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ABSTRACT This paper proposes a general optimization framework to improve the spectral and energy
efficiency (EE) of ultra-reliable low-latency communication (URLLC) simultaneous-transfer-and-receive
(STAR) reconfigurable intelligent surface (RIS)-assisted interference-limited systems with finite block
length (FBL). This framework can solve a large variety of optimization problems in which the objective
and/or constraints are linear functions of the rates and/or EE of users. Additionally, the framework can be
applied to any interference-limited system with treating interference as noise as the decoding strategy at
receivers. We consider a multi-cell broadcast channel as an example and show how this framework can be
specialized to solve the minimum-weighted rate, weighted sum rate, global EE and weighted EE of the
system. We make realistic assumptions regarding the (STAR-)RIS by considering three different feasibility
sets for the components of either regular RIS or STAR-RIS. Our results show that RIS can substantially
increase the spectral and EE of URLLC systems if the reflecting coefficients are properly optimized.
Moreover, we consider three different transmission strategies for STAR-RIS as energy splitting (ES), mode
switching (MS), and time switching (TS). We show that STAR-RIS can outperform a regular RIS when the
regular RIS cannot cover all the users. Furthermore, it is shown that the ES scheme outperforms the MS and
TS schemes.

INDEX TERMS Energy efficiency, finite block length, majorization minimization, MISO broadcast
channels, reflecting intelligent surface, spectral efficiency, ultra-reliable low-latency communications.

I. INTRODUCTION exist tens of billions of various machine-type terminals

The sixth generation (6G) of wireless systems should
be able to support many different applications such as
ultra-reliable low-latency communication (URLLC), massive
machine-type communication (mMTC), enhanced mobile
broadband (eMBB) and internet of things (IoT) [1], [2],
[3], [4], [5]. These applications typically require very low
decoding error probabilities as well as very low latency
and enforce us to employ a packet size much shorter than
human type communications [6]. Additionally, there may
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such as sensors, vehicles, drones, and robots in mMTC
and/or IoT networks [1], [6]. To fulfill these demands,
spectral and energy efficiency (EE) should be drastically
improved [1]. Recently, it has been shown that reconfigurable
intelligent surface (RIS) can be a promising technology for
enhancing the performance of various wireless networks
(71, [81, [9].

In this work, we investigate the performance of RIS (either
regular or simultaneous transmit and reflect (STAR)) in
URLLC systems with finite block length (FBL) and propose
a unified optimization framework to improve the spectral and
EE of (STAR-)RIS-assisted URLLC systems.
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A. LITERATURE REVIEW

Modern mobile communication systems are expected to
accomplish many wide applications and services in various
areas such as autonomous driving, healthcare, augmented
reality, automation in industry, and so on [10], [11], and [12].
As indicated, these application may require FBL in which
the Shannon rate may not be achievable [13]. In this case,
the achievable rate for a point-to-point system with Gaussian
independent and identically distributed (iid) signals can be
approximated as [13]

r=C—avV, (1)

where C is the Shannon Rate, « is a constant value, which
is a function of the packet length and the desired decoding
error probability, and V is the channel dispersion. The
rate approximation in (1) is widely known as the normal
approximation (NA) [13]. The NA is known to be accurate
for packet lengths more than around 124 bits and decoding
error probabilities higher than 1073 [14], [15], [16], [17].
Note that in the third generation partnership project (3 GPP),
the packet length is 32 bytes (or equivalently 256 bits), and
the error probability is € = 107 [5, Sec. IL.D]. In general,
the reliability constraint and/or packet length may vary for
different services [18]. For instance, according to [18], the
packet error probability should be in order of 107> for
URLLC, 1073 for eMBB, and 10~! for mMTC. It appears
that the NA should be accurate enough for these parameters
if we operate in moderate or high SNR regimes [14], [15].

To be able to support URLLC, one of the targets of 6G
is to improve the spectral and EE [1]. Note that the EE of a
system is defined as the ratio between the system throughput
and the total power consumption [19]. Energy efficient
techniques are very important for IoT and/or industrial IoT
(IToT) and/or MTC since such techniques can increase the
battery life of devices and reduce the implementation and/or
maintenance expenses [1], [11]. The spectral efficiency
and/or EE of different systems with FBL has been studied
in [20], [21], [22], [23], [24], and [25]. The authors in [20]
considered the performance of non-orthogonal multiple-
access (NOMA) in a multiple-access channel (MAC) with
FBL. The paper [21] studied the delay performance of
multiple-input, single-output (MISO) broadcast channel (BC)
with imperfect channel state information (CSI) and FBL.
The authors in [23] maximized the sum-rate of a single-
cell MISO BC with orthogonal-frequency-division-multiple-
access (OFDMA)-URLLC. The paper [24] maximized the
minimum rate of a MISO URLLC BC. The authors in [25]
studied a massive multiple-input, multiple-output (MIMO)
URLLC with FBL and proposed schemes to maximize the
minimum rate and EE of the network.

To improve spectral and EE, 6G will employ some
emerging technologies such as RIS, which can enhance the
coverage and consequently, the system performance [7], [8],
[9], [26]. RIS has been employed to improve the performance
of various systems with realistic assumptions regarding the
CSI and devices [27], [28], [29], [30], [31], [32], [33], [34],
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[35], [36], [37], [38], [39]. For instance, in [33] and [37],
a multi-cell MIMO RIS-assisted BC was considered and it
was shown that RIS can improve the spectral and EE of the
system. The superiority of RIS in a single-cell MISO BC was
shown in [29], [30], and [31]. In [36] and [38], NOMA was
applied to multi-cell RIS-assisted BCs and it was shown that
NOMA can enhance the system performance. The authors
in [28] showed that RIS can improve the performance of
an OFDM system. We refer the reader to [7] and [9] for an
overview of RIS.

A regular RIS can only reflect signals, which may restrict
the coverage area of the RIS. For a 360° coverage, a STAR-
RIS has been proposed in which each passive element can
reflect and transmit at the same time [40], [41], [42], [43],
[44], [45], [46], [47], [84]. STAR-RIS is a novel technology
and has been evaluated by experimental results [48]. Due to a
wider coverage area by STAR-RIS, it can be expected that
STAR-RIS is able to support more applications especially
when it is not possible to locate a regular RIS such that all
transceivers are in its reflection area.

All the aforementioned papers on RIS, [7], [8], [9],
[26], [27], [28], [29], 301, [31], [33], [34], [36], [37],
[38], [39], considered the performance of RIS in systems
with infinite block length. The performance of RIS in the
presence of FBL has been studied in [49], [50], [51], [52],
[53], [54], [55], [56], [57], [58], and [59]. The paper [49]
studied the performance of RIS and unmanned aerial vehicles
(UAVs) in URLLC systems and showed that RIS can be
beneficial in the system. The authors in [50] considered
NOMA in RIS-assisted single-input, single-output (SISO)
BC with two users and showed that RIS can improve
the system throughput and decrease the average decoding
error rate. The performance of RIS in MISO point-to-point
URLLC systems with a factory automation scenario was
investigated in [51], where the average data rate and decoding
error probability were obtained under different assumptions
regarding the fading and propagation of the channels. The
authors in [52] minimized the latency of a single-cell
SISO RIS-assisted URLLC BC with user grouping. The
paper [53] considered RIS-assisted URLLC systems with
FBL to transfer information and energy wirelessly. The
paper [54] proposed resource allocation schemes for RIS-
assisted single-cell BCs with the coexistence of eMBB and
URLLC services.

It is worth emphasizing that the optimal channel dispersion
in(1)is

1

VPl =1 ————| 2

(1+y)? .

where y is the SNR. Even if we treat interference as
noise, we cannot simply replace the SNR term by signal-
to-interference-plus-noise ratio (SINR) and use the same
channel dispersion for interference-limited systems [60].
Indeed the optimal channel dispersion cannot be achieved
by Gaussian signals in the presence of interference. Unfor-
tunately, this issue is sometimes overlooked in the literature
when studying an interference-limited system. In this paper,
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TABLE 1. A brief comparison of the most related works.

RIS STAR-RIS URLLC | Multi-user communications | Multiple-antenna Systems | Channel dispersion in [60] EE metrics
This paper v/ ¥ Vv v v v v
1231, 1241 Y/ v v
[20] v v v
[21] v v v v
[25] v v v v v
[30], [31], [33], [34] v v v
[29], [37], [38] vV v v v
[39] v v v v v
197, [58] V v V vV
(501, [52], [54] Vv v v
[517, 53] v Vv v
[59] v v v v

we consider the channel dispersion in [60], which can be
achieved by Gaussian signals in interference-limited systems
with treating interference as noise (TIN). To the best of
our knowledge, [59] is the only work in interference-limited
RIS-assisted systems with FBL that considered the channel
dispersion in [60]. Note that [59] studied the geometric mean
of the rates. However, in this paper, we consider various utility
functions as will be discussed in the next subsection.

