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ABSTRACT The next generation of tactical networks (TNs) is poised to further leverage the key enablers
of 5G and beyond 5G (B5G) technology, such as radio access network (RAN) slicing and the open RAN
(O-RAN) paradigm, to unlock new architectural options for innovative applications. RAN slicing and the
O-RAN paradigm are considered game changers in TNs, where the former enables tailoring services to
users’ requirements, and the latter brings openness and intelligence to RAN management. In TNs, bandwidth
scarcity requires dynamic bandwidth slicing strategies. Although such strategies ensure efficient bandwidth
utilization, they may compromise RAN slicing isolation in terms of quality of service (QoS). To deal with
this challenge, we propose a deep reinforcement learning (DRL)-based RAN slicing mechanism, termed
here as sharing and inter- and intra-slice isolation (BS-IISI), which achieves a trade-off between efficient
bandwidth sharing and robust inter- and intra-slice isolation. BS-IISI performs bandwidth allocation in
two stages. In the first stage, bandwidth is allocated to RAN slices, while in the second stage, each slice
distributes its allocated bandwidth among associated users. In both stages, the slicing operation is constrained
by QoS-related considerations that enhance inter- and intra-slice isolation. BS-IISI relies on DRL algorithms
to perform bandwidth sharing at each allocation stage. We propose deploying the mechanism within an
O-RAN architecture and describe the relevant O-RAN functional blocks and the main phases of the DRL
model lifecycle management. Finally, we develop three implementations of the proposed mechanism, each
based on a different DRL algorithm, and evaluate their performance against several baselines under diverse
network configurations.

INDEX TERMS Deep reinforcement learning, open RAN, RAN slicing, tactical network, 5G.

enablers, such as radio access network (RAN) slicing and the

open RAN (O-RAN) paradigm.

The next generation of tactical networks (TNs) is expected
to have advanced capabilities to support a plethora of ap-
plications related to command, control, communication, in-
telligence, and surveillance that will enhance the operation
of the command-and-control structure. TNs have seized the
opportunity to embrace 5G and beyond 5G (B5G) commercial
technology to achieve this objective. Indeed, 5G and B5G
networks are paving the way towards a robust, resilient, and
secure communication infrastructure for TNs [1]. Embracing
5G and B5G technology enables TNs to leverage their key

RAN slicing technology makes it possible to virtually di-
vide a shared physical RAN into several logical networks
called RAN slices [2]. Each RAN slice can have its own
network performance indicators in accordance with the qual-
ity of service (QoS) requirements that apply to the service it
provides. In TNs, RAN slicing makes it possible to handle a
variety of tactical applications by devoting to each RAN slice
the RAN resources it requires. Therefore, the integration of
RAN slicing in TNs marks a radical shift towards flexible,
scalable, and resource-optimized networks.
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FIGURE 1. O-RAN system model for a TN environment.

To ensure the sustainable development of their RAN com-
munication systems, TNs must become more receptive to
existing RAN software and hardware products that have been
developed by commercial technology suppliers. The flexi-
bility to adopt third-party RAN solutions can be achieved
through the O-RAN paradigm [3]. The main idea behind the
O-RAN paradigm is to support RAN component intercom-
patibility and interoperability by making RAN hardware and
software elements not locked to a specific supplier. The O-
RAN paradigm enables TN to take advantage of innovations
developed by a wide range of suppliers to adapt their RAN
infrastructure to cutting-edge technologies [4]. Another game-
changing capability empowered by the O-RAN paradigm is
the automation of RAN operations management, such as RAN
slicing, using machine learning (ML) [5]. The desire for a
more programmable RAN is driven by a pivotal component
of the O-RAN architecture called the RAN intelligent con-
troller (RIC) [6], [7], which is shown in Fig. 1. TNs can use
the RIC to gather and analyze large volumes of data from
the RAN. These data are leveraged to train and refine ML
models embedded in the RIC, enabling the optimization of
network operations and enhancing decision-making processes
for command units. RAN slicing and the O-RAN paradigm
hold significant promises for enabling the next generation
of TNs to deliver innovative services. However, implement-
ing RAN slicing in TNs is complicated by several inherent
challenges. First, TNs operate in a highly dynamic RAN envi-
ronment where wireless channel transmission conditions are
subject to constant and unpredictable changes. In addition,
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the scarcity of radio resources, such as bandwidth, repre-
sents a significant limitation for these networks. Adapting
to this fast-changing and resource-constrained environment
requires dynamic bandwidth sharing. However, this approach
introduces challenges in maintaining slice isolation. In this
study, we define RAN slicing isolation from the perspective of
Quality of Service (QoS) performance. Specifically, isolating
a slice refers to ensuring it is allocated the resources needed
to meet its QoS requirements. This reduces the impact of
fluctuations in the resource requirements of one slice on the
QoS performance of the other slices. These issues highlight
the significant challenges involved in implementing effective
and reliable RAN slicing in TNs.

