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ABSTRACT This paper examines the coexistence of further enhanced mobile broadband (FeMBB) and
extreme ultra-reliable low-latency communication (eURLLC) services within an intelligent reconfigurable
surface (IRS)-assisted hybrid millimeter wave (mmWave) and terahertz (THz) network. To avoid the
obstruction of the line-of-sight (LOS) link, we propose a hybrid deployment scheme that combines terrestrial
IRSs and aerial IRSs. Additionally, we introduce a sub-IRS concept, dividing the IRS into multiple sub-IRSs
to serve multiple users. The coexistence of FeMBB and eURLLC services in the same network poses a
significant resource allocation (RA) challenge. To address this, we propose a multi-objective optimization
problem that jointly optimizes power, user, and service allocations. The goal is to maximize the FeMBB data
rate and eURLLC reliability, which is a challenging NP-hard mixed-integer nonlinear programming problem.
To solve this, we employ a weighted sum method to convert it into a single-objective optimization problem,
decomposing it into FeMBB and eURLLC RA sub-problems. Specifically, we introduce a many-to-many
matching game to allocate IRSs to FeMBB users. Simulation results demonstrate the superior performance
of the proposed scheme over baseline methods. Additionally, the proposed algorithm’s sum rate for FeMBB
users closely approximates that of an exhaustive search method but with significantly lower computational
complexity.

INDEX TERMS  Further enhanced mobile broadband (FeMBB), intelligent reconfigurable surface (IRS),
millimeter wave (mmWave), terahertz (THz), extreme ultra-reliable low latency communication (¢eURLLC).
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. INTRODUCTION

HE rapid growth of internet-of-everything (IoE) appli-
Tcations, with their diverse requirements, has signifi-
cantly increased the demand for high data rates, low latency,
and highly reliable transmissions. As a result, effective
resource allocation (RA) has become more critical [1].
Fifth-generation (5G) networks currently support a variety
of services, including massive machine-type communica-
tions (mMTC), enhanced mobile broadband (eMBB), and
ultra-reliable low-latency communications (URLLC) [2].
Additionally, sixth-generation (6G) communication networks
will not only enhance these 5G services with ultra mMTC
(umMTC), further eMBB (FeMBB), and extreme URLLC
(eURLLC), but also support multiple services within the
network [3].

To support emerging IoE applications, such as virtual
reality (VR) and augmented reality (AR), it is necessary
to ensure high data rates, ultra-reliability, and low latency.
The vision of 6G is to enhance data rate performance,

achieve extremely low latency, and enable ubiquitous con-
nectivity [4]. This enhancement is envisioned through the
coexistence of FeMBB and eURLLC services within the
same network. However, managing resources in the pres-
ence of diverse service requirements poses a significant
challenge [5], [6]. This challenge arises from the differing
requirements of each service: FeMBB emphasizes trans-
mitting large data blocks at high rates. At the same time,
eURLLC focuses on delivering short packets with low latency
and extremely high reliability. A recent concept known as
resource puncturing has been proposed to facilitate the con-
current operation of eURLLC and FeMBB services within
the same network [7]. In this approach, some resources
initially allocated to FeMBB services are punctured and real-
located to eURLLC services [8], [9], [10]. FeMBB services
demand a high data rate, while eURLLC services’ perfor-
mance is determined by reliability and latency based on the
channel conditions among coexisting FeMBB and eURLLC
user equipment (UE). Realizing these ambitious objectives
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necessitates exploring innovative solutions that facilitate the
coexistence of diverse services with varying requirements.

To address these challenges, millimeter wave (mmWave)
and terahertz (THz) communications have emerged as
promising technologies for future 6G wireless networks,
offering ultra-wideband bandwidth and extremely high
transmission rates [11], [12]. Despite their potential, there
are significant challenges in their commercial deployments.
Specifically, mmWave and THz bands suffer consider-
able signal attenuation and diffraction, which limit cover-
age range [11]. Solutions like ultra-massive multiple-input
multiple-output (UM-MIMO) and intelligent reflecting sur-
faces (IRSs) can help overcome these limitations. However,
UM-MIMO is associated with high energy consumption and
hardware costs. Additionally, the high penetration and path
loss inherent in mmWave and THz bands necessitate the use
of ultra-dense pico-cells to cover blind spots, which can be
costly, especially in environments with weak line-of-sight
(LOS), such as dense urban areas.

Recently, IRSs have gained prominence for their ability to
control wireless channels at a significantly lower cost. IRSs
consist of a large array of compact passive elements and
metamaterial-based structures designed to reflect incident
signals [13]. These surfaces enhance spectrum utilization
and reduce energy consumption in wireless communica-
tion systems. By reflecting incident signals, IRSs can alter
the signal’s phase, amplitude, and frequency. When direct
communication experiences poor channel quality conditions,
IRSs can improve transmissions between the transmitter and
receiver. By leveraging IRSs, it is possible to enhance sig-
nal quality and extend coverage without the high expenses
associated with traditional solutions like UM-MIMO, thereby
addressing the key challenges faced by mmWave and THz
communications [14]. Recently, advanced IRS technologies
such as beyond-diagonal IRS (BD-IRS), stacked intelli-
gent metasurfaces (SIMs), simultaneously transmitting and
reflecting IRS (STAR-RIS), and learning-based IRS architec-
tures have been investigated in cell-free networks [15], [16],
[17]. Most IRS-assisted networks focus on the deployment
of terrestrial IRS (TIRS) in scenarios without blockages [18],
[19]. While TIRS can be easily installed on building facades,
high blockage probabilities in dense urban environments pose
challenges for covering blind spots flexibly. In contrast, aerial
IRS (AIRS) schemes provide LOS links, offering a more
effective solution for overcoming coverage limitations and
enhancing network performance in obstructed environments.
In this work, we propose a hybrid IRS (HIRS) deployment
scheme that combines one static AIRS with multiple TIRSs
to assist communication between the access point (AP) and
UEs.

A. PRIOR WORKS

Considerable works have explored the allocation of URLLC
traffic over eMBB traffic [20], [21], [22], [23], [24], [25].
In [20], the authors proposed a joint scheduling method aimed
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at achieving long-term quality of service (QoS) between
eMBB and URLLC services. The proposed approach aimed
to maximize the reliability of both services system-wide
using multi-objective optimization problems (MOP). MOPs
were simplified into single-objective optimization prob-
lems (SOP) using optimal Pareto mappings. Specifically,
scheduling decisions utilized deep deterministic policy gra-
dients (DDPG) with prioritized sampling, accounting for the
unpredictability of URLLC traffic and channel variations.
Similarly, in [21], the authors formulated a MOP focusing on
the QoS of both eMBB and URLLC services. This work also
proposed an improved Gale-Shapley algorithm for efficient
traffic scheduling, leveraging the analytic hierarchy process
method and coalitional game theory. In [22], the authors
investigated an RA problem in ultra-dense networks (UDN)
with coexisting eMBB and URLLC users. The proposed
energy efficiency (EE) optimization problem with QoS con-
straints addresses diverse user requirements and interference
issues. To solve the combinatorial non-convex fractional pro-
gramming problem, this work decomposed it into resource
block (RB) and power allocation subproblems, which were
addressed using successive convex approximation (SCA)
and difference of convex (DC) programming. An alternative
optimization-based algorithm was proposed to optimize RB
and power allocation jointly.