B. MOTIVATIONS AND CONTRIBUTIONS

The main motivation for this work is to propose a general
framework for URLLC RIS-assisted systems. In Table 1,
we provide a brief summary of the most related works
based on the considered scenario and the channel dispersion.
As can be observed, even though RIS has received many
attentions during recent years, the performance of RIS in
URLLC with FBL should be further investigated, especially
in multi-user communication systems. For instance, to the
best of our knowledge, there is no work on STAR-RIS
in URLLC with FBL. Additionally, EE metrics have not
been considered in RIS-assisted URLLC systems with FBL.
It should be emphasized that the rate expressions with FBL
are more complicated than the Shannon rates, and it is not
straightforward to modify and apply existing optimization
approaches to URLLC RIS-assisted systems with FBL. Thus,
a unified optimization framework is required to study the
performance of such systems by considering STAR-RIS and
EE metrics.

In this paper, we propose a general optimization framework
for URLLC with FBL in STAR-RIS-assisted systems. To the
best of our knowledge, this is the first work to study the
performance of STAR-RIS in URLLC systems. Our proposed
framework can be applied to any optimization problem
in which the objective and/or the constraints are linear
functions of the rates and/or EE of users. Moreover, the
framework can be applied to any interference-limited system,
using treating interference as noise (TIN) as the decoding
strategy.

We consider a multi-cell MISO RIS-assisted BC as an
illustrative example and show how the unified framework
can be specialized to solve different optimization problems.
To this end, we consider the minimum-weighted-rate,
weighted-sum-rate, global EE and minimum-weighted-EE
maximization problems. We refer to the objective function
of these optimization problems as the utility function.
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We make realistic assumptions regarding RIS (either
regular or STAR) by modeling the small-scale and large-scale
fading and considering three different feasibility sets based
on the models in [7], [41], [42], [43], and [44]. We propose
three main approaches to optimize reflecting/transmitting
coefficients in STAR-RIS. First, we assume that a set of
RIS components operate only in the reflection mode, and
the remaining components operate only in the transmission
mode. This scheme is referred to as the mode switching [40].
Second, we assume that all the components simultaneously
operate in both reflection and transmission mode, which
is referred to as the energy splitting mode [40]. Third,
we assume that each time slot is divided into two sub-slots.
Then, all the components operate in the reflection mode in
the first sub-slot, while they all operate in the transmission
mode in the next sub-slot. This scheme is referred to as time
switching [40].

Through numerical examples, we show that RIS can
significantly improve the spectral or the energy efficiency
of the system when the reflecting coefficients are properly
optimized. Interestingly, it may happen in some special cases
that RIS worsen the performance if the reflecting coefficients
are chosen randomly. Additionally, we show that STAR-RIS
with mode switching and energy splitting approaches out-
performs regular RIS when the RIS cannot cover all the
users. The mode-switching scheme of STAR-RIS slightly
improves the system performance over regular RIS. However,
the energy-splitting scheme considerably outperforms the
regular RIS.

The main contributions of this work can be summarized as
follows:

« We propose a unified optimization framework to solve

a large family of optimization problems for MISO
STAR-RIS-assisted interference-limited URLLC sys-
tems. This framework can be applied to any interference-
limited system with TIN.

« We consider a multicell BC and specialize the frame-
work to solve minimum-weighted rate, weighted-sum
rate, minimum-weighted rate, and global EE maximiza-
tion problems.

o« We study the performance of STAR-RIS with three
different feasibility sets and consider three schemes
for optimizing the reflecting/transmitting coefficients of
STAR-RIS. We show that STAR-RIS may outperform
regular RIS if the regular RIS cannot cover all the users.
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TABLE 2. List of frequently used notations.

L/M No. of BSs/RISs
K No. of users per each cell
Nps/Ngrrs | No. of antennas/components at each BS/RIS
Wk k-th associated user to BS [
Sik Transmit signal of BS [ intended for ugy,
X1k Beamforming vector of BS [ corresponding to s
hyy Equivalent channel between BS ¢ and u;,
djr, Direct channel between the BS [ and ujj,
fik,m Channel between the mth RIS and u;
G Channel between the BS [ and the mth RIS
O Matrix of RIS components for the mth RIS
el Matrix of STAR-RIS components for the TS/RS at RIS m
€“ Decoding error probability
X The feasibility set for beamforming vectors
T The feasibility set for (STAR-)RIS components
Nk Additive white Gaussian noise at u;
ek /Tik Energy efficiency/rate of u;g
Vik Channel dispersion at u;
I Power budget of BS [
ik SINR at uyg
nt Packet length
RIS,,
u! . [EEEEE
. | L1 1] T U I
UL2 l
BS, ! f " IBs,
EEEEE 1K
EEEEE U«
HEEEE .
RIS, tU,
EEEEE
U T 11 11
22 B S 5 HEEEER
b RIS2
0|

FIGURE 1. A multicell broadcast channel with RIS.

o We show that RIS can substantially improve the spectral
and EE of RIS-assisted URLLC systems by considering
different utility functions and feasibility sets for RIS
components.

C. PAPER OUTLINE

The rest of the paper is organized as follows. Section II
presents the system model and formulate the considered
problem. Section III presents the generalized optimization
framework for the systems without RIS. Section IV states
the extension of the proposed optimization framework to
URLLC (STAR-)RIS-assisted systems. Section V provides
some numerical results. Section VI concludes the paper.
Finally, we provide some proofs in appendices.

Il. SYSTEM MODEL

Our unified optimization framework can be applied to a
large class of interference-free and/or interference-limited
URLLC MISO (STAR)-RIS-assisted systems with TIN. Such
systems include, for instance, various multi-user interfer-
ence channels, cognitive radio systems, broadcast channels,
multiple-access channels, device-to-device communications,
and so on. For the sake of illustration, we consider a mul-
ticell broadcast channel with L multi-antenna base stations
(BSs) in which each BS has Npg antennas and serves K
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BS, U,

FIGURE 2. Channel model in a typical RIS-assisted system.

single-antenna users. We assume that there are M > L
RISs with Ngss reflecting elements in the system to assist
the BSs. Note that a multicell BC is a practical scenario,
which is considered in many work such as [33], [36], [39],
and [46]. In a multicell BC, intercell interference may highly
degrade the system performance especially for cell-edge
users, which should be handled by a joint optimization of
transmit parameters at BSs.

We assume perfect, global and instantaneous channel state
information (CSI) at all transceivers similar to many other
works on RIS (either STAR or regular) such as [27], [29],
[301, [31], [33], [34], [36], [62], [63], [64], [65], [66], and
[44]. Additionally, it should be noted that in this work,
we focus on resource allocation for URLLC systems in which
it is common to assume perfect, global and instantaneous
CSI [23], [24], [58], [67], [68], [69], [70]. Investigating the
performance of RIS with perfect CSI can show the main
tradeoffs in the system design and provide an upper bound for
the system performance. Indeed, studying the performance
of RIS with perfect CSI is useful to show whether/how
(STAR-)RIS provides any benefit in URLLC systems. If the
benefits of RIS are minor with perfect CSI, then it may
suggest that RIS cannot be beneficial in more realistic
scenarios. We also assume that BSs use short-length packets
to transmit data to the users. Without loss of generality,
we consider a symmetric scenario with the same number of
BS antennas or users per cell. However, our work can be
easily extended to an asymmetric scenario in which each BS
has a different number of antennas/associated users.

A. RIS MODEL

In this paper, we consider both regular and STAR-RISs.
Here, we briefly describe the model here and refer the
readers to [33], [37], [7, Sec. II] or [44] for a detailed
description/review on the features of RIS and/or STAR-RIS.

1) REGULAR RIS
As shown in Fig. 2, the channel between BS i and user k
associated to BS [, i.e., uy, is

M
hii ((O) = D~ fum®nGi+ dp; € CUNs, (3)

m=1 Direct link

Links through RIS
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Reflection Space | Transmission Space
FIGURE 3. A typical STAR-RIS-assisted system.

where dy ; is the direct link between BS i and uj, G; is the
channel matrix between BS i and RIS m, £y ;, is the channel
vector between RIS m and uy, and ®,, is

k] emNRI_g) ’ (4)

where 0,,;s for all m, i are the reflecting coefficients.
Hereafter, we drop the dependency of the channels with
respect to {@} for notational simplicity.

The channels can be optimized only through the reflecting
coefficients 6,,;, which are complex-valued parameters. There
are different assumptions for modeling the reflecting coeffi-
cients. In this paper, we consider three different feasibility
sets for 6,,;s based on the models in [7, Sec. II]. An upper
bound for RIS performance can be achieved by considering
the amplitude and phase of 6,,;s as independent random
variables, which results in the following feasibility set
[7. Eq. (11)]

Ty = {emn O > <1 Vm, n} (5)

0, = dlag (Gmlv Om2, - -

A more common feasibility set is
Ty = {Opi : 1Omil =1 Vm, i}, (6)

which has been widely used in the literature [7], [9], [27],
[30], [31], [33], [34]. Another practical feasibility set is [71]

T ={Omi: |Omil = F(LOwi), LOpi € [—t, w1Vm, i}.  (7)

In this model, the amplitude of each RIS element is a
deterministic function of its phase as [71]

F(LOni) = 101min-+(1 — |0 |min) (W) G

where |6 |min, @, and ¢ are non-negative constant values.