RAN slicing in TNs has been investigated in the liter-
ature [8], [9], [10], but with many limitations, mainly the
ignoring of isolation, user mobility and user QoS diversity in
the RAN slicing schemes proposed. In non-TNs, RAN slicing
isolation has been explored at different levels of granularity,
namely the slice level and the user level. In addition, several
resource- and performance-based metrics have been used to
define isolation in a RAN [11], [12], [13], [14], [15], [16],
[171, [18], [19], [20], [21], [22], [23], [24], [25], [26]. Nev-
ertheles, the schemes proposed focus mainly on satisfying
isolation constraints, without regard to resource wastage. In
other words, these schemes tolerate a slice or a user for being
allocated more than the minimum amount of resources needed
to meet their QoS requirements. This can be acceptable in
non-TNs, where the bandwidth is more easily accessible than
in TNs. In TNs, however, bandwidth is a very precious re-
source and should be meticulously allocated to avoid wastage.
Moreover, wasting it can be detrimental to RAN slicing iso-
lation. In fact, wasting the bandwidth in RAN slicing leads to
frequent reconfiguration of the resources allocated to slices or
users, which has an impact on isolation.

The novelty of this work is to propose a RAN slicing
mechanism for O-RAN TNs. The objective of the proposed
mechanism is to achieve a trade-off between efficient RAN
bandwidth sharing and appropriate inter- and intra-slice iso-
lation. The mechanism is called the bandwidth sharing and
inter- and intra-slice isolation (BS-IISI) mechanism.

The BS-IIST mechanism hierarchically performs bandwidth
allocation in two stages, namely inter-slice bandwidth sharing
and intra-slice bandwidth sharing. It ensures adequate iso-
lation both at the inter- and intra-slice levels of granularity
and in terms of resource and QoS performance. We define
a utility function to calculate the degree of user satisfaction.
It determines whether the bandwidth allocated to a user ful-
fills its QoS requirements and captures any resource wastage
during bandwidth allocation. User satisfaction increases when
a user’s achieved data rate gets closer to the required data
rate threshold and decreases when it gets further from the
required threshold (above or below). This allows bandwidth
to be allocated efficiently and prevents resources from being
wasted, which, in turn, contributes to isolation. We define slice
resource reconfiguration constraints to enhance inter-slice iso-
lation. These constraints ensure that resources can be removed
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from a slice that has excess resources and added to a slice that
requires additional resources. This avoids unnecessary slice
resource reconfiguration, which improves inter-slice isolation.

In both stages of RAN slicing, i.e., inter- and intra-slice

bandwidth sharing, the BS-IISI mechanism utilizes deep re-
inforcement learning (DRL) algorithms to perform bandwidth
allocation. We propose to deploy the BS-IISI mechanism in an
O-RAN architecture, which follows the specifications issued
by the O-RAN Alliance Working Group (WG) 2. Integrating
the BS-IISI mechanism in the O-RAN architecture allows for
a high degree of automation and flexibility in RAN slicing
operations to be able to instantly adapt to fluctuations in user
traffic and the environmental conditions of TNs.

This paper’s main contributions are summarized as follows:

® We model the bandwidth allocation problem as a contin-
uous optimization problem to maximize the user degree
of satisfaction and ensure inter- and intra-slice isolation.

e We propose a DRL-based RAN slicing mechanism to
solve the bandwidth allocation problem in each stage of
RAN slicing.

