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Abstract—The challenges in dense ultra-reliable low-latency
communication networks to deliver the required service to mul-
tiple devices are addressed by three main technologies: multiple
antennas at the base station (MISO), rate splitting multiple access
(RSMA) with private and common message encoding, and simul-
taneously transmitting and reflecting reconfigurable intelligent
surfaces (STAR-RIS). Careful resource allocation, encompassing
beamforming and RIS optimization, is required to exploit the syn-
ergy between the three. We propose an alternating optimization-
based algorithm, relying on minorization-maximization. Numer-
ical results show that the achievable second-order max-min rates
of the proposed scheme outperform the baselines significantly.
MISO, RSMA, and STAR-RIS all contribute to enabling ultra-
reliable low-latency communication (URLLC).

Index Terms—Wireless Networks, Interference Management,
URLLC, BD-RIS, RSMA, MAC, optimization, resource alloca-
tion.

I. INTRODUCTION

The requirements for the sixth generation of mobile com-
munications (6G) will increase dramatically compared to 4G
and 5G. On the one hand, the number of wireless devices
and their quality of service requirements in terms of data rate,
reliability and latency are growing. On the other hand, the
capabilities of network nodes in terms of computing power and
storage are also improving [1]. While there is some balance
between demand and capability, one important resource that is
not increasing is spectrum and available bandwidth. Therefore,
moving to higher frequency bands (mmWave and THz) is
considered to provide more available bandwidth, but will also
require investment in new infrastructure and hardware as well
as smart spatial processing. Next generation multiple access
techniques [2] are key to master the upcoming challenges.

A. State of the Art and Motivation

There exists several technologies considered for 6G, which
are enabling specialized interference management and spatial
processing to enhance the spectral efficiency, reliability, and
low latency [3]:
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o Reconfigurable intelligent surfaces (RIS) allow to modify
the radio propagation environment by choosing reflection
coefficients. They are applied to boost signal power
and reduce interference leakage [4]. Their capabilities
depend on the hardware realization and variants such as
simultaneously transmitting and reflecting (STAR) RIS
[5] and beyond diagonal (BD) RIS are studied [6].

o Multiple antenna systems (MIMO) including its massive
variant (mMIMO) allow to separate devices in the spatial
domain by transmit and receive beamforming [7]. The
corresponding multiple access scheme is spatial division
multiple access (SDMA).

« Rate splitting multiple access (RSMA) is a coding and de-
coding technique which supports partial interference can-
cellation and includes both SDMA and non-orthogonal
multiple access (NOMA) as special cases [8].

Since we target ultra-reliable low-latency communication
(URLLC), the finite block length (FBL) achievable rates are
considered [9]. The technologies mentioned above are well
researched, and there exists a large body of work on their
combinations and performance optimization. The following
comparison includes some selected recent references. While
[10] and [11] study resource optimization for multi-user FBL
MISO systems, RIS are not considered. The papers in [12]-
[14] optimize resource allocation and RIS coefficients for mul-
tiuser multiple-input single-output (MISO) or MIMO systems,
but consider first-order rates. In [15] and [16] both RIS, and
multiuser FBL, but not multiple antennas, are considered. All
of the mentioned works, do not include RSMA. In [17], [18],
a network with RSMA in combination with FBL, but without
RIS is optimized. In [19]-[21], RSMA schemes are developed
for MIMO systems, considering the first-order rate. Finally, in
[22], a multiuser network with RSMA, FBL, and STAR RIS
is optimized. However, the spatial dimension with multiple
antennas is missing.

The motivation of the current paper is to close the gap
shown in the state of the art section above. We consider a
single-cell multiuser MISO network which is supported by
STAR RIS, rate splitting, and applies FBL in the computation
of user rates. The optimization problem considered in this
paper is the maximization of worst-case user rates. Spatial
precoding and RIS coefficients are the optimization variables,



while there are transmit power and RIS coefficient constraints.
The proposed alternating optimization (AO) solution is low
complex, but provides significant gains in the setup with both
RSMA and STAR-RIS. Our results show that the careful
exploitation of the spatial and code domain enables URLLC
links.