In [23], the authors integrated IRSs into cellular networks
to enable the coexistence of URLLC and eMBB services.
Their approach jointly optimized the power allocation at the
base station (BS) and the IRS phase shift (PS) matrix to
maximize the eMBB sum rate while satisfying the eMBB
rate constraint. Similarly, [24] explored the use of IRSs to
facilitate the coexistence of eMBB and URLLC services.
This study formulated two optimization problems: one for
allocating time slots for eMBB traffic and another for allocat-
ing mini-time slots for URLLC traffic, aiming to maximize
the eMBB sum rate and the number of admitted URLLC
packets while meeting both services’ QoS requirements.
To address computational complexity, they proposed proac-
tively designed IRS phase-shift matrices optimized at the
beginning of each time slot. Additionally, the study conducted
in [25] addressed the RA problem in the coexistence of
URLLC and eMBB services with IRS assistance in the THz
band. This work formulated a joint optimization problem
involving the transmit power, the reflection coefficient of the
IRS elements, and the allocation of THz resource blocks.
Their approach combined an optimization policy with deep
learning and ensemble learning methods to meet the require-
ments of both eMBB and URLLC services.

Few research studies have investigated hybrid multi-band
networks (MBNs) and HIRS deployments [26], [27], [28],
[29], [30]. The authors of [31] explored the RA challenges
in MBNs. The aim of this work was to provide a service to
FeMBB and eURLLC in MBNs. The problem was formu-
lated as a joint network and subchannel allocation problem,
and a machine learning-based solution was proposed. In [28],
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the authors introduced a dynamic AP clustering model to
enable user-centric AP cooperation in a hybrid network com-
posed of THz APs, mmWave APs, and sub-6GHz APs. In this
user-centric model, each user initially formed three candidate
clusters of APs, each from a different tier. One of these
candidate clusters was then selected to serve the user based on
either the maximum signal-to-interference-plus-noise ratio
(SINR) cluster selection (MSCS) or the maximum rate cluster
selection (MRCS) scheme. Stochastic geometry was utilized
to establish an analytical framework for calculating the SINR
and rate coverage probabilities of the hybrid user-centric
networks.

In [29], the authors presented a hybrid transmission scheme
designed to enhance the reliability of URLLC services in
mmWave bands through adaptive diversity combining. This
scheme integrated two links: one in the FR1 band, known
for its higher reliability due to favorable propagation condi-
tions, and another in the FR2 band, which provides greater
capacity but less reliable connectivity. The hybrid scheme
dynamically adjusts the use of both links to leverage the
complementary characteristics of the FR1 and FR2 bands,
switching between FR2-only and joint FR1-FR2 transmission
based on the instantaneous channel quality of the primary
FR2 link. Performance was assessed using selection combin-
ing (SC) and maximal ratio combining (MRC) techniques.
In [30], the authors considered the hybrid deployment of
IRSs as TIRSs and AIRS to avoid the obstruction of LOS
communication in dense urban environments. The objec-
tive was to maximize the minimum average rate of users
in different blind zones of dense urban areas by jointly
optimizing transmit beamforming at the BS, the reflect-
ing coefficients of TIRSs and AIRS, and the height of the
deployed AIRS. This work proposed fractional programming
(FP) for the beamforming at the BS, the projected subgradient
method (PSM) for passive beamforming at the AIRS, and the
closed-form expression of the TIRS reflection coefficient was
derived.

B. CONTRIBUTIONS

The coexistence of FeMBB and eURLLC services within a
single network presents a complex RA problem, as FeMBB
and eURLLC services have different requirements, includ-
ing the trade-offs between reliability, latency, and data
rate. In addition, the unpredictable and sporadic nature of
eURLLC traffic necessitates dynamic and intelligent RA
strategies. This paper proposes a comprehensive RA frame-
work that integrates IRS-assisted hybrid mmWave and THz
communication with a matching theory-based approach.
The proposed optimization framework incorporates delay
constraints alongside minimizing the link error probability,
ensuring compliance with the 3rd Generation Partnership
Project (3GPP) defined eURLLC reliability requirements.
This guarantees that packets are delivered within the speci-
fied latency deadlines and meet both link- and system-level
performance metrics. This framework aims to effectively
manage the coexistence of FeMBB and eURLLC services
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in the hybrid wireless network. The key contributions of this
paper can be summarized as follows:

o« We model the coexistence problem of FeMBB and
eURLLC, representing FeMBB UEs’ rate with the
Shannon rate and using finite block length codes to char-
acterize eURLLC UEs’ rate in the IRS-assisted hybrid
network. In addition, we introduce a hybrid deploy-
ment of TIRS and AIRS, which consists of multiple
sub-IRSs.

o One of the main contributions of this paper is the for-
mulation of an RA problem aimed at jointly optimizing
key system parameters, such as the AP transmit power
and UEs association. To maximize the data rate for
FeMBB UEs and ensure reliability for eURLLC UEs,
this optimization problem is framed as an MOP. The
formulated problem is an NP-hard mixed-integer nonlin-
ear programming (MINLP) problem, which is generally
difficult to solve directly. To tackle the MOP, we employ
the weighted sum method, transforming it into an SOP
that still retains the MINLP characteristics.

o We decompose the SOP into two sub-problems: RA
for FeMBB UEs and RA for eURLLC UEs. Each
RA problem is further decomposed into UEs asso-
ciation and power allocation for both FeMBB and
eURLLC UEs. For the FeMBB UEs association, we pro-
pose a Gale-Shapley-based many-to-many matching
algorithm. Similarly, for the eURLLC UEs association,
we propose a Gale-Shapley-based one-to-one match-
ing algorithm. Furthermore, we derive a closed-form
expression for the power allocation of both FeMBB and
eURLLC UEs.

o Numerical results demonstrate that the FeMBB UEs’
sum rate achieved by the proposed algorithm is compa-
rable to that obtained using the exhaustive search (ES)
method. In addition, as compared to baseline methods,
the proposed algorithm significantly improves the sum
rate for both FeMBB and eURLLC UEs and reliability
for eURLLC UEs.

The rest of the paper is organized as follows. Section II
illustrates the system model, channel modeling, data rate
formulation, and mobility model. The RA optimization prob-
lem is formulated in Section III. The proposed solution is
provided in Section IV. Furthermore, in Section V, the perfor-
mance of the proposed approach is evaluated and compared
with baseline schemes. Finally, the paper is concluded in
Section VI.

Notations: Boldface lowercase symbols represent vectors,
while boldface uppercase symbols represent matrices. More-
over, X' represents the transpose and xH represents the
conjugate transpose (Hermitian) of the matrix X. The abso-
lute value and L2-norm operators are denoted as |.| and
|I.1l, respectively. The set RM x1 represents a real vector and
CM*1 denotes a complex vector of dimensions M x 1. Key
network parameters and channel variables used in this paper
are summarized in Table 1.
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FIGURE 1. System model for coexisting FeMBB and eURLLC services in
IRS-assisted multi-band networks.