® We propose to deploy the BS-IISI mechanism in an O-
RAN architecture, and describe the O-RAN functional
blocks involved and the key DRL model lifecycle man-
agement phases involved.

e We develop three different implementations of the BS-
IISI mechanism, each based on a different DRL al-
gorithm, and subsequently evaluate their performance
against multiple baselines across various parameters.

The rest of the paper is structured as follows: Section II

reviews recent related work, Section III outlines the system
model, Section IV formulates the problem, Section V details
the proposed RAN slicing mechanism, Section VI evaluates
its performance, and Section VII concludes the paper.

Il. RELATED WORK

In this section, we first review recent research pertaining to
RAN slicing in TNs. Then, we present an overview of rele-
vant works related to RAN slicing isolation and classify these
works based on their level of isolation granularity level and
the isolation metrics they consider.

A. RAN SLICING IN TACTICAL NETWORKS

In [8], the authors use game theory to model resource slic-
ing in ad-hoc TNs as a non-cooperative game where slices
compete for shared bandwidth to maximize throughput-based
utility. They propose an iterative algorithm that converges
to a Nash equilibrium, enabling slices to alternately select
bandwidth to optimize their throughput. In [9], the authors
propose an algorithm to maximize device associations with
tactical RAN slices using a priority mechanism based on the
ratio of QoS to required bandwidth. In limited bandwidth sce-
narios, the algorithm reallocates resources from lower-priority
slices to higher-priority ones to optimize device connectiv-
ity. In [10], the authors design a RAN slicing framework
for managing the lifecycle of RAN slices in battlefield net-
works, with a slice controller that monitors QoS requirements
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and allocates necessary resources. These proposed approaches
overlook inter-slice isolation, user mobility, and the clear def-
inition of individual QoS requirements for slices.

B. RAN SLICING ISOLATION

Various works in the literature consider intra-cell isolation
in their proposed RAN slicing schemes. These schemes can
be classified by their isolation granularity and the isolation
metrics they consider. Isolation granularity consists of two
main levels, namely inter-slice isolation and intra-slice isola-
tion. Several metrics have been used to gauge isolation, such
as minimum and maximum thresholds related to allocated
resources or QoS performance, as well as load fluctuation.
These isolation metrics can be grouped into two classes:
resource-based metrics and performance-based metrics.

In [11], the authors focus on ensuring inter-slice isolation
by minimizing violations of service level agreements (SLAS).
SLA violations are found to occur when the data rate or la-
tency requirements of a slice’s users are not met. To further
enhance inter-slice isolation, resource sharing among slices is
prohibited, even when a slice cannot fully use the resources
allocated to it within a time window. In [12], a two-level
scheme for RAN resource sharing is proposed to ensure slice
isolation. At a high level, the system is found to guarantee the
availability of RAN resources by monitoring the network and
resource availability, and then assigning each user’s request
to the appropriate slice type. At the low level, based on the
high-level decisions, the necessary resources were allocated to
each user, which maintained isolation between slices. In [13],
RAN slice isolation is ensured by allocating to each slice
a number of resource blocks (RBs) that is greater than the
number requested and less than the maximum threshold value.
In [14], isolation is considered at the slice level and the user
level subject to the constraints that a RB can be allocated to at
most one slice at a time and each user must have a minimum
number of RBs. In [15], the objective is to maximize the
number of RBs allocated to a slice, which is dependent on the
slice’s traffic variation. This slice isolation metric is related to
how much consideration is given to slice traffic variation in
the RBs allocation process.