2) STAR-RIS

In a regular RIS, each RIS component can only reflect the
signals. However, STAR-RIS allows each component to not
only reflect, but also transmit signals simultaneously, as its
name suggests. Thus, a STAR-RIS can cover a larger area
as shown in Fig. 3. Indeed, there are two spaces for each
RIS: reflection space (RS) and transmission space (TS),
while a regular RIS can only reflect [40]. Note that in this
paper, we consider only passive STAR-RIS in which each
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STAR-RIS element cannot amplify the signal power neither
in the RS nor in TS.

In STAR-RIS-assisted systems, each user belongs to either
RS or TS [40]. We represent the reflecting and transmit
coefficients of the i-th component of the m-th RIS by,
respectively, ). and 6}, .. In case of STAR-RIS, the channel
between BS i and uy is [40, Eq. (2)]

M
hii = D fum®) Gui+ dii
——

m=1 Direct link
Links through RIS
- & o
where @, = diag (0,21, Opys e s %Nms)’ and ©), =
diag (9;1 Oy Oy ) The upper bound for the perfor-

mance of STAR-RIS is given by the following feasibility set
[43, Eq. (2)]

Tov = {e,jm, 0L, 100 1+ 10,17 < 1 Vm, n} )
A more common feasibility set is [41], [42, Eq. (1)]
Tst = {0 O 2 63,12 + 165,12 =1 ¥m, i} . (10)

In these feasibility sets, the phases of the reflection and
transmission coefficients can be independently optimized.
However, another feasibility set has been studied in [44] and
[66] in which the phases completely depend on each other.
This feasibility set can be written as [44, Proposition 1]

Ton = { O O+ 167,12 4160, = 1,
R {9;:0,’,”} =0 Vm, i} Can

Lemma 1: The two constraints |9,2’_|2 + |9"[’li|2 = 1 and

R {9,7;6;,,,_} = 0 are equivalent to the following constraints:

l6r + 6517 < 1, (12)
1O, — Onil> < 1, (13)
0, 1%+ 165,17 = 1. (14)

Proof: We have the following equality
6 % 05,12 = 105, + 105, P £ 2% {enner, | (19)

Substituting |6}, |* + 16}, |* by 1, the constraints (12) and (13)

simplify to +R {0;;951[} < 0, which is equivalent to

% {6561, } =0. O

B. SIGNAL MODEL
The broadcast signal from BS [ is

K

X = lekslk € CNesx1 (16)
k=1

where s~ CMN (0, 1) is the message intended for the
k-th user associated to the [-th BS, denoted by uy, and
xjx is the corresponding beamforming vectors, which is an

70837



IEEE Access

M. Soleymani et al.: Spectral and EE Maximization of MISO STAR-RIS-Assisted URLLC Systems

optimization parameter. Note that sys for all [, k are iid
proper Gaussian signals.
The received signal for the user uy is

L K

Yie =D huei D Xy + ni (17a)
i=1 j=1

K L
= hy Xpespe +hy Z XSy + Z hyixi + ny
Desired signal J=lj# i=1,i# Noise
Intracell interference Intercell interference
(17b)

where hy; € C!*Nss ig the channel between BS [ and
ug, and ngp ~ CN (0, 02) is additive white Gaussian
noise. As can be easily verified through (17), the received
signal and the interference term are proper Gaussian signals.
Furthermore, the noise, interference and desired signals are
independent from each other. Note that there exists two
types of interference in the received signal yy: intracell and
intercell interference. Intracell interference at uy is caused by
BS [, while intercell interference is caused by the other BSs.

C. RATE AND ENERGY EFFICIENCY EXPRESSIONS
Each user decodes its own message, treating all other signals
as noise. Thus, the rate of uy is [13], [25, Eq. (8)]

Vik

rie =log (1 + yu) — Q' (€9, [ —, (18)
—_— ny
Shannon Rate [ S S
S ({x},{©})

where Vj; is the channel dispersion for decoding s at uy,
n; is the packet length, Q~! is the inverse of the Gaussian
Q-function, € is an acceptable decoding error probability,
which indicates that one out of 1/€¢ short-length packets may
experience outage, and yj is the corresponding SINR given
by

hyge, x|
Vik = ’ , (19)
o2+ Zij;élk |hlk,ixij|2
where
D Il =D Tl — goxpl®. (20)
[ij1£11K] i

We represent the gap between the Shannon rate and the
FBL by 8i({x}, {®},€°) = QO '(¢)/Vix /n;, which is a
function of the channel dispersion. Note that €€ is related to
the reliability constraint, and the gap between the Shannon
rate and the FBL increases with the reliability. In other
words, to ensure a more reliable communication (lower €°),
we should transmit data at a rate lower than the Shannon rate.
The optimal channel dispersion is [13]

1 Yik
_ s = (1 + ) . Q@D
(I 4+ vi) 1+ v 1+ v

However, it is not achievable by iid Gaussian signals when
there exists interference. In [60], the authors proposed a

opt
v =1
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0.02 -

1 A(/
0 fy) =0 O

—0.02 |-

7004 | : | | | | | |

FIGURE 4. f(y) versus y for a = 0.2185. It represents r; ; /In2 as a
function of y; j for n; =200, and ¢ = 1073.

simple and practical scheme, which is not dispersion optimal.
The channel dispersion for the scheme in [60] is

1
Ve =2-2%_ —» (1 — ) . (22)
I+ yi 1+ yi

Note that it can be easily verified that the dispersion in (22)
is an upper bound for (21). Additionally, it should be noted
that the FBL rate, Shannon rate, channel dispersion and § are
a function of €¢, {x} and ®. However, due to a notational
simplicity, we drop this dependency in the equations unless it
causes confusion. In the following lemma, we take a look at
the structure of (18), which provides an insight for optimizing
over the FBL rates by the NA.
Lemma 2: Consider the function

_ [
fW)=In(l+y)—a T+

where y > 0is a variable, and a > 0 is a given and constant
parameter. Then, f(y) is minimized at y*, where f(y*) < 0.
Moreover, f(y) is strictly decreasing in 0 < y < y*, and
strictly increasing for y > y* (see Fig. 4). Additionally, f(y)
has two root given by y = 0, and y = y©.

Proof: The derivative of f(y) with respect to y is

f 1 a(y)_2(1)2
dy 1+y 2\l+y 1+y) "’

which can be simplified as

af 1 |:1 a 1 j|

y  1+y 2yaT+pl
The function ﬁ is strictly decreasing ip y and takes
values oo for y = 0 and O for y = oo, which proves the
lemma. ]
The achievable rate with FBL in (18) is a difference of two
terms, which are functions of y. It should be emphasized
that the expression in (18) is indeed an approximation for the
actual achievable rate and may not be accurate in very low
SINR regimes and/or for a very short packet length and/or
low decoding error probability [14], [15], [16], [17], [72].
According to Lemma 2, rj can be negative for very low
vik (see Fig. 4), which implies that (18) is not an accurate
approximation for y <« 1, which is also confirmed by the
results in [72]. We refer the reader to [13, Sec. IV.C] for
detailed discussions on the accuracy of the NA with different
parameters.
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The EE of a user is defined as the ratio between its data rate
and the power consumption for transmitting the data as [19]

Tk (23)

ek = ————5—,
Pe + 11Xy Xk

where 7! is the power efficiency of each BS, and p. is the
constant power consumption in the network for transmitting
data to a user, which is given by [37, Eq. (27)]. Another
metric for EE is the global EE (GEE), which considers the
performance of the whole network. The GEE is defined as
ratio between the total achievable rate and the total power
consumption of the network, i.e., [19]

Dk Ik
LKpe + 1 " XjXix

D. PROBLEM STATEMENT

We consider a general optimization problem, which includes
a large variety of optimization problems. This general
optimization problem can be formulated as

{X}EI\??{%}EJO({X}’{G}) s.t. fi ((x},{®}) = 0, Vi, (25a)
e > ™"V, (25b)

where X and 7 are, respectively, the feasibility sets for {x}
and {©®}. The feasibility set X is

GEE = 24)

X:{{x}:zxﬁxlk fpl,Vl,k}, (26)
vk

where p; is the power budget for BS /. The constraint (25b)
is related to the latency constraint of the system. If the
maximum tolerable latency is ¢, seconds, then the minimum
achievable rate of each user per bandwidth unit should be
greater than r™ = [ where w is the channel bandwidth
in Hz, and n; is the packet length in bits. Moreover, fis
for all i are linear functions of rates/EEs. Note that f;
can also include some other linear/quadratic/convex/concave
constraints in beamforming vectors/channels such as an
energy harvesting constraint and/or the so-called interference
temperature. However, due to a space restriction, we do not
consider such constraints in this work and leave them for a
future study.