Il. SYSTEM MODEL

A. NETWORK SETTING

With reference to Fig. 1, we consider an IRS!-assisted net-
work with one AP equipped with N antennas. The AP in
the network provides services to K single-antenna UEs.
Let us consider J € [1,K] as the number of eURLLC
UEs in the network, then the number of FeMBB UEs is
I = K — J. The sets of eURLLC and FeMBB UEs are
denoted as § = {uUEj, uUEy,...,uUE;, ..., uUE;} and
J = {eUE1, eUEy, ..., eUE;, ..., eUE;}, respectively. Fur-
thermore, L IRSs are deployed in the network to assist the
communication, where one AIRS and L — 1 TIRSs are
used. The set of L available IRSs is represented as L =
{Ii,,...,I;,...,I}. Furthermore, each IRS is equipped
with M = MM, reflecting elements, where M, and M,
denote the number of reflecting elements in each row and
column of the IRS, respectively. The inter-element spacing
along the y-axis and z-axis of the IRS elements is represented
as Ay and A, respectively. Let us consider a multi-user sce-
nario where the AP employs beamforming targeting-specific
IRSs for corresponding UEs with optimal PS configuration at
the IRS. We assume that all direct links between the AP and
UE:s are blocked due to obstacles”

B. SUB-IRS

We divide the IRS into € equal-sized sub-IRS, where each
sub-IRS has Me = M/C reflecting elements. When an
IRS panel is partitioned into multiple sub-IRSs, potential

1A conventional diagonal IRS model with ideal unit-modulus phase shifts
and perfect synchronization is assumed. Mutual coupling, radiation loss, and
other hardware impairments are not explicitly modeled in order to preserve
analytical tractability and focus on the proposed sub-IRS resource allocation
framework.

2This assumption is reasonable when the direct link is severely impeded
by obstacles or human bodies in the environment [32], [33].. In addition,
given the static nature of AP and IRSs LOS links between the AP and the
IRSs can be established with a careful deployment of IRSs. However, due
to the mobility of UEs, maintaining LOS links between all UEs and IRSs
is impractical. Therefore, we assume that all AP-to-IRSs links have a LOS
component available, while availability of the LOS depends on the location
of the UE for the IRS-to-UE link.
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TABLE 1. List of notations.

Notation Description

I Number of FeMBB UEs

J Number of eURLLC UEs

K Number of total UEs

L Number of IRSs

M Number of IRS reflecting elements
C Number of sub-IRSs

M. Number of sub-IRS reflecting elements
eUE; ith FeMBB UE

uUE; jth etURLLC UE

I; lth IRS

Iic cth sub-IRS on I;

Iieom mth reflecting element on I;
Pa Center location of AP

Pi,c Center location of I .

Pk Center location of UE

Ta,l,c Distance between AP to I; .
Tlek Distance between I; .. to UEg
P Evaluation angle

© Azimuth angle

g;"(hc,m)e CMex1  Channel from APp-to-I; ¢,
gicl,c,m),ke CMex1  Channel from I . ,,,-to-UE

G;Cc c (CMCXN
h;fc,k

X

n,(l,e,m)

ZX

(l,e,m),k)

X

gk

G)l,c

Rl,c,m S (07 1]
al’c,m c [0, 27T)
Wi
Gl,c,m(_rk)
Gl,c,m(ra)

Ga

Gy
pi
bj

Channel matrix from AP-to-I; .
Cascaded channel

Pathloss in APy,-to-I; ¢ », link
Pathloss in I . ,,, to UE link
Overall pathloss in the cascaded link
PS matrix of I; .

Reflection coefficient of Ij ¢,

PS amplitude applied by I; ¢ ,,
Beamforming vector for UEy

Gains of I; . ,, in reflection direction ry,
Gains of I; . », in incident direction rq
Antenna gain at AP

Antenna gain at UEg

Transmit power of eUE;

Transmit power of uUE;

Message intended for eUE;

Message intended for uUE;

Received signal at uUE; through I; .
Received signal at eUE; through I; .
SINR at eUE; through I; .

SINR at uUE; through I; .

Data rate of eUE; through I; .

Data rate of uUE; through I; .

uUE; packet length

uUE; channel dispersion

uUE; error probability

Delay requirement of uUE;

electromagnetic coupling or sidelobe leakage between adja-
cent sub-IRSs may arise in practical implementations. In this
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FIGURE 2. IRS with My x M reflecting elements is divided into C sub-IRSs each
sub-IRS equipped with M.

study, sub-IRSs on the same panel are assumed to be electri-
cally isolated, and intra-IRS spillover effects are not explicitly
modeled. This assumption is made to preserve analytical
tractability and aligns with commonly used ideal IRS models
that consider independent and controllable reflecting ele-
ments. While sidelobe interference could impact performance
in dense or closely spaced sub-IRS configurations, modeling
such effects would require a detailed electromagnetic charac-
terization and is left for future investigation. We can perform
simultaneous beamforming in all directions by dividing the
IRS such that the dimension of the channel space for each
sub-IRS equals the total number of sub-IRSs. We use the
degrees-of-freedom (DOF) approximation to determine the
number of elements in each sub-IRS, which can be written
as [34]

M b4
Me X2
where A is the wavelength, which is evaluated at the cen-
ter frequency of the operating bandwidth to determine the
number of sub-IRSs. This choice reflects a practical design
assumption, where the sub-IRS partitioning is based on dom-
inant spatial characteristics and fixed hardware constraints.
To calculate the number of reflecting elements in each sub-
IRS M@, we rearrange (1) as

M)? MM,
Me = = . 2)
TAyA, TAyA,
We consider that the IRS is square-shaped, which means

My, =M, Ay = A, = X/2', x € N,and /1/7 = 1/2.
We rewrite (2) as follows:

MeAyA,, 1

M, |1 2*M.
Me="2—="2 =2y, 3
(¢ Ay p ) y ( )
Thus, the number of sub-IRSs can be obtained as
M M,
= Mg T 2T @
e 2

There are multiple approaches to partition the IRS into C
sub-IRSs, each with Me reflecting elements. As shown in
Fig. 2, the IRS is divided into C sub-IRSs, each with M,
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columns and M, = 2*=1 rows. Moreover, our model is
applicable for M, rows and M, = 2°~1 columns.

C. 3D COORDINATE

In the 3D Cartesian coordinate system, the center locations
of the cth sub-IRS I; ., the AP, and the kth UE (UE; € KX)
are denoted as Pi.c = (Xi,c Yer 2,c)s Pa = (Xas Yas Za), and
Px = (X, Yk, zk), respectively. Moreover, the distance from
the AP to the center of I; . is written as

Ya,l,c = \/(xa - xl,c)2 + e — yl,c)2 + (2q — Zl,c)2~ 5)

Similarly, the distance from UEy to I; . is written as

Fek 2k =310 + Ok =y + @ — 7P (6)

For the sub-IRS I; ., we denote Py = (0, my Ay, my A7)
as the Cartesian coordinates of the mth reflecting element
of the sub-IRS I; . with respect to its center, where m, . =
0,£1,..., ! andm, . =0, +1,..., =L Hence, the
distance from the cth sub-array of the /th IRS’s center to the
mth reflecting element is calculated as

Tv'l,c,m = \/(my,cAy)2 + (mz,cAz)z- @)

We apply the following linear transformation to determine
the Cartesian coordinates of the mth reflecting element (with
respect to the origin).

Pi,c,m = Pl,c + Rl,cf)l,c,ms (8)

where the rotation matrix R; . € R3*3 is applied to each
IRS I; ., I € L,c € C to specify its own orientation.
It is noted that R, = R\, R] R, = R, R] =1L
and det(R; ) = 1 [35]. Furthermore, the node’s location in
spherical coordinates is represented as (r, ¥, ¢), where r is
the radial distance, ¥ is the elevation angle measured from

the xy-plane upwards, and ¢ is the azimuth angle.