B. Organization and Outline

In the next section (Section II), we provide the system
model and develop the optimization problem considered in the
paper including objective, constraints, and their operational
meaning in the particular network setup. Then in Section
II, we present the AO-based resource allocation algorithm,
present its properties and discuss its limitations. In Section
IV, we present numerical simulation results to compare the
achieved performance to baselines. The paper is concluded in
Section V.

II. SYSTEM MODEL AND PROBLEM STATEMENT

We consider a single-cell setup as shown in Fig. 1. A
multiple antenna base station (BS) serves K single-antenna
users (MISO broadcast channel). The STAR RIS is located
centrally and serves one half of the users in the reflect side
(u1,- -+ ,ug/2) and one half of the users in the transmit side
(UK/2+17 C UK.
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Fig. 1. Network model: STAR RIS assisted downlink transmission.

A. Channel Model

We assume that the channel between the BS and user & is
given by

hi = £,0"'G + di, )]

where dy, is the direct channel between the BS and user k,
while the product of the three terms is the in-direct channel
over the RIS. G is the MIMO channel from the BS to the
RIS, f, is the channel from the RIS to the user k. The
RIS coefficients are collected in the matrix ©"/%. For users
1,--+,K/2, we use ©" and for users K/2 +1,--- , K we

apply ©°.
The RIS constraints for the reflect and transmit! side,
are modeled as standard diagonal elements diag(61,--- ,0as),

'We use transmit space and refraction space alternately.

where each pair of elements have amplitudes sum up to one
[23], i.e.
|07 + 1071 = 1. 0

The phases of reflective and refractive parts of the RIS ele-

ments can be optimized separately. In this work, we consider

mode switching (MS), i.e.,
|9£n|2 = 1 |9;1‘2 =0,
0% = 0,105 =1,

ke{l,---,M/2}
ke{M/2+1,-- M}

A more relaxed constraint set is obtained by replacing the
equalities by inequalities (smaller than or equal). In the
numerical assessments, we consider both sets, and denote the
strict equality set with an index 1.

B. Signal Model

We consider a 1-layer rate splitting model, where one
common data stream is transmitted together with K private
data streams. The signal sent from the BS is a combination
of the K codewords corresponding to the private messages of
the users and the common codeword

K
T = w.d; + Z widg, 3)
k=1
where the common data codeword is denoted by d. and
the private data codewords by di, - - - ,dx. The beamforming
vectors for the common codeword are w,. and for the private
codewords w1, - ,wg, respectively. The symbols of the
codewords of the common and the private messages are
statistically independent.
The received signal of user k is given by

Yy = hpx +ny, €]

where ny ~ CN(0,0?) is additive white Gaussian noise with
noise variance o2. Inserting (3) into (4) gives

yr = hrw.d. + hywrdg + Z hipw;d; + ng. (5)
I#k
The first term in (5) corresponds to the desired common signal,
the second term to the desired private signal, while the third
term corresponds to multiple access interference (MAI) from
the signals intended for the other users.

C. Achievable Rate Expressions

Every user first decodes the desired common message,
subtracts it from the received signal, and then continues with
its own desired message. The private signals of the other users
are treated as noise (TIN). The second-order rate achievable
for the common message at user k is given by

V.
Tesr =log(1 4 SNR. ) — Q (ee)y/ —E, (6)

(&

with signal-to-noise-ratio SNR_ ;, defined below, inverse Q-
function Q~!, error probability for the common message e,
block length n. for the codewords belonging to the common



message, and dispersion V. ;. The SNR for the common
message is computed as

|hwe|®

0'2 + leil |hl'wl|2 ’

SNR,, = (7)
The channel dispersion term for Gaussian signals and Gaussian
interference can be computed as [24]