In this paper, we aim at proposing a unified optimization
framework to solve the general optimization problem (25),
which includes, for example, maximization of weighted-
sum rate, maximization of minimum-weighted rates, global
EE, and maximization of the minimum-weighted EE. Note
that it could be possible to focus on a specific optimization
problem and provide a detailed solution for it with different
approaches, each with a different behavior in terms of
complexity and optimality. However, it is also very important
to concentrate on a general methodology for solving various
problems with different utility/cost functions. In this work,
we prefer to choose the second approach especially since
the performance of RIS (either regular or STAR) should
be further investigated in FBL regimes, and a general
optimization framework can provide an effective tool to do
SO.
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Ill. GENERALIZED OPTIMIZATION FRAMEWORK FOR
SYSTEMS WITHOUT RIS

In this section, we consider the optimization of the beam-
forming vectors {x} for systems without RIS. Note that the
algorithms in this section can be applied to RIS-assisted
systems when the reflecting coefficients are fixed. The
considered optimization problem in this section is
s.t. fi ({x}) = 0, Vi,

{gg}fo ({x}H) (272)

e =" Ik, (27b)
Unfortunately, (27) is not convex since the rates are not
concave in {x}. To solve (27), we employ majorization
minimization (MM), which is an iterative algorithm that
consists of two steps in each iteration: majorization and
minimization [61]. In the majorization step, the non-convex
constraints (and/or objective function) are approximated by
suitable surrogate functions. Note that the surrogate functions
in MM algorithms should fulfill three specific conditions
mentioned in, e.g., [73, Sec. III]. In the minimization
step, the corresponding surrogate optimization problem is
solved. Note that MM has many applications not only
in communications, but also in machine learning, signal
processing, and other research areas [61]. In this paper,
we specialize MM to solve (27) in the context of STAR-
RIS-assisted URLLC systems. In general, MM starts with a
feasible initial point and converges to a stationary point of the
considered optimization problem, which meets the first order
optimality constraint and satisfies the Karush-Kuhn-Tucker
(KKT) conditions [74]. Since we employ MM, our proposed
framework for systems without RIS converges to a stationary
point of (27). The final point of MM-based algorithms may
depend on the initial point, which should be feasible and can
be chosen either randomly or heuristically [75]. As indicated
in Section II-C, the rates in (18) may not be accurate for very
low SINR, i.e, y <« 1. Additionally, the latency constraint
in (27b) may not be satisfied for a random initial point. Thus,
to obtain a feasible and suitable initial point, we can employ
the approach in Appendix A, which takes the solution of the
maximization of the minimum SINR of users as an initial
point.

In the proposed framework, we firstly approximate the
rates by suitable concave lower-bound surrogate functions
and then, solve the corresponding surrogate optimization
problem. To this end, we employ the lower-bounds in the
following lemma.

Lemma 3: A concave lower bound for ry is

D\ *
ZW{(th,zxgi )) hlk,lxlk}

ik = Tl = aj + R
t_
o2 + Xy ’hlkixzy’ )
| 4y R (b x 1) hye ixy
20719 @ [ij1 (k] Ik ,iXj; Ik iXij

NEAG

2
-1
o2+ ’hlk,ixg )
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2
o+ 2 by ixij |
2 b
2+, (t—1)

i
where t is the number of the current iteration, ay,, and by, are
constants and, respectively, give by

— by (28)

hy ;x

-1 -1
alkzlog(l—l—y[g ))—ylg )
-1
0 ') [VVik )+ 1
N 2 V(t—l)
vV Vik

1)
o Cz(kt 07 1(e%)

by = Vi€ +
/ (t=1)
n[Vlk
(-1 (t—1) . .
where Yik and Vi are, respectively, obtained by

replacing {x"~V} in (19) and (22). Moreover,

2 =12
-1 O+ 2z Mol

ik -
o2+ 3 e ixi P

The concave lower bound in (28) is quadratic in {x}, and is
obtained by deriving a concave lower bound for the Shannon
rate as well as by finding a convex upper bound for 5y.
Proof: Please refer to Appendix C. g
Note that the concave lower-bound rates 7y, for all [, k are
quadratic in x;; for all i,j. Substituting 7xs in fis gives
the surrogate functions f;s and consequently, the following
surrogate optimization problem
st fi ({x}) > 0, Vi,

max_fo ({x}) (29a)
{x}eX

P > rin VI, k. (29b)
This optimization problem is convex for spectral efficiency
metrics, which can be efficiently solved by numerical tools.
However, (29) is not convex if we consider EE metrics. In this
case, we can obtain the global optimal solution of (29) by
Dinkelbach-based algorithms [19]. Note that the proposed
framework converges to a stationary point of (25) since it falls
into MM. In the following subsections, we will discuss the
solutions of (29) with different utility functions. To this end,
we select the minimum-weighted rate, weighted-sum rate,
global EE, and minimum-weighted EE as utility functions
since they are among the most important metrics in practice
as well as in the literature either with Shannon rate or in FBL
regimes [23], [24], [25], [39], [76], [771, [78], [79], [801, [81].

A. MINIMUM-WEIGHTED RATE MAXIMIZATION

The maximization of the minimum-weighted rate can be
written as

max r

s.t. 7 > max (klkr, r”’)
{x}eX,r

Vi,k, (30

where Ajs are the weights corresponding to the priorities
assigned to the users. Employing the lower bounds in

70840

Lemma 3, we have the following surrogate optimization
problem

max r Vi, k, 3D

s.t. i > max (klkr, rth)
{x}eX,r

which is convex and can be efficiently solved.

B. WEIGHTED-SUM RATE MAXIMIZATION
The weighted-sum-rate maximization problem is

S.t. rip = rlt]? Vi, k, (32)

max Z Mk
{xjeX m

where rl’,i‘ is the minimum required rate for uy. The

problem (32) is not convex, but can be solve by the proposed
optimization framework. That is, we replace the rates by the
surrogate functions in Lemma 3, which yields the following
convex problem

s.t. Fg > it Vi, k. (33)

C. GLOBAL ENERGY EFFICIENCY MAXIMIZATION
The GEE maximization problem can be written as

i Tk

max H
{x}eX LKp. + n ZIk X Xik

storp = rit Yk, (34)

Replacing the rates by the lower bounds in Lemma 3, we have
the following surrogate function

sz Fik

max 7 Vi, k, (35)
{x}eX LKpe + 1 D"y X Xk

s.t. e > Vlt]il

which is non-convex and falls into fractional-programming
problems. We can obtain the global optimal solution of (35)
by the Dinkelbach algorithm since the numerator of the
objective function is concave in Xy while its denominator is
convex in Xy [19]. The global optimal solution of (35) can be
obtained by iteratively solving [19]

max > 7y — O\ LKpe+n D xjixu | (36a)
e Ik

st Fx = VLK, (36b)
and updating ;-9 as
> 7 (xi?)
ut? = (37)

tLof _(t.q)’
LKpe + 1 3 " % ”
where xg(‘q) is the initial point at the g-th iteration of the
Dinkelbach algorithm, which is the solution of the previous
step. We refer the readers to [19] for a detailed survey on
fractional programming and the Dinkelbach algorithm.
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D. MINIMUM-WEIGHTED ENERGY EFFICIENCY
MAXIMIZATION
The minimum-weighted EE maximization can be written as

max e S.t. e > e Vi, k, (38a)

{x}eX,e

ri > rff Vi, k. (38b)

Employing the optimization framework, we have the follow-
ing surrogate optimization problem
. 5
s.t. e = LH >e
Pe + nXy Xk

~ th
Tk = Ty

max e Vi, k, (39a)

{x}eX,e

Vi, k, (39b)

which is non-convex, but its global optimal solution can be
obtained by the generalized Dinkelbach algorithm (GDA)
since ¢j; has a concave numerator and convex denominator.
Applying GDA, the global optimal solution of (39) can be
obtained by iteratively solving

max e (40a)

{x}eX

st g — pD (p + nx,kxlk) >age Vik, (40b)
i > rfl Vi, k, (40c)

and updating 19 as u-9 = miny {élk (Xglzc,q))}, where

xgk 9 is the initial point at the g-th iteration of the Dinkelbach

algorithm, which is the solution of the previous step.

IV. EXTENDING THE OPTIMIZATION FRAMEWORK TO
(STAR-)RIS-ASSISTED SYSTEMS

In this section, we extend the framework in Section III
to solve (25) by MM and alternating optimization (AO)
for RIS-assisted systems. To this end, at the ¢-th iteration,
we first fix the reflecting coefficients to (@D} and
optimize over the beamforming vectors to obtain {x)}.
We then fix the beamforming vectors {x’} and update the
reflecting coefficients as {@)}. We iterate the procedure until
the solution converges. Note that our proposed framework
converges since it produces a non-decreasing sequence in the
objective function fp. If the feasibility set 7 is convex, the
framework falls into MM and converges to a stationary point
of (25). For the initial point of the schemes, we can employ
the scheme in Appendix A, similar to Section III. In the
following subsections, we provide the solutions for updating
{x} and {©®}.