D. CHANNEL MODELING

In this section, we drive the cascaded channels through the
sub-IRSs. We consider the downlink communication from
the AP, equipped with N antennas, to a UE with a sin-
gle antenna via the sub-IRSs. Furthermore, to evaluate the
performance of the proposed optimization framework under
ideal conditions, we assume perfect instantaneous channel
state information (CSI). In practical deployments, due to
model mismatch, channel estimation errors and outdated
CSI may degrade achievable performance and affect con-
vergence speed. Therefore, incorporating robust optimization
techniques or statistical CSI-based formulations to account
for channel uncertainty represents an important direction for
future research. Let gjf’ Le € CMe*1 denote the channel vector
from the nth antenna of the AP (AP,)-to-I; .. Moreover, let
gﬁ‘ (1.c.m) Tepresent the channel from AP ,-to-I; . ,,, which can
be written as

X = X —J a,l,c
8n,eom) = me JoxTate 9)

VOLUME 7, 2026
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where w, = E\” [m~!] is the wavenumber, x € {T, M},

ot denotes the wavenumber at the THz operating frequency
(fr), wm denotes the wavenumber at the mmWave operating
frequency (fyr), and Zn (Le.m) denotes the pathloss of the
AP,-to-1; ¢, link. The channel matrix from AP-to-I; . is rep-
X _ reX be be M. xN
resented as GLC = [gu’c, cos 8o By € CMexV,
The I; .-to-UEj channel at time slot ¢ is denoted as gfc (D€
CMex1. Thus, [gffc,k]mc(t). = 85 ey (1) i the Ij ¢ y-to-UEy
channel, which can be written as

gf(l,c,m),k(t) = V ez(l,c,m),k(t)e_ijr]’ak([)7 (10)

where k € {i, j}, E{l cm), «(#) denotes the pathloss of the I; ¢ ;-
to-UEy link at time slot 7. Let £ (1) = €} ;.. €0 oo £
represent the overall pathloss of the considered cascaded
downlink channel, which can be written as [18]

e])(( ) = GaGl,c,m(_rk)Gl,c,m(ra)Gk
Aze_’(abx(fx )(rl,c.k(t)+ra.l,z:)

(4nrl,c,k(t)ra,l,c)2

. dn

where kp5(f,) denotes the molecular absorption coefficient,
which models frequency-dependent f) atmospheric attenu-
ation. The cascaded channel vector h;( k(D) € CN*1 from

AP-to-UEy through I; . at time slot ¢ can be expressed as [36]

Y () = (G OMe, gl (1), (12)

where Q). € CMy*Mzc represents the PS matrix of I

encompassing the amplitude and PS of each element of
the (I, ¢)th sub-IRS. The PS matrix of the sub-IRS can be
described as [37]

0. = diag([iy c1€1, ... Ky o mePem,
i0,
L] Kl,C,Mpe] [.C’MC])i (13)

where k; ., € [0,1] and 6;.,, € [0, 2m) represent the
amplitude and the PS of I; ., respectively. The channel
matrix can be written as Hf (1) = [h;fc’1 ®), .. b O, ...,
hf, (17 e CK*N. Consider a precoding matrix W €
CN*K where W = [wy, ..., Wi, ..., Wk], and each wy €
CN*1 represents the precoding vector for UE. This vector
can be expressed as Wi = ,/px Wi, with py being the transmit
power scaling factor and Wy, the beamforming vector for UE.
Given power budget P,, the power constraint is written as

1 J
=D wi+ D> Lw <P, (14)
i=1 j=1

where I; € {0, 1}, with 1 representing that uUE; is transmit-
ting and O showing that it is inactive.

K

> lwel?

k=1

E. SIGNAL MODELING AND DATA RATE ANALYSIS
Let x € CN be the transmit signal vector from the AP to its
UEs, where x; and x; are the messages intended for eUE; € J
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and uUE; € J, respectively. Hence, the vector representing
the transmitted signals from the AP can be expressed as [38]

1 J
X = Z Wix; + Z HjoXj
i=1 =1

1 J
= > Vi + O L. (15)

i=1 j=1

The received signals at eUE; € J through I; . at THz band can
be expressed as

i = Pt} ()i

desired signal

1
+ z ZZ“/p—l(hlct(t)) Wi Xj + ”z ) (16)

i'=1,i"#i [=1 c=1

noise

interference

where n; ~ CN(0, aiz) is the additive white Gaussian noise
(AWGN) with zero mean and variance aiz [W] at eUE; €
J. The first part is the desired signal, which includes the
intended signal for eUE; reflected by the specific I; . allo-
cated to it. The second part accounts for the interference,
which arises from signals intended for all other users through
all IRSs in the network, contributing to interference at eUE;.
Finally, the third part is the noise present at eUE;. Further-
more, SINR y/ . ; at eUE; through I; ., calculated using (16),
can be expressed as

pilh}, ()HWil?

i = :
Zi’:l,i’#i ZI=1 zc 1Py |(h1 ¢ ,)Hwi’|2 + Giz
(17)

e —
yl,c,i -

The received signals at uUE; € { through I; . at mmWave
band can be written as

Ve = /DI ()

desired signal

+ Z ZZI[ Pr i )N + i (18)

J=1j A =1 e=1 noise

interference

where the first part is the desired signal, which includes
the intended signal for uUE; reflected by the specific I; ¢
allocated to it. The second part accounts for the interference,
which arises from signals intended for all other users through
all IRSs in the network, contributing to interference at uUE;.
Finally, the third part n; ~ CN(O, sz) is the AWGN with zero
mean and variance crjz [W] at uUE; € J. SINR yf"c’j can be
formulated as

pil ()’ ;)W
’ l/;ﬁjZl IZC lp/ [cj(t))H

)/u. , =
lc,j |2+6
(19)
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1) DATA RATE OF FeMBB
The achievable rate of eUE; € J through I; . can be expressed
using Shannon’s data rate formulation as

pil(] ()Fwi)?

Rj ;= logy(+
S iy S prlh] P 2407
(20)
Furthermore, the data rate of eUE; € J can be written as
L C
R = ZZR?C,,'[\I’](Z,C)J, (21)

I=1 c=1
where [W](.¢),; € {0, 1} is the sub-IRS allocation indicator,

which is set to 1 when I is allocated to eUE;, and set to
0 otherwise.

2) DATA RATE OF eURLLC

In eURLLC, the well-known Shannon’s data rate formula
for long block-length wireless communications is inaccurate.
Thus, we use the finite block length formula to calculate the
achievable rate of eURLLC UEs, which can be expressed
as [39] and [40]

Odo
Riics = log2 <1+foc,j)—\/7Q (e) + ({gg“,)

]

V.
~log, (1+v/,;) — ‘/g—’,Q‘l(ej), (22)
]

where ¢j, €;, and V; denote the packet length, error probability,
and channel dispersion, respectively. The channel dispersion
isdefinedas V; =1—(1+ y,’fc’j)_z. Furthermore, Q~!(¢;) is
the inverse Q-function® of ¢;. To obtain the error probability
at uUE; which is paired with a specific eUE; and punctured
the allocated sub-IRS I; ., one can reformulate (22) by simple
manipulation, which yields the following:

V4
Ry iy =logy(1+ ', ;[ T1i)) — ‘/g—j’,Q‘l(ej[T]i,,-),
06T = [ (om0 + 7 [T1ig) = R ITT),
J

€lY]ij= Q(\/%(logz(l 9/ 1) — R [ 1i))
(23)

where [Y];; € {0, 1} is the allocation indicator, which is set
to 1 when eUE; is allocated to uUE;, and to O otherwise.

