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Abstract—Energy-efficient designs are proposed for multi-user
(MU) multiple-input multiple-output (MIMOQO) broadcast chan-
nels (BC), assisted by simultaneously transmitting and reflecting
(STAR) reconfigurable intelligent surfaces (RIS) operating at
finite block length (FBL). In particular, we maximize the sum
energy efficiency (EE), showing that STAR-RIS can substantially
enhance it. Our findings demonstrate that the gains of employing
STAR-RIS increase when the codeword length and the maximum
tolerable bit error rate decrease, meaning that a STAR-RIS is
more energy efficient in a system with more stringent latency
and reliability requirements.

Index Terms—Energy efficiency, finite block length, MIMO
broadcast channels, optimization, resource allocation, STAR-RIS.

I. INTRODUCTION

Enhancing energy efficiency (EE) has always been among
the primary goals of wireless communication systems, aming
for realizing green communications and reducing operational
expenses [1], [2]. Additionally, the next generations of wireless
communication systems should be able to reduce latency
while simultaneously increasing reliability [3]. Hence, we aim
to propose an energy-efficient design for ultra-reliable low-
latency communication (URLLC) systems to address these
issues.

A promising tool to enhance EE, latency, and reliability
is constituted by reconfigurable intelligent surfaces (RIS) [4],
[5]. The EE benefits of RIS were investigated in [6]-[11],
showing that RIS improves the EE of various multi-user (MU)
systems like cell-free systems, broadcast channels (BCs), and
multiple access channels when considering Shannon’s capacity
that assumes that the coding block length approaches infinity.
However, in the face of low-latency demands, we often have
to utilize finite block lengths (FBL), making the classical
Shannon rate an inaccurate metric to measure the achievable
data rate [12], [13]. The benefits of RIS in systems operating at
FBL coding were shown in [14]-[24]. More specifically, [14]
showed that RIS can enlarge the rate region of a multiple-
input single-output (MISO) BC. The authors of [17] used RIS
to minimize the latency in a BC. The paper [21] proposed
algorithms to improve spectral efficiency and EE of multi-cell
MISO URLLC BCs. In [22], the authors maximized the sum
rate of RIS-aided MISO BCs. Finally, the papers [23], [24]
demonstrated that RIS enhances the EE and spectral efficiency

of a multi-cell MU multiple-input multiple-output (MIMO)
BC, supporting multiple data streams per user.

There are various nearly passive RIS architectures, in-
cluding both reflective RISs and simultaneously transmitting
and reflecting (STAR) RIS to support different applications.
A reflective RIS assists a communication link only if both
transceivers are in the reflection space of the RIS, while STAR-
RIS provides an omnidirectional coverage [25], [26]. Hence,
a STAR-RIS supports a broader range of applications than a
purely reflective RIS. For instance, a STAR-RIS can be fixed to
a window, covering both indoor and outdoor users. However, a
reflective RIS with the same position can support only indoor
(or outdoor users) as it covers only half of the space. In [27],
it was illustrated that STAR-RIS improves the max-min rate
of a MISO BC. The ability of STAR-RIS to enhance the SE
and EE of multi-cell MISO BCs was shown in [19].

In this paper, we focus on the EE performance of FBL
STAR-RIS-assisted MU-MIMO systems. To this end, we de-
velop an energy-efficient algorithm to maximize the sum EE of
users in STAR-RIS-aided MU-MIMO URLLC BCs. In [23],
we obtained a closed-form expression for the achievable rate of
MU-MIMO systems with FBL processing supporting multiple
data-streams per user and developed spectral-efficient and
energy-efficient schemes for MU-MIMO RIS-assisted systems
by solving the minimum rate, sum weighted rate, minimum
EE and global EE maximization problems. In this paper, we
solve the weighted sum EE maximization problem of STAR-
RIS-aided URLLC systems and consider both mode switching
(MS) and energy splitting (ES) schemes to operate a STAR-
RIS. The weighted sum EE maximization problem is more
complex than minimum EE and global EE maximization, since
its objective function is a summation of multiple fractional
functions. Solving the weighted sum EE maximization, we
show that STAR-RIS outperforms a reflective RIS when there
are users in both the reflection and refraction spaces of the
RIS. Indeed, in this case, a reflective RIS cannot assist all the
users, reducing efficiency. The gains provided by STAR-RIS
escalate when the codeword length and maximum tolerable
detecting error rate decrease, indicating higher benefits for
more stringent latency and reliability demands.

The rest of this paper is organized as follows. Section II
presents the system model, states the rate and EE expressions,
and formulates the optimization problem we tackle in this
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Fig. 1. A broadcast channel assisted by STAR-RIS.

paper. Section III presents our solution. We provide numerical
results in Section IV and conclude the paper in Section V.

Notations: We represent scalars/vectors/matrices by z/x/X.
A zero-mean complex Gaussian vector x with covariance
matrix X is denoted by x ~ CA(0,X). Moreover, Q! and
I denote the inverse Q-function for Gaussian signals and an
identity matrix, respectively. Finally, Tr(X), |X|, and R{z}
take, respectively, the trace of X, the determinant of X, and
the real value of x.

