 4 in Fig. 4a to 5 in Fig. 4b. An RIS can notably
reduce latency, but only when optimized. Overall, the most
substantial performance gains are due to RSMA, with RIS
offering some further, less pronounced, improvements.

Fig. 5 depicts the gains achieved by using RSMA, com-
pared to SDMA, and RIS, compared to No-RIS. In Fig. 5a,
RSMA substantially reduces the maximum delay, namely
down to 13% of that of SDMA. Furthermore, its gains
become more pronounced as the number of users or the BS
power budget increases. This is because higher values of K
or P lead to more severe interference, thereby increasing
the improvements of RSMA as an interference-management
technique. Moreover, RIS further enhances the gains of
RSMA by improving the quality of the effective channels,
which has a similar impact to that of increasing the transmit
power. Fig. 5b shows that while a RIS improves the channel
quality and coverage, its stand-alone impact is marginal,
particularly at higher transmit powers. This is because a
RIS cannot effectively manage interference on its own in
downlink scenarios with high user load. Additionally, as
P increases, the marginal benefits of RIS diminish due
to its limited contribution to further channel enhancement.
The considered setup is interference-limited (K > Ngg),
where RSMA and RIS serve complementary roles: RIS
improves link quality, while RSMA manages the resulting
interference. Their combination leads to a synergistic effect
that significantly improves overall performance.

Fig. 6 shows the average maximum delay versus €. As de-
picted, tightening the reliability constraint leads to increased
latency, since smaller values of € impose more conservative
transmission rates. Again, the amalgam of RSMA and RIS
substantially outperforms the other schemes. Additionally,
RSMA and RIS become synergetic, and their benefits in-
crease when more reliable communication is needed. Finally,
RSMA provides more significant gains than RIS.

Fig. 7 illustrates the impact of M on the min-max delay.
As the RIS size grows, all the schemes experience latency
reduction; however, the improvement achieved by RSMA is
more substantial. This stems from the interference-limited
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nature of this setup. Since K > N, RIS with SDMA cannot
effectively mitigate interference, whereas RSMA is specifi-
cally designed to manage it. Thus, enlarging the RIS provides
RSMA with stronger effective channels and higher SINR at
the receivers, thereby amplifying its latency gains. The figure
also indicates that random RIS configurations benefit from
larger element counts, although their performance remains
notably inferior to optimized RIS designs, highlighting the
necessity of careful RIS optimization to fully realize the
available gains.

Fig. 8 further examines the joint behavior of RSMA and
RIS in two subfigures. Fig. 8a presents the latency reductions
achieved by RSMA with and without RIS support. The
results confirm the synergistic effect previously observed.
When interference limits performance, RIS strengthens the
effective channels, enabling RSMA to perform interference
management more efficiently. Importantly, this synergy be-
comes increasingly prominent as M grows. Fig. 8b depicts
the benefits provided by the RIS when operating with RSMA
and SDMA. Consistent with Fig. 8a, the RIS yields consid-
erably larger gains when paired with RSMA, and these gains
scale with M. In contrast, RIS improvements remain modest
under SDMA, typically below 5%, and increasing the RIS
size does little to alter this outcome, reinforcing that RIS
alone cannot resolve interference in overloaded settings.
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FIGURE 8: RSMA and RIS latency gains versus M (P = 10dB, Ngg =
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Fig. 9 illustrates the average max-min EE as a function of
M. As with previous analyses, RSMA consistently outper-
forms SDMA and demonstrates improved efficiency as M
increases. The underlying trade-off remains intact: enlarging
the RIS enhances the quality of the effective channels, which
benefits both multiple-access schemes, yet RSMA unlocks
significantly greater gains because it can exploit the higher
effective SINR to manage interference more efficiently. The
figure also highlights that enhancing channel quality via
RIS alone offers limited EE gains under SDMA, further
emphasizing that EE improvements in interference-limited
regimes rely critically on the integration of an interference-
resilient transmission strategy.

Fig. 10 examines the EE benefits associated with RSMA
and RIS through two subfigures mirroring the structure of
Fig. 8. Fig. 10a shows that RSMA achieves pronounced EE
improvements, and the addition of an RIS further magnifies
these gains as its size increases. This again reflects the
complementary roles of the two technologies: RIS enhances
channel quality, while RSMA converts these stronger links
into effective interference mitigation. Fig. 10b focuses on
the gains offered by the RIS when paired with RSMA
or SDMA. Although RIS alone improves EE, its benefits
remain significantly higher when used jointly with RSMA,
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FIGURE 10: RSMA and RIS EE gains versus M (P = 10 dB, Npgs =
Ny =3, P. =3 W, and K = 4).
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particularly for larger M. Under SDMA, EE improvements
by RIS grow only marginally with M, confirming that
effective interference management is essential for unlocking
the substantial EE potential of large RIS deployments.

Fig. 11 illustrates the convergence behavior of the al-
gorithms considered by plotting the max-min EE achieved
versus the number of iterations. The figure characterizes the
practical optimality-complexity trade-off inherent in itera-
tive optimization methods. As observed, the proposed RIS-
RSMA scheme rapidly improves the objective value and
exceeds the final converged EE of all benchmark strate-
gies within as few as six iterations. This result indicates
that a performance superior to the benchmark schemes can
be achieved with a small number of iterations, which is
particularly relevant for latency-sensitive implementations.
Although RIS-assisted optimization involves higher per-
iteration complexity than No-RIS schemes, the fast con-
vergence significantly mitigates the overall computational
burden. Moreover, when channel variations are slow, the op-
timized beamforming and RIS configurations can be reused
across multiple time slots, rendering the associated com-
putational overhead negligible from a system-level latency
perspective.
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V. Conclusions

The EE-latency trade-off of the MU-MIMO RIS-aided
URLLC RSMA DL was investigated. RSMA substantially
reduces the maximum delay while simultaneously enhancing
the EE, especially under high user load. Our results reveal
that RSMA is capable of reducing the latency by up to
13% of that achieved by SDMA. Moreover, RSMA and
RIS exhibit a synergistic relationship, with their combined
benefits increasing under stricter reliability requirements. In
particular, RSMA yields higher gains in RIS-aided systems,
and increasing the RIS size further amplifies these gains rela-
tive to SDMA, without altering the fundamental EE-latency
trade-off. Furthermore, the latency benefits of RIS remain
modest without RSMA. This highlights the complementary
roles of the two technologies: RIS improves link quality,
while RSMA effectively manages interference. Finally, we
showed that the EE may degrade significantly when latency
minimization is prioritized. Future work may extend this
framework to incorporate end-to-end latency components
beyond transmission delay, as well as imperfect or statistical
channel state information.
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