A. OPTIMIZING THE BEAMFORMING VECTORS
In this subsection, we assume that the reflecting coefficients
are fixed to {@“~ D}, and we optimize over {x}, which results
in
max fo((x).(007")) st fi((x).(0 V) =0, Vi
{x}eX
(41a)

=it Vi k. (41b)
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This problem can be solved similar to the framework
in Section III. Since it is straightforward to modify the
framework in Section III to solve (41), we do not repeat the
solution here.

B. OPTIMIZING THE REFLECTING COEFFICIENTS
In this subsection, we assume that the beamforming vectors
are fixed to {x}, and we optimize only over the reflecting
coefficients {®}. In other words, we want to solve

max fo({x@}, {@}) st f; ({X(’)}, {@})20,

Vi, (42a
(®}eT (422)

re > i ik, (42b)
where f;s are linear functions of the rates for both spectral and
energy efficiency metrics since the beamforming vectors are
fixed. To solve (42), we first obtain suitable concave lower
bounds for the rates. We then mention how to transform 7°
into a convex problem if 7 is not a convex set. The rates
have the same structure in the channels as in the beamforming
vectors {x}. Thus, we can employ a similar concave
lower bound for the rates. To avoid notational confusions,
we restate the lower bounds for the rates in the following
corollary.
Corollary 1: A concave lower bound for ry, is

2t { (b, "x{Y) b ,x(”}
=1 (t)

o +Z[U]¢ Ik] ‘hlkz X;j
(t=1) (1) )

2Q71(€C) o +Z [i71#l lk]m{(hlkl 1]) hlk’ixij }

(- 0|
,/ntVlk o2 + Zu i

rie > i = a +

lJ

(43)
(t—1) |2
hlk i z]

02+ZU

where the parameters are defined as in Lemma 3.

Note that the concave lower bound in Corollary 1 is quadratic
n {®}. Plugging the concave lower bound 7y into (42),
we have the following surrogate optimization problem

max_f ({x@},{@}) s.tf ({x“)},{@})zo, Vi, (44a)

{®@)eT

P = rit, Vi k. (44b)

The optimization problem (44) is convex if the feasibility set
T is convex, i.e., when considering 7y for regular RIS and
Tsy for STAR-RIS. In this case, the proposed framework
converges to a stationary point of (25). Unfortunately,
the feasibility sets 77, 7¢, 7Zs;, and Tgy are not convex.
To convexify them, we employ a suboptimal approach as
described in the following. It should be emphasized that
although the convergence of our proposed framework is
guaranteed for all the RIS feasibility sets, we do not make any
claim on the optimality of our framework for the non-convex
RIS feasibility sets.
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1) FEASIBILITY SET 7,
In this case, we have the non-convex constraint |6,,,| = 1 for
all m, n, which can be rewritten as

Ol < 1, (45)
Omn]> > 1, (46)

for all m, n. The constraint (45) is convex. However, the
constraint (46) makes the problem (44) non-convex since
|9,,m|2 is a convex function, rather than being concave.
Thus, we employ convex-concave procedure (CCP) and
approximate (46) by a linear constraint as in [38, Eq. (38)].
We then also relax the constraint in [38, Eq. (39)] by
introducing € > 0 as

16nl > = 105D 12 = 2R{04D O — 087N} > 1—¢, (47)

mn

for all m, n. Plugging (45) and (47) into (44), we have the
following convex optimization problem

max 7 ({x@}, {@}) st f; ({x<f>}, {@}) >0, Vi, (48a)

(48b)
(48¢)

P > i, VI K,
47), (45) Ym, n.

Since (48) is convex, it can be solved efficiently by numerical
tools. Let us call the solution of (48) as {®}. Although the
relaxation in (47) makes the convergence of our framework
faster, it may make {(:)} infeasible. To obtain a feasible point,
we project {@} to 77 by normalizing {@} as {é)new}, ie.,

N

. 6
gnew — % Vm, n. (49)

mn N ?
|Omn

To ensure the convergence of our scheme, we update {®} as

{énew} iff ({P(I)} ’ {énew})
>f ({P(t)} , {@(t—l)}) (50)

(@D} Otherwise.

(@) =

This updating rule guarantees convergence by generating a
sequence of non-decreasing objective functions.

2) FEASIBILITY SET T¢

To convexifying 7¢, we first relax the relationship between
the phase and amplitude of reflecting components. In other
words, we consider them as independent optimization
parameters. This relaxation yields (45) and

|6 |* = 1612 (51)

min’

for all m, n. Now, the problem is similar to convexifying the
feasibility set 7¢. That is, we employ CCP to find a suitable
linear lower bound for |6,,,|% as

68712 + 2% (6457 O — 057 ) = 0, (52)

min’

which results in the following convex surrogate optimization
problem

max I ({x(t)}, {@}) s.tf ({x(’)},{G}) >0, Vi, (53a)
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P > i, VI, K,
(52), (45) Y, n.

(53b)
(53¢)

Due to the relaxation of the dependency of the amplitude
and phase of reflecting components, the solution of (53), i.e.,
{®™} may be infeasible. To generate a feasible solution,
we project {@™} into T¢ as

10"y = F(L{0™M)), (54)

where F is defined as in (8), and update {®} according
to (50), which guarantees the convergence of the algorithm.

3) STAR-RIS WITH MODE SWITCHING AND FEASIBILITY SET
Ts1 OR Tsy

In our proposed mode switching (MS) approach, we ran-
domly divide the reflecting components into two sets:
reflecting set and transmitting set. This scheme converts each
STAR-RIS into two regular RISs. Thus, the MS scheme
can be obtained similar to considering two RISs with the
feasibility set 77, instead of each STAR-RIS.

4) STAR-RIS WITH TIME SWITCHING AND FEASIBILITY SET
Ts1 OR Tsy

In our proposed time switching (TS) approach, we divide
each time slot into two sub-slots. In the first sub-slot, all
the RIS components operate in the reflection mode, while
in the second sub-slot, they all operate in the transmission
mode. In both sub-slots, each STAR-RIS operates similar to
aregular RIS with feasibility set 7;. Thus, we can employ the
proposed algorithm for regular RIS with 77 to update the RIS
components in each sub-slot.

5) FEASIBILITY SET 75, (STAR-RIS WITH ENERGY splitting)

In the energy splitting (ES) approach, each RIS component
can simultaneously reflect and transmit, which makes it
impossible to model STAR-RIS as a set of regular RISs. Thus,
we have to directly tackle the constraint |07, |> + |07, > = 1,
which can be rewritten as

2 r o2
1O l” + 161
100,17 + 165,17

mn

1, (55)
1. (56)

v

The former constraint is convex, but the latter is not since
61,1 and |6 |? are convex functions. Thus, we can employ
CCP to approximate (56) by a linear constraint similar to the
feasibility set 7;. To make the convergence faster, we also
relax (56) by introducing a positive variable € as

(1) (1) -1 -1
|91};m |2 +2R (9;1)1 (er:m - er’;zn )*) + |9}§m |2
+ 2R (0 Oy — 0y )z 1€ (5T
Substituting (55) and (57) in (44), we have the following
convex surrogate optimization problem

max I ({x(’)}, {@}) stf ({x<’>}, {9}) >0, Vi, (58a)

P =i, VI K, (58b)
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(55), (57) Vm, n. (58c)

e

Due to the relaxation in (57), the solution of (57), i.e., ©,,
and (9,’1(;), may not be feasible. Thus, we first project G)::)
and ®;,(:) into 7Zg; as

(*) (%)
t r
an A emn

r
[1ot® ™
ot |2 |6 |2

é}{nn = =
for all m, n. Finally, we update @], and @;n as

, (59)

® @2
V1B 12 167,12

6,8 iff({P(’)}, @, (3)’})
zf({P(t)} , {@(l—l)}) (60)

Otherwise,

{ @rm’ @lm} _
(@1

where {©@Y~D} {Gr(Hz @t(H)}. This updating rule
ensures the convergence.

6) FEASIBILITY SET Ty (STAR-RIS WITH ENERGY splitting)

The feasibility set Zgy is a subset of Zg;. In other words,
Tsy includes the two convex constraints in (12) and (13),
in addition to the constraint |9r’,m|2 + |9,fm|2 = 1. Since (12)
and (13) are convex constraints, we should handle only the
non-convex constraint |07, [> 4 6/ |> = 1, which can be
done similar to our algorithm for the feasibility set Zg;. That

is, we have to solve the following convex surrogate problem:

max i ({x@}, {@}) stf ([x(’)}, {9}) >0, Vi,  (6la)

P > i, VLK, (61b)
(12),(14), (55), (57)Vm,n. (61c)

The solution of (61) might be infeasible because of the
relaxation in (57). Thus, we normalize the solution according
to (59) and update ©/, and ©!, according to the rule in (60)
to ensure the convergence.