SNR.. ;.
Ve =2 ok

L 8
’ 1+ SNR_. 4 ®

The common message should be decodable (with error prob-
ability €.) at all receivers. Therefore, its rate must fulfill

Te < MIN7Te k.
piTe,

After subtracting the common message, the k-th receiver
decodes it desired private message. The second-order rate is
given by

_ Vi

pr = log(1+ SNR, 1) — Q' (e1) nL/;k’ )
where ¢, is the error probability of the private message of user
k, ny is the codeword length of user k, and the SNR for the
private message of user k is computed as

|hywy|*
e .
o? + Zl:l,l#k |hlwl|2

SNR, j = (10)

The final achievable second-order rate of user k is given by
Ry =r.+ Tp.k-

D. Problem Statement

We consider the following optimization problem

max min Ry (11)
we,wi, L, Wk ,O7,OF ke{l,-- K}
K
st llwel[>+ > llwil[> < P (12)
k=1
{e',e}eT, (13)

where the objective function in (11) is the max-min second-
order achievable rate, the first constraint in (12) is the transmit
power constraint and the second constraint in (13) is the RIS
constraint.

Note that the optimization problem in (11) contains im-
plicitly power optimization and thereby rate optimization for
the common and private messages. This can be seen if the
beamforming vectors are decomposed into unit-norm vectors
and power allocations, i.e.,

Wi = /PrUk,

with power allocation pj, and unit norm beamforming vector
[lugl| = 1.

III. AO-BASED RESOURCE ALLOCATION AND
OPTIMIZATION

In [25], a framework for problems with a structure similar
to (11) is developed. The approach is based on AQ, i.e., we fix
the RIS coefficients ®° and ®" and optimize the beamform-
ing vectors w., wi,--- ,Wg. Next, for fixed beamforming
vectors, the two RIS coefficient matrices ©f and ©" are
optimized. These two steps are repeated until convergence,
i.e., until the utility function does not improve by more than
e > 0.

A. Beamforming Optimization

It is well known that the max-min fairness design for MISO
broadcast channels is a difficult programming problem [26].
It is usually approached by the minorization-maximization
technique. Therefore, we follow a similar approach. First, we
compute suitable concave lower bounds for the rate expres-
sions satisfying the conditions in [27, Section II.B].

Lemma 1: Concave lower bounds for the rate expressions
at the points w!, w’ are given by

, > f a + 2?}%{(hkw’é)*hkwc}
ck Z c,k = Qc,k
02 + Y1 [hawi]? + [hywt
L2076 0+ Sy R (hwl) hywe)

eV, 0%+ i [hiwf|? + [yt

K
. o2 + Zl:l |hkwl|2 + |hkwc|2
c,
0% + 05 [hywf ]2 + [hywt ]2

(14)

where ¢+ 1 is the current iteration, a. and b, are constants
and given by

ack = log(1+SNR},)—SNR{;
Q_l(EC) t t
- \/TTT(VVCJC/Q_FU Vik) (15)
-1
bep = SNR, ;. + M (16)

AVALE +‘/;tk

The SNRZ) , and V, are obtained by computing the SNR and
the dispersion at the points w!, w’. Finally,
K
o® + Y [hpwi]®
02+ Lty il + [hywl]?

Ck,c =

The concave lower bound for the rate 7, 5, looks very similar,
except that the interference term from the private message is
removed.

The proof follows similar steps as in the proofs of [28,
Lemma 3] and [25, Lemma 1] and is omitted.

In the optimization problem (11), we replace the rate
expressions for 7. 5, and r, 5, with their concave lower bounds
Te,k and 7, ;. The resulting problem is convex and can be
solved by standard convex solvers [29].



B. RIS Optimization

For fixed beamforming vectors w. and wi, - ,wg Ob-
tained in the last subsection, we now optimize the RIS
coefficient matrices ©” and @'. Since the channels hj (as
a function of the RIS matrices) and the beamforming vectors
are symmetric in the rate expressions, it is possible to re-use
the approach from Lemma 1 for the channel vectors. As shown
in (1), the channel vectors depend linearly on the RIS matrices
©"/t. This approach is detailed in [25, Corollary 1] and is not
repeated here.