F IRS REFLECTION MATRIX CONFIGURATIONS

The reflection matrix configuration is an important character-
istic of the IRS. The reflection matrix combines the amplitude
and PS of each element of the sub-IRS. In order to maximize
the power gain, the PS induced by I; ., is considered as an

o0 —v/2
_ZJTx ¢ /dv

3 As usual, Ox) =
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FIGURE 3. UEs and the AP placement at t{ to t4 during UEs’ movement.

ideal PS configuration, and the amplitude of each sub-IRS
element is set to 1, as follows [41]

N 2
Bl em = ~ Vi, c,m. (24)
K;C’m =1, Vil c m. (25)

(ra,l,c + rl,C,k))v

Therefore, the optimal reflection matrix configuration at I; .
is determined as

T * T * jioF .
[ o = diaglk} . 1 &Pet, k€0 em,

A (26)

G. NETWORK MOBILITY MODEL

Mobility models aim to capture the displacement of UEs as
they traverse different locations. These models are catego-
rized into two main types: individual movement models and
group movement models [42]. For the purpose of our anal-
ysis, we use the random waypoint mobility (RWM) model
for both eUE and uUE, where UEs move randomly within
a designated area. This model is suitable for simulating IoE
networks with freely moving UEs. In the RWM model, the
velocity and direction of UE; at time ¢ are represented as
V() € [Vmin, Vimax] and ¢r(t) € [0, 2], respectively, and
can be determined by a memoryless random process. Further-
more, for a given interval of data collection T', we have

it +T) — yi(t)

s (gu0)) = 2
T —
cos (¢ (1)) = ’WZT)(I)’”‘@ @7)

Let @, € (—1, 1) represent the angle deviation factor and
as € (—1, 1) denote the speed deviation factor. The UEs’
mobility between times #; and #4 is illustrated in Fig. 3.

lll. OPTIMIZATION PROBLEM FORMULATION

In this section, we formulate the MOP to maximize the sum
rate of the FeMBB UEs and the reliability of the eURLLC
UEs. The optimization variables are the FeMBB UEs’ allo-
cation matrix W, the eURLLC UEs’ allocation matrix Y, the
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AP’s transmit powers to the FeMBB and eURLLC UEs, P®
and PY, respectively. The FeMBB UEs’ sum rate and the
eURLLC UEs’ reliability can be jointly maximized via the
following MOP:

P (SXS R0, (X atr)
J=1

i=11l=1c=1

(28a)

st. R{,.;>Rmin, Viel, (28b)
pi>0, Viel, (28¢)
Dic1 Pi < Phaxs (28d)
W €{0,1), Viel, (28¢)
S Viei<C, VceC, (28)
et Vici <, Viel, (28g)
pi=0, VjelJ, (28h)
2 jes Pi = Phax (281)
Yij€{0,1}, VjelJ, (28))
S Yij<1, Viel, (28K)
i Yij<1, Vjel, (281)
€ < €max, Vi€, (28m)
T < Tmax, Vj€J, (28n)

where Ry is the minimum required data rate for the FeMBB
UEs, ¢; is the quote of eUE;, €max denotes the maximum
allowed error probability for the eURLLC UEs, and P%,,, and
P} . represent the maximum power budget. Constraint (28b)
imposes a minimum data rate for each FeMBB UE while
meeting the eURLLC UEs’ reliability. Furthermore, Con-
straints (28c) and (28d) ensure that the transmit powers are
always positive and that, for the FeMBB UEs, the total
power does not exceed the AP’s power budget, respec-
tively. Moreover, Constraints (28e), (28f), and (28g) ensure
many-to-many matching within the quota. The power con-
straints on eURLLC UEs are provided in (28h) and (28i).
Constraints (28j), (28k), and (281) guarantee the one-to-one
matching of eURLLC UEs. Constraint (28m) restricts the
error probability to meet the eURLLC UEs’ reliability, while
Constraint (28n) guarantees that the eURLLC UEs are served
within the latency requirement. The delay requirement of
uUE; is ensured as 7;; < Cj/R;.j, where C; represents
the total transmitted bits per packet for uUE;. Furthermore,
as usual for MOP, the solution is a set of local solutions,
rather than a global optimal solution. To solve the complex
MOP problem, current solutions usually transform it into
an SOP to be more tractable and computationally efficient.
The scalarization and weighted sum method is proposed to
convert the MOP to a SOP; thus, the MOP in (28) can be
written as follows:

I L C

:PE I\Il}l%i(TSZZZRZH[W](I o).

i=1 I=1 c=1
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+1 -9 - i [T1,)

st (28b) - (28n), (29)

where § € {0, 1} denotes the weight parameter. Of note, the
FeMBB sum rate and the eURLLC error probability represent
heterogeneous performance metrics with different physi-
cal meanings and numerical scales. To ensure a balanced
aggregation in the weighted-sum formulation, the weighting
parameter § € [0, 1] is selected to appropriately scale their
relative contributions in the objective function. In particular,
the eURLLC error probability is inherently bounded due to
the reliability constraint, while the FeMBB sum rate remains
within a predictable range under the considered system con-
figuration. Therefore, the weighting parameter effectively
compensates for scale differences between the two met-
rics. Moreover, constant normalization factors, if explicitly
introduced, can be equivalently absorbed into the weighting
coefficients without altering the structure of the optimization
problem. This formulation ensures a meaningful trade-off
between throughput and reliability despite their different
units and numerical ranges.

IV. PROPOSED RESOURCE ALLOCATION SOLUTION
Problem P1 is a MINLP problem, which is generally
very hard to solve and is an NP-hard problem. Therefore,
we decompose P1 into sub-problems to find a sub-optimal
solution. Specifically, we divide P1 into two sub-problems
for FeMBB UEs RA and eURLLC UEs RA.

A. FeMBB UEs RESOURCE ALLOCATION

For any given eURLLC UEs resources Y and P", we set § =
1, thus, the optimization problem P1 in (29) can be expressed
as

P2: max S X X R Wi
s.t. (28D) - (282). (30)

The FeMBB RA optimization problem in P2 is still an
NP-hard problem. Therefore, we decompose P2 into two sub-
problems, FeMBB UEs-sub-IRSs association and FeMBB
UESs power allocation.

1) FeMBB UEs-SUB-IRSs ASSOCIATION

To maximize the sum rate of FeMBB UEs, we optimize the
association matrix for a given power allocation matrix. The
corresponding optimization problem is defined as:

1 L C e
P2.1: n‘1ljax IR IND Il R . il¥la.cp.i
s.t.  (28D), (28¢), (289). 31
Now, sub-problem (31) turns into a resource scheduling
problem, which we can solve using the proposed matching
scheme. In our system model, we considered L x C > K

number of sub-IRSs. Therefore, we propose a many-to-many-
matching scheme; in this matching, we allocate multiple IRSs
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Algorithm 1 Proposed Many-to-Many Matching-Based
FeMBB UE Association Algorithm for P2.1

Input: €L, ceC,iel, R . [Y]¢ ..[Y]} . setof

l,c,i’ il,c’

unmatched FeMBB UEs I1, FeMBB UE quota ¢,
[(Yg,e),i

1 Initialize [Y]S, . = 4, [T]},c’i =0, Vi =%

2 Step 1: Preference Matrix Configuration:

3 forieldo

4 L R .. Vielandstorein[R]f ;

5 [[R]fﬁc’i,[T]fyl’C] = sort ([R]f,cﬁi,2,descend)

6 [[R]}’C’i,[T]}’C,i] = sort ([[R]f’c‘i]T,Z,descend)

7 Step 2: FeMBB UE Association:

8 while (T1 £ @ U FeMBB UEs not rejected by all IRSs) do

9 | if(si>¢)

10 No more IRS allocates to eUE;

11 else

12 for cUE; € ITdo

13 Target the highest priority sub-IRS in [T]i Le

14 Element of [W](,¢),; = 1

15 for; . €l,cdo

16 if (I & [Ylge.i)

17 (Vg0 < [Y]g,e),i Y (UEy T e),

18 sr =c¢r+1

19 elseif (R, ., > R} .))