In [16], [17], isolation is defined as a ratio index of a
user’s QoS requirement to the QoS they actually achieve.
This index is limited by a minimum value. Furthermore, each
RAN slice’s throughput must not exceed a maximum thresh-
old. In [18], RAN slice isolation is ensured by keeping the
resources allocated to a given slice unchanged for a specific
period of time. In other words, no RAN slice resource re-
configuration is performed during the time interval. In [19],
the authors adopted a similar approach to sustain RAN slice
isolation at a higher level, involving the prediction of slice
resource requirements on a large time scale to guarantee sta-
ble resource allocation. The work in [20] ensures RAN slice
isolation by setting minimum and maximum thresholds for
the number of RBs allocated to enhanced mobile broadband
(eMBB) users and capping allocations for ultra-reliable low-
latency communication (URLLC) and massive machine-type
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TABLE 1. Classification of RAN Slice Isolation Related Work

Ref. Isolation granularity Isolation metric

Inter-slice Intra-slice Resource- Performance-
based based

[13], [15], [26] v v

[14], [18] v v N

[16] v v

G ™

[20] v v v

[22], [23] v v

[11], [24] v v v

communication (mMTC) users. Additionally, user-level isola-
tion is maintained by enforcing a minimum data rate threshold
for each user. In [21], the infrastructure provider ensures the
isolation of tenants” RAN slices in terms of data rate as long
as the number of users associated with each slice does not
exceed the contracted threshold. In [22], the number of RBs a
user requires is estimated from the throughput needed in the
physical layer. Then, a slice receives the amount of resources
that corresponds to the aggregation of the RBs estimated to
schedule all its users.

In [24], the authors perform inter-slice resource allocation
by reserving RBs for slices on long time scales based on
predicted resource demands. To ensure a high level of re-
source isolation, the reservation process involves lending or
borrowing resources between slices to maintain the necessary
number of RBs. Next, a RB association operation is con-
ducted to allocate the RBs to slices to uphold a high level
of interference isolation. In [25], slice isolation is enhanced
between interfering slices that operate on overlapping chan-
nels. This isolation is defined by the variation in user delay
and throughput when traffic from interfering slices increases.
An interference-aware channel allocation policy is proposed
to reduce overlapping frequency channels. In [26], eMBB and
URLLC users are grouped based on their channel quality.
Isolation is achieved by allocating RBs to each group in a
way that maximizes the throughput for eMBB users while
satisfying the delay requirements for URLLC users. Table 1
summarizes a classification of related work that investigated
RAN slicing isolation.Although RAN slicing isolation has
been studied in previous works, there are still isolation-related
research challenges that require more in-depth investigation.
In this work, we propose a RAN slicing mechanism that
ensures isolation both at the inter- and intra-slice levels of
granularity and in terms of resource and QoS performance.
Moreover, in previous research works, isolation has been
achieved by allocating resources without any concern for their
wastage. However, wasting resources can lead to poor iso-
lation, since frequent resource reconfiguration is necessary
when a large amount of resources are unused. The BS-IISI
mechanism improves the efficiency of RAN slicing isolation
while avoiding resource wastage.
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1Il. SYSTEM MODEL

We consider a 5G O-RAN system composed of a single base
station, i.e., a 5G next-generation node B (gNodeB), (see
Fig. 1). The set of users associated with the gNodeB is de-
noted by U = {1, ..., U}, where |U| = U .The gNodeB can
support the deployment of a set of RAN slices denoted by
S ={1,...,S}, where |8§] = S. Each RAN slice s € § is de-
signed to serve a subset of users denoted by Us = {1, ..., Us}.
Note that all users that are served by the same slice have the
same QoS requirements. We assume that a user can be served
by only one RAN slice, such that Uy N Uy = @, Vs #£ s’ and
UsesUs = U. We consider that the time dimension is divided
into several time slots indexed by #. We assume that RAN
slicing is performed at the beginning of each time slot 7.

We consider that users move within the gNodeB’s cov-
erage area following the random waypoint (RWP) mobility
model [27]. Each user u € U selects a random destination and
moves to it at a constant speed v,. Upon arrival, the user
pauses for a random period 7, before moving on. The user’s
velocity and pause time are assumed to follow the uniform
distribution U (Vmin, Vmax) and U(0, tmax), respectively. The
variables Umin, Umax, and Tmax denote the user’s minimum
velocity, maximum velocity, and maximum pause time, re-
spectively.