After replacing the rate expressions with their concave
lower bounds, we still have the challenge with the non-convex
constraints for MS STAR RIS matrices. The constraints for
mode switching can be expressed as

0012 <1 a7
107,1% > 1, (18)
for m =1,--- ,M/2 and analogue for 6, for m = M/2 +
1,,---, M. The second constraint in (18) is convexified by

the concave convex procedure (CCP) to arrive at

105, ()1 + 2R{67,(1)(67,, — 67, (1))}
HO ()17 + 2R{0;, (1) (07, — 07, (1))} = (1 —¢).

The convexified programming problem is solved and then the
solution is projected to the feasible set.

IV. NUMERICAL ILLUSTRATIONS

In the simulation scenario, half of the users are in the
reflection space, while the other half are in the refraction space,
compare to Fig. 1. Hence, a reflective RIS cannot assist half
of the users. Moreover, we consider only a mode switching
scheme for the STAR-RIS.

There are a total of six users, three of them in the reflection
space and three in the refraction space. The BS has four
antennas. The STAR-RIS has in total 24 elements. The error
probability is set to e, = €, = 107 ° forall k =1,--- , K. The
block length is set to n, =ng =256 forall k=1, -, K.

We assume that there is a line-of-sight (LOS) link between
the BS and the RIS as well as between the RIS and each user
from either reflect or refract side. Hence, the small-scale fading
of G and f, in (1) is described by Ricean fading according to
[13, (55)] with a Ricean factor of three. For the direct link, we
model it as non-LOS with small-scale Rayleigh fading. The
large scale fading is modeled according to the path-loss model
in [30, (59)]. The other propagation parameters, including
the antenna gains, bandwidth, noise power density, path loss
components, and the path loss at the reference distance of 1
meter, are based on [30].

In Fig. 2, we compare the max-min second-order rates in
[bits/s/Hz] over the transmit power in [dB] for the following
schemes: the first baseline is R-RIS-TIN, where only reflec-
tive RIS coefficients are chosen, and all interference is treated
as noise (TIN, no common message). In this case the system
is interference limited and increasing transmit power does not
improve max-min rates. The second baseline is No-RIS-TIN,
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Fig. 2. Max-min rate over transmit power.

where no RIS is applied and TIN is performed. Interestingly,
the performance without RIS is similar to random RIS ele-
ments. Still the system is interference limited.

The first scheme with rate splitting is No-RIS-RS, where
no RIS is applied, but RSMA. The system is noise limited,
because RSMA can handle the interference better than mul-
tiple antennas at the BS alone. The random RIS with RSMA
improve a little bit performance (Rand-RIS-RS;). The sec-
ond best performance is obtained by STAR-RIS-RS; where
STAR-RIS is combined with RSMA for MS with equality
constraints. The best performance is obtained by STAR-RIS-
RS, where the equality constraint (2) is relaxed to smaller than
or equal.

There are several important observations from the Fig. 2:

o Without RSMA the system is interference limited since
four antennas cannot remove interference between six
receivers.

o« RSMA brings the system to max-min rates which scale
with P, the system becomes more noise-limited.

o The gain obtained by STAR-RIS in combination with
RSMA is significant.

V. CONCLUSIONS AND FUTURE WORK

We have studied the synergies of multiple antenna systems,
with STAR-RIS, and RSMA. All three technologies contribute
to enable URLLC in the downlink. We have formulated the
max-min second-order rate problem and provided an iterative
algorithm to find a low-complexity solution. The numerical
simulations indicate that all three technologies improve the
achievable performance compared to the baseline schemes
where only one or two technologies are used.

In future work, we plan to extend the system model to
include further performance targets, including secrecy and
sensing. Furthermore, the channel model will be extended



towards higher frequency bands, e.g., mmWave and THz,
to understand the synergies of the technologies for these
spectrum bands, too.
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