20 Break the’e,xisting allocation,
(Wi,0),i < [Wa,0),i Y (UEy, 1)

21 si=¢r+1

22 else Reject eUEy and continue with the existing
allocation

23 Output: FeMBB UE Association matrix W*

to assist the FeMBB UEs. Each eUE; € [ calculates its
achievable rate Rley c.iover the set of sub-IRSs using (20). Fur-
thermore, based on the calculated data rates, each FeMBB UE
defines its priority relation and prepares the priority matrix
T/ .- The priority matrix of the sub-IRSs can be represented
as TII’ c.i» Where the priority matrix configuration process is
shown in the first step of Algorithm 1. In the original one-to-
one matching problem, one sub-IRS is allocated to only one
UE. However, in our proposed matching, multiple sub-IRSs
can be allocated to one FeMBB UE. We define the quote g; as
the quote of e UE;, which is the maximum number of sub-IRSs
that can be allocated to eUE;. The sub-IRS allocation process
is shown in the second step of Algorithm 1.

2) FeMBB UEs POWER ALLOCATION

At the beginning of the slot, all the power is allocated to the
FeMBB UEs. Thus, the power-allocation sub-problem for a
given W* can be formulated as

c
P2.2: max PP IR Pl R . ilW¥]a.o.i
s.t.  (28b) - (28d). (32)
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Algorithm 2 FeMBB UEs Power Allocation Algorithm
for P2.2
1 Input: /, FeMBB UE power allocation matrix

P¢ = [p;], convergence threshold £¢ > 0

2 Initialize: p;(0) =P, /I,t =0

3forieldo

4 while (p;(t) — pi(t — 1) > £¢) do

5 pi < pit)andt =1+ 1

6 while (p; is not converged) do

7 Obtain u°, of, and v via bisection on Py,
in (34)

8 pi =

+
[ 1+vf _ Li(t)+c7,-2 i|
K Wil (] ()W
leL ceC

9 Normalize to meet the power budget
constraints

10 | pit) < Di

11 Output: FeMBB UE Power allocation matrix P**

Theorem 1: The closed-form expressions for the optimal
power allocation of eUE; and power budget are given as,
respectively

|: 1 +vf L) + o} ]+
pi= - —
Keter TS Wil )Wl
leL ceC
(33)
pe _i[ 1 +vf L) +o? ]+
max —_ - — s
TLue ol DTS [ Wlg el ()Wl
leL ceC
(34)
where [x]t = max{x,0} and u°, 0f, and v{ are the

Lagrangian multipliers. The value of 1€ is selected to ensure
that > ;.; p¢ < Pmax, 0f is selected to avoid a non-negative
value for pf, and v is selected to ensure the minimum required
data rate is satisfied.
Proof: The proof is provided in Appendix A. [ ]
We use Theorem 1 to determine the optimal p; and then
apply the water-filling (WF) method iteratively across all
UEs. The iterative WF method for (32) is presented in
Algorithm 2. The process of solving Lagrange multipliers
u?, ¢f, and vf in Algorithm 2 employs a bisection search
technique to ensure that the total power allocation satisfies
constraint P, ... This method systematically adjusts u® by
iterating within predefined lower and upper bounds until
the allocated power meets the maximum allowable power
with sufficient precision. Multipliers of and v{ are updated
iteratively to satisfy individual constraints, such as the data
rate requirements and per-UE power constraints, ensuring
alignment with ©°.
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B. eURLLC UEs RESOURCE ALLOCATION

For any given FeMBB resources W and P¢, we set § = 0;
thus, the optimization problem P1 in (29) can be expressed
as

J
P3: max — 21 61Ty
s.t. (28h)-(28n). (35)

The eURLLC RA optimization problem in P3 is also an
NP-hard problem. Thus, we decompose P3 into two sub-
problems, eURLLC UEs association and eURLLC power
UE:s allocation.

1) eURLLC UEs-FeMBB UEs ASSOCIATION

To maximize reliability of eURLLC UEs, we optimize the
association matrix for the given power allocation. The corre-
sponding optimization problem is defined as follows:

n%(ax — Z]I’:I Gj[T]i,j
s.t. (28))-(28n). (36)

P3.1:

Sub-problem P3.1 in (36) turns into a resource pairing prob-
lem, which we can solve using the proposed one-to-one
matching-based algorithm. Each FeMBB UE, eUE; computes
its achievable rate, establishes its priority relation, and con-
structs priority matrix Fii' Moreover, each eURLLC UE,
uUE; computes its error rate, establishes its priority relation,
and constructs priority matrix F}fi, as shown in step 1 of
Algorithm 3. Each eURLLC UE is potentially allocated
to a single FeMBB UE in the one-to-one matching pro-
cess. Algorithm 3 is depicted as a sequence of attempts by
eURLLC UEs to form connections with FeMBB UEs. During
this process, each FeMBB UE may either be matched with
an eURLLC UE or remain unpaired. eURLLC UE:s initiate
the association process by proposing to the highest-priority
FeMBB UE in their priority list. This proposal continues until
an eURLLC UE is either accepted or rejected by all FeMBB
UEs. Once rejected by a FeMBB UE, an eURLLC UE can
no longer propose to the same FeMBB UE. If an eURLLC
UE proposes to an unpaired FeMBB UE, that FeMBB UE
immediately accepts the proposal. However, if the eURLLC
UE proposes to a FeMBB UE that is already engaged, that
FeMBB UE compares the new and current eURLLC UE
and selects the one with the highest priority. If the FeMBB
UE favors the current eURLLC UE, the new proposal is
rejected. However, if the FeMBB UE prefers the new pro-
posal, it breaks its engagement with the current eURLLC
UE and accepts the new one. This process iterates until all
eURLLC UEs are paired or all possibilities are exhausted,
as outlined in step 2 of Algorithm 3.

Remark 1: The proposed many-to-many matching-based
algorithm and one-to-one matching-based algorithm termi-
nate in polynomial time. Specifically, if there are / FeMBB
UEs, J eURLLC UEs, and L IRSs with C sub-IRSs, then
Algorithm 1 and Algorithm 3 terminate after a maximum of
I x L x C and ] x J iterations, respectively.
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Algorithm 3 Proposed One-to-One Matching-Based

eURLLC UE Association Algorithm for P3.1
Input: 7, J, [F]i P [F]j‘." ;» set of unmatched eURLLC

UEs nu, [T]i,j

1 Initialize [F]fyj =0, [F]]‘{i =0,[Y]ij=19;

2 Step 1: Preference Matrix Configuration:

3 [[R]Ie’c’i,[f‘]ij] = sort ([R]le’c’i,Z,descend)

4 [[e]’f,[F]iji] = sort ([e]j’.‘,Z,ascend)

5 Step 2: eURLLC UE Association:

6 while (I1% # () U eURLLC UEs s not rejected by all
FeMBB UEs) do

7 for uUE; € 1" do

8 Target the highest priority eUE in [F]j'f ;

9 Element of [Y];; =1

10 for eUE; € I do

11 if (eUE; ¢ [T]i,j )

12 [T]i; < [Y];; U (uUEj/, eUE;)