C. DISCUSSIONS ON DIFFERENT STAR-RIS MODES
It can be expected that the ES approach outperforms the MS
and/or TS approaches since it includes the MS and/or TS

Algorithm 1 Our Algorithm for MWRM With STAR-RIS
and TS‘N

Initialization
Sete, t = 1, {x} = {x©}. and{®} = (0"
) a1 =D

LT . .
While { min =& — min & /min Lk > €
e Mk i Mk )ik Mk

Optimizing over {P} by fixing {(~)(’ *1)}
Obtain ?;,:71) based on (28) in Lemma 3
Compute {x(} by solving (31)

Optimizing over {©} by fixing (P~}
Obtain ?l(,:_l) based on (43) in Corollary 1

Compute 0" and (~)£,(:) by solving (61)
Update {©1)} based on the rule in (60)
t=1t+1
End (While)

Return {P*} and {©*}.
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approaches as special cases. In the ES approach, each RIS
component can simultaneously reflect and transmit signals,
while in the MS and/or TS approaches, each RIS component
either transmits or reflects at a time. In other words, the
solutions of the MS and/or TS schemes are feasible, but
possibly suboptimal for the ES scheme. Indeed, in the
ES scheme, it may happen that a set of RIS components
work only in the transmission mode while the remaining
components operate in the reflection mode, which is the same
as in the MS approach. Additionally, if we allow time slot
sharing as it is the case in the TS approach, it may happen
that in the ES approach, all RIS components operate in the
transmission mode in the first time slot, while they all operate
only in the reflection mode in the next time slot, which is
the same as in the TS approach. As a result, an optimal ES
approach never performs worse than any MS/TS scheme.

We can also compare ES, MS and TS based on the coverage
of STAR-RIS. The ES and MS can simultaneously provide
a 360° coverage. However, the TS approach can cover only
a subspace (either reflection or transmission spaces), which
may restrict the practicality of the TS mode especially in
URLLC systems in which each user constantly requires an
ultra-reliable communication with a very low latency. Indeed,
since the STAR-RIS with the TS mode can cover only a subset
of users in each sub-slot, some users may not receive any
signal from the STAR-RIS at a time slot. This issue is more
critical when the users are close to the cell edge, which means
that they may have a very weak link, and they would be
in outage without the assistance of the STAR-RIS. In such
scenarios and in the presence of a very stringent latency
constraint, the TS approach may not be a feasible option.
However, if the latency constraint is more relaxed and/or the
users are not in outage without the assistance of STAR-RIS,
the TS approach can be still beneficial. Another drawback
of the TS mode is that we have to solve the corresponding
optimization problems twice for the coherence time of the
channels, which results in inefficient TS mode in fast fading
systems.

D. DISCUSSIONS ON COMPUTATIONAL COMPLEXITIES

In this subsection, we provide a discussion on the compu-
tational complexity of our proposed algorithms. Note that
our schemes are iterative, and their actual computational
complexities may highly depend on the implementation of the
algorithms. Here, we provide an approximated upper bound
for the number of multiplications to obtain a solution for our
proposed schemes.

The proposed schemes are iterative, and each iteration
consist of two steps. In the first step, we obtain beamforming
vectors {x}, and in the second step, we compute the
(STAR-)RIS coefficients {6(’)}. In the following, we com-
pute an upper bound for the number of multiplications
to obtain a solution for the MWRM problem with the
feasibility set Zgy, which considers STAR-RIS. Since it
would be very straightforward to extend the analysis to other
optimization problems, we do not provide such analysis
for all the considered optimization problems. To update the
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FIGURE 5. System topology in simulations.

beamforming vectors in one iteration of the MWRM problem,
we have to solve the convex optimization problem in (31).
To solve it, the total number of the Newton steps grows
with the square root of the number of inequality constraints
in the problem [82, Chapter 11], which is equal to LK
for the optimization problem in (31). Moreover, for each
Newton step, we have to compute the surrogate functions
for the rates. The number of multiplications to compute each
surrogate rate function grows with LKNpg. Therefore, the
computational complexity for solving (31) can be approx-
imated as O (NpsL*K2+/KL). Additionally, to update the
(STAR-)RIS coefficients for the MWRM, we have to solve
the convex optimization problem in (44). Similarly, it can be
shown that the computational complexity for solving (44) can
be approximated as O (NgsL>K?+/KL + MNg;s). Finally,
setting the maximum number of the iterations to N, the
computational complexity of our proposed scheme for
the MWRM problem with the feasibility set Zgy can be

approximated as O (NBSLZK 2 («/KL + MNRgis + +/ KL)).

V. NUMERICAL RESULTS
In this section, we present some numerical results for the
considered optimization problems. We consider a two-cell
BC with K users in each cell as shown in Fig. 5, unless it
is mentioned otherwise. We consider one RIS in each cell
since it has been shown that a distributed implementation of
RIS can outperform a collocated implementation [37]. The
heights of BSs, RISs and users are, respectively, 25, 15, and
1.5 meters. The BSs are located at (0, 0, 25) and (400, 0, 25)
while RISs are located close to the users at (140, 0, 15) and
(260, 0, 15). The K users, in each cell, are located in a square
with a side 20 meters exactly in front of the RIS. We represent
the power budget of BSs with P. We assume that the channels
through RISs are line of sight (LoS), while the direct channels
are non-LoS (NLoS). It means that the links through RISs
follow the Rician fading, but the direct links experience a
Rayleigh fading. The propagation parameters are chosen as
in [37].
As indicated, to the best of our knowledge, there is no
other work that considers EE metrics and/or STAR-RIS in
RIS-assisted URLLC systems with FBL. Thus, we consider
the following schemes in the simulations:
o S-RIS refers to the Shannon rate in RIS-assisted systems
with the feasibility set 7;.

o RIS refers to the proposed scheme for RIS-assisted
systems with the feasibility set 7;.

o RISy (or RIS¢) refers to the proposed scheme for
RIS-assisted systems with the feasibility set 7y (or Z¢).
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o N refers to the scheme without RIS.

o R-RIS refers to the proposed scheme for RIS-assisted
systems with random reflecting coefficients.

o ST-RISgy refers to the proposed scheme for STAR-RIS-
assisted systems with energy splitting and the feasibility
set 7gx, where X can be U, I and N for modeling the
feasibility set Zgy, Zs;, and Zgy, respectively.

o ST-RIS); (or ST-RIS7T) refers to the proposed scheme
for STAR-RIS-assisted systems with mode (or time)
switching and the feasibility set Zg;.

In the following, we consider the maximization of the
minimum rate, sum rate, global EE and minimum EE of
users in separate subsections. Through numerical examples,
we investigate the impact of various parameters on the
performance of RIS and/or STAR-RIS. These parameters are
the power budget of BSs, number of BS antennas, number of
users per cell, packet length, and decoding error probability.
We discuss how these parameters may affect on the FBL rate
as well as on the gap between the FBL rate and the Shannon
rate.

A. MINIMUM-WEIGHTED RATE MAXIMIZATION

In this subsection, we provide some numerical results for
maximizing the minimum rate by considering the effect of
different parameters. We call the minimum rate of users as
the fairness rate since all users mostly achieve the same rate
if we maximize the minimum rate.

1) IMPACT OF POWER BUDGET

Fig. 6 shows the average fairness rate versus the power budget
of BSs for Ngis = 20, L =2, K =4, M = 2, n, = 256,
€¢ = 1073, and different number of BS antennas. As can be
observed, RIS can significantly increase the average fairness
rate for the considered Npgs if the reflecting coefficients
are optimized properly. Interestingly, we can observe that
RIS performs worse than the systems without RIS when the
reflecting coefficients are chosen randomly. This indicates
the importance of optimizing RIS components. Additionally,
the performance gap between the achievable rate with FBL
and the Shannon rate decreases with Nps when the other
parameters are fixed. It happens since the SINR may be
improved by increasing the number of transmit antennas.
It means that the performance gap is expected to be higher
when we operate in [highly] overloaded systems, i.e., when
the number of users per cell is equal to or higher than the
number of BS antennas.

2) IMPACT OF TRANSMIT ANTENNAS

Fig. 7 shows the average fairness rate versus Npg for P =
20dB, Ng;s = 20, L =2, K =2, M = 2, n, = 200, and
€ = 0.001. As expected, the average fairness rate increases
with the number of BS antennas. We can also observe that
RIS can considerably increase the average minimum rate of
users, and the benefits of RIS slightly increase with Npg.
Interestingly, we observe that the benefits of optimizing the
reflecting coefficients decrease with Npg even though they are
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still significant. The reason is that, the effective channel gains
may be more dependent on the reflecting coefficient when
Nps is low. Furthermore, we observe that the gap between
the Shannon rate and the FBL rate slightly decrease with
Nps, which is in line with the results in Fig. 6. Moreover,
we observe that the performance gap between the Shannon
rate and the FBL rate is much lower than when ¢ = 107>
(see Fig. 6), which implies that we should expect higher
performance loss comparing to the Shannon if we require
ultra-reliable communication.