II. SYSTEM MODEL AND PROBLEM STATEMENT

We consider a MIMO BC, aided by a STAR-RIS, which
is depicted in Fig. 1. More specifically, we assume that a
multiple-antenna base station (BS) serves K multiple-antenna
users, and a STAR-RIS assists their communication. We
denote the number of transmit antennas at the BS by Npg
and the number of receive antennas at each user by N,.
Moreover, we assume that the BS employs FBL coding to
transmit multiple data streams to each user.

A. Channel Model
The channel between the BS and user k is modeled as [28]

H, = F,0"/'G + Dy, (1)

where D, is the channel between the BS and user k, Fy
is the channel between user k and the STAR-RIS, and G is
the channel between the BS and the STAR-RIS. The matrices
©" = diag (07,05, ,0%,) and ©' = diag (6%,65,--- ,6%,)
contain the RIS coefficients in the reflection and refraction
spaces, respectively. Note that if a user is in the reflection (or
refraction) space, its channel can only be optimized through
©" (or ®!). We consider a nearly passive RIS, meaning that
the amplitude of the RIS coefficients should obey

07,7 + |05, 1> < 1, Vm. )

In [29], three operational modes were proposed for STAR-
RIS, namely energy splitting (ES), mode switching (MS), and
time switching (TS). In the ES mode, each STAR-RIS element
operates in both the reflection and refraction spaces, yielding
a better performance at the cost of higher operational and
computational complexity. On the contrary, in the MS and TS
schemes, each element operates only in either the reflection
or the refraction space. In particular, when utilizing the MS
scheme in this paper, we divide the STAR-RIS elements into

two groups. The elements in the first group (1 < m < my)
operate only in the reflection mode, meaning that 67, = 0
for all m < my. By contrast, the elements of the other group
(mg < m < M) operate only in the refraction mode, resulting
in 0, = 0 for all m > m,. Although the MS scheme has lower
complexity than the ES scheme, it performs almost similarly
in many practical scenarios, as shown in [30], [31]. In this
paper, we consider only the ES and MS schemes. However,
our solutions can be easily extended to the TS scheme.

B. Signal Model and Problem Statement

The BS leverages superposition coding to transmit data to
users. Thus, the signal transmitted at the BS is

K
x =Y Tyty, 3)
k=1

where t;, ~ CN(0,I) is the private message of user k, and
T'j, is the beamforming matrix corresponding to tj. Therefore,
the data received at user k is

K
ye =Hi Y Tt + 2, €

j=1

where z;, ~ CN(0,0%I) is the additive noise. Each user
leverages treating interference as noise (TIN) to detect its
message. Hence, the achievable rate of user k is [12], [23]
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(5)
where ¢ is the maximum tolerable detecting error rate, and [
is the codeword length. Furthermore, the EE of user k£ is

Tk

~ P, + BTH(T,TH) ©

€k

where [ is the power efficiency of the transmitter at the BS,
and P; is the static power dissipated by transmitting data to
user k, given by [32, Eq. (27)].

C. Problem Statement

We aim at maximizing the sum EE of users, resulting in the
following optimization problem

(U o 7
st > Tl (7b)
K
Z Tr (T, D) <P (7c)
k=1
07 |2+ 168 1> < 1, Ym, (7d)



where oy > 0 is the corresponding weight for user k, P is
the BS power budget, 7t is the minimum operational rate for
user k, and the constraint in (7b) corresponds to the quality
of service for user k. The optimization problem in (7) is a
fractional matrix programming (FMP) problem. To solve (7),
we leverage the optimization framework proposed in [33]. A
detailed solution is provided in Section III.

III. PROPOSED SOLUTION

This section provides a suboptimal solution for (7), utilizing
the framework in [33] and alternating optimization. To solve
(7), we first optimize the beamforming matrices when ®" and
O are kept fixed to @ and ©!"", respectively, where 7 is
the iteration index. We then alternate the optimization variables
and update ©" and ©! while keeping the beamforming
matrices fixed at I‘g”rl) for all k. We solve each optimization
problem in a separate subsection below.

A. Beamforming Optimization
When ©" and ©! are fixed, (7) is simplified to

nax > aker st (7b),(7c), (8)
which is a non-convex FMP problem. To solve (8), we first
compute a concave lower bound for r, presented in Lemma
1, and then apply [33, Lemma 2] to approximate (8) with a
convex problem.