13 else if Priority of new proposal is higher than the
existing pair

14 Break the existing pairing
[T]ij < [Y];; U (uUEy, eUE;)

15 else Reject uUE; and continue with the existing
pairing

16 Output: eURLLC UE Association matrix Y*

Proof: In each iteration of the algorithm, every
unmatched FeMBB UE puts forward a proposal to the
previously unexplored sub-IRS. Subsequently, the sub-IRS
either accepts or declines the proposal based on its sta-
tus and preferences, as outlined in Step 2 of Algorithm 1.
Considering / FeMBB UEs and L x C total sub-IRSs,
there can be a maximum of / x L x C possible propos-
als within the proposed algorithm. Similarly, we can prove
that Algorithm 3 terminates after a maximum of I x J
iterations. |

2) eURLLC UEs POWER ALLOCATION

To achieve maximum reliability for e(URLLC UEs, we aim to
optimize the transmit power for a given eURLLC UE asso-
ciation matrix Y*. This leads to the following optimization
problem:

P3.2: max
Pu

— > €l
s.t.  (28h), (28i). (37)
To maximize reliability of eURLLC UEs for the given allo-

cation matrix, we need to minimize the error probability.
Using (37) and (23), yields

max — Z{:l € = min

Pu J <

J
P =1
~ max 3 \/ézj (loga(1 + /) —R!.).  (38)
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Algorithm 4 eURLLC UEs Power Allocation Algorithm
for P3.2
1 Input: J, eURLLC UE power allocation matrix
P" = [p;], convergence threshold £ > 0
2 Initialize: p;(0) =P}, /J,n=0

3 forjeJdo

4 while (p;(t) — p;j(t — 1) > ") do

5 pj < pj(t)

6 t=t+1

7 while ( p; is not converged) do

8 Obtain u* and @ via bisection on P
in (40)

J Vitutte ) g oRw |

10 Normalize to meet the power budget
constraints

1 | pi(t) < p;

Output: eURLLC UE Power allocation matrix P**

—
5]

Theorem 2: The closed-form expressions for the optimal
power allocation of uUE; and power budget are given as

g o1 () + o ]+
=2 - : 39
b [\/;, (u" + Q;‘) (B} (0)HW;[2 %

J . 2 +
. g 1 y(r) +o; }
Pl = | - , (40
" Z[ Vj(u"+a;‘) |(hy% O 12 “

j=1 l,c,

respectively. Here, u" and o are the Lagrangian multipliers
for the total power constraint and the non-negativity con-
straints on p;.
Proof: The proof is provided in Appendix B. ]
The optimal p]’.’ is obtained using Theorem 2 and then
the WF method is iterated over all UEs. The WF method
proposed for (37) is detailed in Algorithm 4. The process
of solving Lagrange multipliers u* and Q; in Algorithm 4
employs a bisection search technique to ensure that the total
power allocation satisfies the constraint P}, . This method
systematically adjusts u* by iterating within predefined lower
and upper bounds until the allocated power meets the maxi-
mum allowable power with sufficient precision. Multiplier Q]Lf
is iteratively updated to satisfy individual constraints,
such as the reliability requirements and per-UE power con-
straints, ensuring alignment with .

C. COMPUTATIONAL COMPLEXITY ASSESSMENT

To achieve the optimal FeMBB-sub-IRS pairing, the ES
method involves evaluating all possible combinations and
selecting the one that maximizes the sum rate. The com-
putational complexity of this approach is O((L x C)!).
In contrast, the computational complexity of the proposed
matching-based method is O(/ x L x C). To assess the
computational complexities of these schemes, we analyze
their logarithmic complexities. The logarithmic complexity

3298

TABLE 2. Complexity comparison of different schemes.

No. of iterations for

K L C  No. of iterations for ES
proposed scheme
4 4 24 16
8 8 4 40,320 64
10 10 4 3,628,800 100

of the ES method is O(In((L x C)!)). By applying logarithmic
properties and Stirling’s formula (In(n!) = nln(n)), this can
be simplified to O((L x C)In(L x C)). On the other hand, the
logarithmic complexity of the proposed scheme is O(In(7) +
In(L) + In(C)), which is significantly lower than that of the
ES method. Similarly, we can calculate the computational
complexity of the FeMBB-URLLC matching algorithm. For
a detailed comparison of matching complexities of the pro-
posed scheme and the ES scheme, see Table 2.

V. SIMULATION RESULTS AND DISCUSSION

In this section, we present simulation results to evaluate the
performance of our proposed algorithm and compare it to
existing schemes. Our study employs MATLAB to imple-
ment the algorithms, with each data point derived from the
average of 100 independent trials. In the simulated scenario,
the carrier frequency and channel bandwidth for the THz band
are fr = 300 GHz and 10 GHz, respectively [43]. Similarly,
the carrier frequency and channel bandwidth for the mmWave
band are fyry = 28 GHz and 1 GHz, respectively [44].
Additionally, the dimension of each element in the IRS is
A/2 meters, where \ represents the wavelength. The simu-
lation parameters, outlined in Table 3, are configured based
on prior research works [18], [19], [43], [44]. We compare
the proposed scheme with the following methods:

« Exhaustive Search (ES): The ES method uses the pri-
ority matrix to evaluate all possible pairings and select
the combination that maximizes the objective function.

o Greedy Search (GS): In the GS method [45], [46], each
UE selects the IRS with the highest priority. When mul-
tiple proposals are made to the same IRS, it is randomly
assigned to one of the UEs.

« Random Search (RS): The RS scheme [47] involves
randomly selecting the UE-IRS association matrix.

A. PERFORMANCE EVALUATION OF FeMBB

Fig. 4 shows the FeMBB sum rate for different schemes
relative to the transmit power of the AP. It is observed that the
sum rate increases steadily with higher transmission power
for all schemes. Remarkably, the sum rate achieved by the
proposed algorithm is nearly identical to that of the ES
scheme. Additionally, the proposed algorithm outperforms
the GS and RS methods. Fig. 5 shows the effect of the number
of sub-IRSs on the FeMBB sum rate for various schemes
under a fixed eURLLC load. The FeMBB sum rate achieved
with the proposed algorithm is close to the one obtained
with the ES scheme. Furthermore, the results highlight the
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TABLE 3. Simulation parameters.

Parameters Values
Number of AP antennas 64

Number of UEs 5-20

Number of IRS elements 100 x 100 [19]
THz frequency (fr) [GHz] 300 [19]
mmWave frequency (fyr) [GHz] 28 [44]
Absorption coefficient at fr [m~1] 0.0033 [18]
Absorption coefficient at fiy [m~1] 0.000014 [48]
Transmit power [dBm] 25 [18]

Noise power density for THz band [dBm/Hz] —174 [43]
Noise power density for mmWave band [dBm/Hz] —134 [44]
Channel BW in THz band [GHz] 10 [43]
Channel BW in mmWave band [GHz] 1

Noise figure [dB] 10 [19]

Side length of IRS elements [m)] A2
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FIGURE 4. FeMBB sum-rate vs. transmit power.
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FIGURE 5. FeMBB sum-rate vs. number of sub-IRSs.

proposed scheme’s superior performance as

compared to

the GS and RS schemes. This enhancement is attributed
to the effective association of the sub-IRSs, which improves
the channel gain. Specifically, with a configuration of 10
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sub-IRSs, the proposed scheme achieves FeMBB sum rates,
which is approximately 25% and 46% higher than those of
the GS and RS schemes, respectively.

Fig. 6 clearly shows that the sum rate of FeMBB UEs
increases with the number of antennas at the AP. This
improvement is due to the proportional rise in total sig-
nal gain as the number of antennas increases, resulting
in higher sum rates. The proposed scheme consistently
outperforms both the GS and RS schemes. Additionally,
the sum rate of FeMBB UEs achieved with the proposed
algorithm is approximately equal to that obtained with the ES
scheme.