3) IMPACT OF NUMBER OF USERS PER CELL

Fig. 8 shows the average fairness rate versus K for P = 20dB,
Ngris = 20,L = 2, Nps = 8§, M = 2, n, = 200, and
€° = 0.001. As can be observed, the fairness rate significantly
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decreases with K. RIS can improve the system performance
considerably when K < 4. However, the benefits of RIS
decrease with K and become almost negligible for K = 6 in
this particular example. The reason is that, the number of RIS
components per user decreases when there are more users
in the system. Thus, we have to increase the number of RIS
components to compensate for the increment of the number
of users. Furthermore, we observe that optimizing over the
reflecting coefficients is more important when the number
of users increases. Indeed, RIS with random reflecting
coefficients may even perform much worse than the systems
without RIS when K grows. Finally, we also observe that the
relative mismatch between the Shannon rate and the FBL rate
increases with K. The mismatch is around 3% for K = 2,
7% for K = 4, and 12% for K = 6. As indicated before,
it happens since the effective SINR decreases with K, which
in turn yields the further decrements in the FBL rate. Note that
the gap increase if we reduce 7, and/or €€ as discussed in the
following.

4) IMPACT OF PACKET LENGTHS

Fig. 9 shows the average fairness rate versus n; for Npg = 4,
Ng;s = 20, L = 2, K = 4 M = 2, P = 100, and
€ = 0.001. As can be observed, by increasing the packet
length, the gap between the Shannon rate and achievable rate
by (18) decreases. Of course, n; is not the only important
parameter, and there are other effective parameters such as €¢
and SINR that can have a high impact on the performance and
accuracy of the normal approximation in (18) as discussed
before.
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5) IMPACT OF &€

Fig. 10 shows the average fairness rate versus €€ for n, = 200,
Ngis =20, L =2, K =4, M = 2, and Ngg = 4. As can be
observed, the average rate increases with €€. In other words,
the lower the decoding error probability is, the lower the
average rate is. Thus, if we work on ultra-reliable regime
with FBL, we have to tolerate some performance loss in the
data rate. The more reliable the communication is, the less
data rate we can achieve. We can also observe in Fig. 10 that
RIS can significantly increase the average fairness rate of the
system and consequently, for a given date rate, it can highly
improve the reliability of the communication link.

6) STAR-RIS

Now we compare the performance of a regular RIS with a
STAR-RIS. To this end, we consider a single-cell BC with
K users. We assume that the regular RIS can assist only a
half of users. In other words, only K /2 users are covered
by the regular RIS, and the other K /2 users do not receive
a signal from the regular RIS. However, the STAR-RIS can
assist all users since it provides a 360° coverage. We assume
that K /2 users are in the reflection space of the STAR-RIS,
while the other K /2 users are in the transmission space of the
STAR-RIS. We assume that both the regular and STAR-RIS
have the same number of components, i.e., Ngjs. We consider
three different strategies for the STAR-RIS. First, half of the
RIS components operate only in the reflection mode, and the
other half operate only in the transmission mode. We refer to
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this scheme as the mode switching, similar to [40]. Second,
we assume that all RIS components operate simultaneously
in the transmission and reflection modes, which is referred
to as the energy splitting mode. Third, we divide each time
slot into two sub-slots and assume that all RIS components
operate in reflection mode in the first sub-slot, while they all
operate in transmission mode in the next sub-slot, which is
referred to as the time switching mode.

Fig. 11 shows the average fairness rate versus P for Npg =
6, Npis = 60, L = 1, K = 6M = 1, n = 200,
and € = 0.001. As can be observed, the regular RIS can
highly improve the system performance even though it assists
only a half of users. The average fairness rate for systems
without RIS slightly increases with power budget; however,
the fairness rate of RIS-assisted systems (either STAR or
regular) almost linearly increases with the power budget.
The reason is that the system is interference-limited, and the
power budget increment is not necessarily equivalent to SINR
improvement. Since the system is not highly overloaded,
RIS can manage part of interference, which significantly
improves the effective SINR. Additionally, the users are in
the cell edge, which implies that they have a relatively weak
direct link. Thus, RIS can considerably improve the channel
gain, which in turn provide a significant gain, especially when
the power budget is high.

We also observe that the STAR-RIS can outperform the
regular RIS with both the MS and ES schemes. However, the
STAR-RIS with TS cannot provide any benefit over regular
RIS in this particular example since the TS mode covers
only reflection or transmission spaces at each time sub-slot,
which implies that the TS mode can assists only a half of
users in each sub-slot, similar to the regular RIS. Indeed, the
TS mode cannot provide a 360° coverage simultaneously,
which restricts its applicability in this particular scenario.
Moreover, we observe that the STAR-RIS with the ES scheme
and different feasibility sets outperforms the MS scheme with
the feasibility set 7g;. The reason is that the MS scheme can
be seen as a lower bound for the performance of STAR-RIS
with the ES scheme since the ES scheme encompasses the
MS scheme. Finally, we observe that the ES scheme with the
feasibility set Zg; performs very close to the ES scheme with
the feasibility set Zgy, which can be considered as an upper
bound for the system performance.

7) IMPACT OF THE FEASIBILITY SETS

Fig. 12 shows the average fairness rate versus P for Npg = 8§,
Nris =40,L =2,K =2, M =2,n; =256, and €€ = 107°.
As expected, the feasibility set 7y outperforms the other
feasibility sets. However, the feasibility set 7; performs very
close to the upper bound performance of a passive RIS,
which is given by 7. Note that our proposed scheme for
the feasibility set 7y converges to a stationary point of the
original problem. Thus, the gap between the upper bound
with 7y and our proposed scheme with 7; can be seen as
an upper bound for the mismatch between our proposed
algorithm and a scheme, which attains a stationary point of
the original problem.
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8) CONVERGENCE BEHAVIOR

Fig. 13 shows the average fairness rate versus the number of
iterations for P = 20dB, Ngsg = 8, Ng;s = 40, L =2, K = 2,
M =2, n, = 256, and €€ = 107>, As can be observed, the
proposed scheme for RIS-assisted systems outperforms the
final solution of the other schemes after a few (less than 10 in
this example) iterations. Moreover, the schemes converge in
about 25 iterations. This figure shows a trade-off between
optimality and complexity. Indeed, if there is a very strict
latency constraint, the algorithms can be stopped before their
convergence when a desired performance has been achieved.

B. WEIGHTED-SUM RATE MAXIMIZATION
In the previous subsections, we consider the impact of
different parameters in the system performance. It can be
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expected the we observe a similar behavior if we change
the objective function. Thus, in this subsection, we provide
only one numerical example. Fig. 14 shows the average sum
rate versus P for Ngg = 10, Nggs = 20, L = 2, K = 2,
M = 2, n; = 200, and €¢ = 0.001. As can be observed,
RIS can significantly increase the sum rate of the system.
Even an RIS with random components can highly improve
the system performance. We also observe that there is a small
gap between the rate with FBL and the Shannon rate, and
the gap decreases with the power budget. The reason is that,
the mismatch between the rate in (18) and the Shannon rate
decreases with SINR, and the increment in power budget
may result in SINR enhancement since the system is not
overloaded. Note that the gap is expected to increase if we
employ a shorter packet length or operate in a lower decoding
error probability.

C. GLOBAL ENERGY EFFICIENCY MAXIMIZATION

Fig. 15 shows the average GEE versus p. for Nps = 4,
Ngis =20,L =2,K =2,M =2,n, = 200,and € = 0.001.
In this figure, we assume that the power consumption of each
RIS is 1 W. Thus, the effective p. for users in systems without
RIS is actually p. — 1/K W. Note that p. is the constant
power consumption by the devices and is different from the
transmission power. We can observe through Fig. 16 that
RIS can highly increase the average GEE of the system if
the RIS components are properly optimized. However, if the
RIS components are randomly chosen, it may happen that
RIS may worsen the system performance in this particular
example, which is in line with the results in Fig. 6a.

D. MINIMUM-WEIGHTED ENERGY EFFICIENCY
MAXIMIZATION

Fig. 16 shows the average fairness EE versus p. for Npg = 4,
NR]S = ZO,L = Z,K = 2,M = Z,nt = 200, andEC = 0001
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Similar to Fig. 15, we consider the power consumption of
each RIS as 1 W. As can be observed, RIS can significantly
improve the EE of the system if the reflecting coefficients
are properly optimized. Note that RIS with random reflecting
coefficients may not provide any benefits in this particular
example, which shows the importance of optimizing the
reflecting coefficients. We also observe this show in Fig. 6a
and Fig. 15.