Lemma 1 ([23]): For every feasible I'y, for all k, the inequal-
ity in (9), shown at the top of the next page, holds, where ay;,
Aj;, and By, are, respectively, given by (10), (11), and (12)
on the top of the next page. Moreover, I < min(Ngg, N,)
is the maximum number of data streams per user, and 7 is
given by

me = 2T (BT T B <

-1
02I+ZH;”rS'“rE")HH;ﬁH] ,

where H,(C") is given by inserting @(™)" and ™" in ().
Upon using [33, Lemma 2] and the lower bounds in Lemma
1, we can convert (7) to the following non-FMP problem

(., _ "
LA ; (2Ck i — ¢ (P, + Tr(Ty TS ))) (13a)
s.t. TR > 'kah (13b)
K
ZTI‘ (I‘krkH)SP (13¢)
k=1
e =% 20, (13d)

/aer(cn)

PoTe(r{M e’
variable for all k. The problem in (13) is convex, solvable by
standard toolboxes for solving convex problems such as CVX

[34]. The solution of (13) gives T\" ") for all k.

where we have ( ,g") = and g is an auxiliary

B. RIS Optimization

When the beamforming matrices are kept fixed to I‘,(cnﬂ)

for all &, (7) is simplified as

QT
max S.t.

(7b), (7d). (14)
or.et - PS+Tr(F](€n+1)I‘](€n+1)H)

The optimization problem in (14) is not an FMP problem,
but still non-convex, since the rates are non-concave in O"
and ©!. To address this issue, we utilize an approach based
on majorization minimization (MM). That is, we derive lower
bounds for 7}, which are concave in ®” and ®! as

T > T = ap + 2 Ziﬁ {Tr (AkjrgnH)HHkH)}
J

~Tr [ By [ o’L+ S HDD D = | ) as)

J

where the coefficients ar, Ay;, and By, are, respectively, given
by (10), (11), and (12) on the top of the next page, except
that 1",(:) is replaced by I‘,(CHH) for all k. In other words, the
coefficients ay, Aj;, and By should be updated at each step
based on the latest value of @", ®¢, and I’} for all k. Upon

replacing r, with 7 in (14), we have

e ?::’;) (i) (162)
©m.e' <~ p 4+ Tr(I,"'T )
s.t.  (7d), (16b)
e > T VE, (16¢)
(n+1) $(n+1)

which is convex. Solving (16) gives ®" and ©

IV. NUMERICAL RESULTS

We employ Monte Carlo simulations to evaluate the energy-
efficient scheme proposed in this work. In the simulation
setup, we assume a line-of-sight (LOS) link for the channels
G and Fy, for all k£, making their corresponding small-scale
fading Ricean. In line with [35, (55)], we assume a Ricean
factor of three. Additionally, we assume that Dy is non-
LOS, following the Rayleigh small-scale fading. Moreover,
we model the large-scale fading of all channels according
to the path-loss model in [32, (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 [32]. In the MS
scheme, we consider my, = M/2, implying that we divide
the STAR-RIS elements into two groups with same number
of elements. Finally, we set Ngg = N, =2, K =6, [ = 256
bits, and € = 107>, unless it is explicitly mentioned otherwise.

In the simulation scenario, half of the users are in the
reflection space, while the other half are in the refraction
space, as illustrated in Fig. 1. Hence, a reflective RIS can
aid only half of the users. In the figures, S-RIS, S-RIS-MS,
RIS-Rand, and RIS refer to our energy-efficient algorithm
conceived for STAR-RIS along with the ES scheme, STAR-
RIS with the MS scheme, STAR-RIS with random coefficients,
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Fig. 2. Sum EE versus Ps.

and reflective RIS, respectively. Finally, No-RIS refers to the
energy-efficient design for systems operating without RIS.

Fig. 2 shows the average sum EE versus Pk, illustrating the
superiority of STAR-RIS over reflective RIS in this simulation
setup along with M = 60. We observe that an RIS (either
STAR or reflective) improves the EE if its elements are
optimized according to the energy-efficient scheme proposed
in this paper. However, STAR-RIS has limited gains when its
elements are chosen randomly.

Fig. 3 shows the average sum EE versus the codeword
length [ for M = 80. When there is a demanding latency
constraint, we have to utilize a shorter block length. Indeed,
this figure demonstrates how energy-efficiently the system
operates when the latency requirement is more stringent. In
this example, STAR-RIS significantly improves the EE, and
its benefits increase as [ reduces, meaning that STAR-RIS is
even more beneficial in low-latency systems.

Fig. 4 shows the average sum EE versus the maximum

Fig. 3. Sum EE versus [.

tolerable detecting error € for M = 80. The more reliable the
system should operate, the less energy-efficient the network
becomes. However, for all values of ¢, reflective and STAR
RISs substantially improve EE. Moreover, STAR-RIS with the
ES scheme outperforms the other algorithms. In this example,
the gains provided by STAR-RIS are higher when e decreases.

V. CONCLUSIONS AND FUTURE WORK

We proposed an energy-efficient scheme for STAR-RIS-
assisted MU-MIMO URLLC BCs, maximizing the sum EE
of users. Our results illustrated that both the STAR-RIS
and reflective RIS architectures can substantially increase the
sum EE of the network. Moreover, STAR-RIS outperforms
reflective RIS when the users are located in both reflection and
refraction spaces. Indeed, STAR-RIS is more suitable when the
RIS cannot be located in a position covering all the users in
the reflection space. Additionally, STAR-RIS provides higher
gains when there are more demanding latency and reliability
constraints.
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