With an increase of the sum rate of FeMBB UEs, the num-
ber of TIRSs increases as shown in Fig. 7. The reason behind
this is that when the number of TIRSs increases, the total
received signal strength also increases, thereby ultimately
improving the sum rate of FeMBB UEs.Furthermore, the sum
rate of the proposed scheme is comparable to that of the
ES scheme. Fig. 8 shows that as the ratio of eURLLC UEs
changes, the proposed method results in lower FeMBB rate
loss compared to the GS and RS methods. This improvement
is due to the proposed matching-based approach, where each
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eURLLC UE is paired with the sub-IRS that has the least
impact on the FeMBB UEs, which enables the achievement
of less FeMBB rate loss.

Fig. 9 shows the FeMBB UEs sum rate as a function
of transmit power for the upper bound (UB), representing
the maximum when only FeMBB users are considered in
the network, and the proposed scheme, which optimizes
FeMBB service with the coexistence of eURLLC service.
The results demonstrate that the proposed scheme achieves a
sum-rate performance near the UB, showcasing its efficiency
in maintaining the FeMBB UEs sum rate despite additional
constraints introduced by supporting eURLLC UEs. This
outcome highlights effectiveness of the proposed algorithm
in balancing the requirements of both services while ensuring
minimal degradation in FeMBB performance.

B. PERFORMANCE EVALUATION OF eURLLC

Fig. 10 shows the impact of eURLLC packet size on the
eURLLC sum rate for various schemes. The sum rate
increases with the packet size as more channel resources
can be utilized for transmission. Moreover, the proposed
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matching-based method achieves a higher sum rate for
eURLLC UEs compared to the GS and RS schemes.

Fig. 11 illustrates the impact of the eURLLC packet size
on the eURLLC reliability of various schemes. The proposed
algorithm outperforms the GS and RS methods. Addition-
ally, Fig. 11 shows that as the size of eURLLC packets
increases, eURLLC reliability decreases. This decline is due
to limited resources, which result in more eURLLC pack-
ets being dropped. Fig. 12 provides an illustration of the
impact of the number of eURLLC UEs on the eURLLC
reliability of different schemes. It shows that as the number
of eURLLC UEs increases, the proposed scheme maintains
a reliability of 99.9%. However, the reliability of the base-
line schemes decreases as the number of eURLLC UEs
rises.

Fig. 13 illustrates the eURLLC sum rate of various
schemes against the transmit power of the AP. As the trans-
mission power increases, the eURLLC sum rate consistently
rises across all schemes. The proposed algorithm, in particu-
lar, shows superior performance compared to the GS and RS
algorithms. Fig. 14 demonstrates the effect of transmit power
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on eURLLC reliability across various schemes. The figure
shows that eURLLC reliability improves with the increase
in the transmission power across all schemes. Moreover,
the eURLLC reliability sharply increases as the transmit
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power rises from 5 to 20 dBm. This behavior is primarily
due to the significant improvement in the received SINR
in this regime, which enhances reliability under the finite
blocklength transmission model. However, when the transmit
power exceeds 20 dBm, reliability improvement saturates and
exhibits a slight degradation. This change can be attributed
to diminishing SINR gains and the increased influence of
residual interference and noise amplification, which become
dominant at higher power levels. Furthermore, the proposed
algorithm achieves the highest eURLLC reliability among all
schemes, as shown in Fig. 14.

VI. CONCLUSION
In conclusion, this paper examined the coexistence of

FeMBB and eURLLC services within an IRS-assisted hybrid
mmWave and THz network. To mitigate the obstruction
of LOS communication, we proposed a hybrid deploy-
ment scheme that combines TIRS and AIRS. Additionally,
we introduced a sub-IRS concept, where the IRS is divided
into multiple sub-IRSs to serve multiple users. The coexis-
tence of FeMBB and eURLLC services in the same network
posed a significant RA challenge. To address this chal-
lenge, we formulated a multi-objective optimization problem
that jointly optimizes power, user, and service allocation.
Our objective was to maximize the FeMBB data rate and
eURLLC reliability, which constitutes a challenging NP-hard
mixed-integer nonlinear programming problem. To solve this,
we utilized a weighted sum method to convert the problem
into a single-objective optimization problem, decomposing
it into FeMBB and eURLLC RA sub-problems. Specifi-
cally, we introduced a many-to-many matching game to
allocate IRSs to FeMBB UEs. Simulation results revealed
the superior performance of the proposed scheme over base-
line methods, particularly in terms of the sum data rate
for FeMBB UEs and the reliability of eURLLC UEs. Fur-
thermore, the proposed algorithm’s sum rate for FeMBB
UEs closely approximates that of the ES method, but with
significantly lower computational complexity. These find-
ings underscore the effectiveness of the proposed HIRS
deployment scheme and the sub-IRS concept in enhancing
the performance of future 6G networks. In future studies,
we plan on incorporating advanced beamforming techniques,
such as hybrid beamforming, and considering scenarios
with multiple antennas at the user equipment. In addition,
a promising direction for further investigation is extend-
ing the proposed framework to advanced IRS architectures,
such as beyond-diagonal IRS (BD-IRS) and simultaneously
transmitting and reflecting IRS (STAR-IRS), as well as
incorporating hardware-aware modeling that accounts for
mutual coupling, radiation loss, and synchronization imper-
fections Another direction for further research aimed at
addressing highly non-convex resource allocation problems
in large-scale RIS-assisted networks is using machine learn-
ing (ML)-based approaches. In particular, deep reinforcement
learning and data-driven optimization techniques may reduce
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the need for explicit convexification and manual subproblem
decomposition.

APPENDIX A

PROOF OF THEOREM 1

The Lagrangian function associated with P2.2 can be
expressed as

1
L, pf, 0% v) =D R — 1
i=1

sz - max

Rlct)

Zpl - max

~

i=1

Zpl - max
—0{pi — > U Rumin, (41)

where u®, of, and v{ are the Lagrangian multipliers for the
total power constraint, the non-negativity constraints on p;,
and the minimum rate constraints, respectively. Substitut-
ing (20) in (41), we have

I L C
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Z Z Z pi |( 1,c, ,(t))H |2 is the inter-
i'=1i'#il=1c=1
ference term. By taking the derivative of (42) with respect

to p.; and setting it to zero, we can derive the Karush-
Kuhn-Tucker (KKT) condition for the FeMBB UEs’ power
optimization problem as

where (;(t) =
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We rearrange (43) to calculate p;, which can be written as
[1+u; u(t) + o} ]*
pi=
KETOr > Wil () Wil
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(44)
where [x]T = max{x, 0}. Furthermore, to find eMBB UEs’

power budget, we substitute (44) into (28d), yielding

S e ]’
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(45)
This completes the proof of Theorem 1.
APPENDIX B

PROOF OF THEOREM 2
The Lagrangian function for P3.2 can be expressed as

L(P", 11", o) = Z  (logy(1 + ', ) — RY..)
j=1 Vi
J
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where u* and ! are the Lagrangian multipliers for the total
power constraint and the non- negativity constraints on pj,

respectively, and ;(t) = Z =14 Zl | Z _ 1 pjl(hy C](t))H
7 |2 is the interference term. By taking the derivative of (46)
withrespect to p; and setting it to zero, we can derive the KK'T
condition for the eURLLC UEs’ power optimization problem
as
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We rearrange (47) to calculate p;, which can be written as
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Furthermore, to find the URLLC UEs’ power budget, we sub-
stitute (48) into (281), yielding

4
v

(
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P ptef” Iy ()R

This completes the proof of Theorem 2.
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