Fig. 17 shows the average fairness EE versus the number
of iterations for Ngs = 4, Ng;s = 20, L = 2, K = 2,
M = 2,n, =200, and €¢ = 0.001. As can be observed, RIS
with random components performs worse than the algorithm
for systems without RIS. However, when RIS components
are properly design, RIS can highly improve the system
performance. Additionally, the algorithm for systems without
RIS converges with only a few iterations, while the algorithm
for RIS-assisted systems require more iterations to converge.
Note that the initial point of the algorithms is given by the
solution of the maximization of the minimum rate to ensure
that the initial point is feasible.

Fig. 18 shows the average fairness EE versus €€ and n; for
Nps = 4, Ng;s = 20, L = 2, K = 2, M = 2. As can be
observed, RIS can provide a significant gain for a wide range
of variables if the RIS components are properly optimized.
As we also observe in Section V-A with the average fairness
rate as the performance metric, the system performance is
improved by increasing n; and €¢. Indeed, the EE decreases
if we employ a shorter packet length or if we want to operate
with a more reliable link.
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E. SUMMARY

We show that RIS can significantly improve the spectral and
EE of a multi-cell RIS-assisted BC with FBL and different
parameters. Moreover, we show that the FBL rate is very
close to the Shannon rate for underloaded systems when
packet lengths are higher than 200 bits and € is higher than
1073, This is also in line with the results in [13, Sec. IV.C].
Note that in underloaded systems, the number of BS antennas
is higher than the number of users. Thus, the effective SINR
of users is expected to be higher in underloaded systems,
comparing to overloaded systems, which decreases the gap
between the FBL rate and the Shannon rate [13]. In particular,

our main findings can be summarized as follows:
o For a fixed Ngys, the benefits of RIS is decreasing in K

since the number of RIS components per user decreases
with K. To compensate for that, we have to increase the
number RIS components.

o The gap between the Shannon rate and the rate by FBL
decreases with SINR. It means that the gap increases
with K and decreases with Ngg and P.

o RIS can significantly increase the data rate and EE of
the system. Equivalently, for a target data rate, RIS
can highly improve the reliability of the system by
decreasing the error probability.

VI. CONCLUSION AND FUTURE WORK

In this paper, we proposed a general optimization framework
to solve a variety of optimization problems in URLLC
RIS-assisted networks with FBL. This framework can
solve any optimization problem in which the objective
and/or constraints are linear functions of the rates/EE of
users. Additionally, the framework can be applied to any
interference-limited system with TIN. We considered a multi-
cell STAR-RIS-assisted BC, as an illustrative example, and
specialized the framework to solve the minimum-weighted-
rate, weighted-sum-rate, global-EE, and minimum-weighted-
EE maximization problems. We made realistic assumptions
regarding RIS (either regular or STAR-RIS). We showed
that RIS can considerably improve the spectral and EE
of a multi-cell MISO RIS-assisted BC with FBL if RIS
components are properly optimized. Furthermore, we showed
that we may operate close to the Shannon rate with a relatively
short packet if the decoding error probability is not very low.
Finally, we showed that a STAR-RIS can outperform a regular
RIS if the regular RIS cannot cover all the users.

As future work, it can be interesting to investigate the
performance of RIS in URLLC systems with small signaling
overheads. Moreover, the global optimal solution of the
considered problems is not known, which can be another
challenging line for future studies. It is also interesting to
compare the performance of our techniques with machine-
learning-based and/or other data-driven techniques.

APPENDIX A

INITIAL POINTS FOR THE OPTIMIZATION FRAMEWORK
In this appendix, we propose a scheme to heuristically
obtain suitable initial points for the proposed optimization
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framework. As indicated in Section II-C, the rate r;; is
negative for 0 < y; x < y(o), which means that y; ; < y(o) is
not a feasible point. Additionally, r; x is strictly increasing in
1.k for all feasible practical points, i.e., y; ¢ > y(o). To avoid
infeasible initial point and get a better performance, we set
the solution of the maximization of the minimum SINR as
an initial point for our framework. The maximization of the
minimum SINR can be formulated as

max y

s.t. > Vi, k. 62
e T, Vik =Y (62)

Note that for the systems without RIS, we need to optimize
only over {x}. However, in this appendix, we consider the
most general case. The optimization problem (62) is not
convex, but we can obtain a suboptimal solution of (62)
by MM, AO and the GDA since it falls into fractional
programming and each fraction has a quadratic numerator
and denominator [19], [83]. That is, we first optimize over the
beamforming vectors {x} and obtain {x"’} while the reflecting
coefficients {@} are fixed to {@~D}. Then we alternate and
optimize over {@®} while {x} is fixed to {x("}. Due to a space
restriction, we do not provide the optimization over {x} since
the problem has a structure similar to optimizing over {®}.
For a given {x" )}, the problem (62) can be written as

Thye, 1 xik |2
o2+ D Vil hu, i1

which is a multiple-ratio FP problem in which both the
numerator and denominator are quadratic functions of the
channels. To solve (63), we first employ CCP to approximate
the numerator of yy forall /, k with alinear lower bound since
it is a convex function. That is

max y s.t.
{®1eT.y

>y Vlk, (63)

. ~1
Ty X1 > S (i) = |h§,i,, )XEQIZ
“1 -1
+ 29“{1151'{,1 xj; (hzk,zxz’ﬁ—hﬁ,ﬂ’l )ng?)} )

Substituting (64) in (63), we have the following surrogate
optimization problem

Si (hugi)
02 + D . ixi

max y S.t

> Vi, k,
{®}eT .y =V

(65)

which is non-convex, but can be solved by GDA. That is,
we iteratively solve

max 66a
arex 14 (66a)

st 8k (O —p" 0+ D x| =y, VL k,
VIij1#lk]
(66b)

and update ™ as

(t,m) ; S (hg{rln))
HEIE 2 hx 2
K\ o+ 2w Xl
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where hg,l{rl”) is the initial point at the m-th iteration of (66),
which is the solution of the previous step. The optimization
problem (66) is convex when 7 is a convex set, i.e., when we
consider 7y for regular RIS and Zgy for STAR-RIS. We can
convexify 7;, 7¢, Tsr, and Tgy similar to Section IV-B. Since
it is straightforward to do so, we do not repeat them here.

APPENDIX B

USEFUL INEQUALITIES

In this appendix, we provide some inequalities, which are
widely used in this work. Consider real and positive variables
x, X, y and y. Then, the following inequality holds for all
x,y, X,y [24, Eq. (75)]

Vi
Xy < —=y+ —=x, (67)
Vxy AW
For the case that y = y = 1, we have
Viooox
X< —+ ——. 68
Vx 2 Tk (68)

Additionally, the following inequality holds for all feasible
x,y,x,y[24, Eq. (76)]

¥,z (Zx - )—Cy) . (69)
y

When x and x are complex, (69) is modified to

|2 2M{x*x} |52
_— — = =Y
y y y

Now, consider positive real-valued variables y and Yy,
and complex-valued variables x and x. Then, the following
inequality holds for all feasible y, y, x, X [37, Lemma 2]

2 =2 =12
i (1+22) < (14 ) -
y y y

+29%{5c*x} X2 x> +y
y y oIx2+y

(70)

(71)

APPENDIX C

PROOF OF LEMMA 3

The rate of users consists of two parts: the Shannon rate and
the term related to the channel dispersion. We first obtain
a concave lower-bound for the Shannon rate. To this end,
we employ the inequality in (71), which gives us

ron > P = log (1 + )’1(157])) ~vi "
2R { (hzk,zxﬁ,’f”)* hlk,lxlk}
o2+ |hlk,ixf:;_l)|2 - |hzk,zx§,’:”|2
o 07+ 2 il

~ Vi I
o2+ 3 thyix;; 12

(72)

Now, we obtain a concave lower-bound for —&y, which
is equivalent to finding a convex upper bound for /Vi.
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Applying the inequality (68), we have
(1)
Vlk Yik
Vi (U + i)

Replacing yj; by (19), we have
-1 ()
07 (9 Vi

07 1(e%) <
O = ——V'Vix < dp =
N 2./1;

_ 2 2
i 0 '(e) ot 2otk Dk, ixij] 73)
ntvl(kt) o + >0 x|

Cik

Unfortunately, SZk is not a convex function since ¢ is not
concave. However, we can apply (70) to obtain a concave
lower bound for ¢ (or equivalently a convex upper bound
for Slk) as

2 % { (g x ") h
o7+ 2 Ik, iXjj Ik iXij
-1
o2+ 3 Iy xR
gD o + 3 Iy x|
—1 N
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Substituting (74) into (73), we have

ik =2

(74)

0 Vi 0l

2/ Vi Vl(kt)

2 (t=DY*
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n v o2 +2 |hlk,ix,('jl-71)|2
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Finally, the concave lower bound for ry is
A=

If we substitute the values for ;izlzl) and Sl(li_l), and simplify
the equations, we can easily obtain (28).
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