A. O-RAN ARCHITECTURE

Fig. 1 presents the considered O-RAN architecture that in-
cludes the following main components: the near-real-time
(near-RT) RIC, the non-real-time (non-RT) RIC, the O-RAN
radio unit (O-RU), the O-RAN distributed unit (O-DU), and
the O-RAN central unit (O-CU). The near-RT RIC manages
near-real-time control and optimization of O-RAN compo-
nents and resources. By contrast, the non-RT RIC performs
non-real-time management and optimization operations, han-
dling tasks with latencies exceeding 1 s. In their turn, the
O-RU, O-DU, and O-CU handle the gNodeB functions, with
each unit responsible for specific tasks depending on the
functional split option chosen, as defined by 3GPP [28]. The
O-RAN Alliance has selected the 7.2x split option, with the
O-RU handling lower-layer physical functions and the O-DU
managing higher-layer tasks. This split ensures flexibility,
with the precoding function located either in the O-DU (Cat-
egory A) or in the O-RU (Category B) [29]. In this study, we
selected Category A to keep the O-RU as simple as possible,
as a less complex O-RU reduces size and power consumption,
which are key factors in TNs. This architecture is ideal for
TNs because it minimizes fronthaul bandwidth requirements,
thus enabling low-latency and high-reliability communication
in a resource-constrained environment.

To implement the O-RAN components in a network, the
O-RAN Alliance defined six deployment scenarios [30]. The
choice of a deployment scenario depends on factors such as
network resource constraints and the services the RAN is de-
signed to deliver. In the present study, we selected “Scenario
A” where (i) the O-RU is located at the cell site; (ii) the
O-DU, O-CU, and near-RT RIC are hosted on an edge server;
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and (iii) the non-RT RIC is located in a regional cloud. The
centralized control of the O-CU and O-DU enables efficient
resource management, such as bandwidth allocation, which
is critical for tactical operations requiring coordinated and
real-time decision-making. Scenario A also reduces the need
for extensive on-site equipment, aligning with the mobility
and portability requirements of TNs. Furthermore, it supports
scalability by allowing multiple O-RUs to connect to a cen-
tralized O-DU, which facilitates expanding the network as
tactical situations evolve. This flexibility makes Scenario A
ideal for large-scale deployments, such as covering multiple
operational areas or supporting multiple tactical teams.

B. RAN SLICING MODEL

The gNodeB’s total radio bandwidth, which is denoted by
‘W, is shared among the gNodeB’s users. The slicing of W
is performed hierarchically in two stages, namely inter-slice
bandwidth sharing and intra-slice bandwidth sharing.

1) INTER-SLICE BANDWIDTH SHARING

In this slicing stage, a resource scheduler assigns a portion
S € [0, 1] of the total bandwidth W to each slice s € 8 at time
slot t. The bandwidth allocated to slice s at time ¢ is denoted
by W' and calculated as follows:

W = fiW. (1

To ensure that the gNodeB’s total bandwidth is not exceeded
and to prevent it from being exploited by only a small subset
of slices, we define the following two constraints:

[
Y on=t 2
s=1
and
frin < f< My e 8, (3)

2) INTRA-SLICE BANDWIDTH SHARING

In this slicing stage, each slice s € § allocates to each of its
users at time 7 a portion f} o of the bandwidth WY it was
previously allocated in the inter-slice bandwidth sharing stage.
We define the following two constraints for slice s:

[Us]

Y S =1 )
u=1

and
frin < fl < M Yy e U, Vs € 8. 5)

Constraint (4) guarantees that the sum of bandwidth portions
allocated to users of slice s does not exceed the slice’s total
bandwidth WY. Constraint (5) prevents the bandwidth W
from being used by only a small subset of users.

C. CHANNEL MODEL
We assume that the gNodeB knows the channel state infor-
mation of its associated users. The downlink channel gain
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between a user u € Uy, Vs € S and the gNodeB at time slot
t is denoted by g/,  and defined as follows:

 PL(du.s)
10

g, =10 h, %, (6)

where /1, ( is the small-scale fading coefficient, which is mod-
eled as a complex Gaussian distribution. PL(d,, ;) is the path
loss between user u and the gNodeB. The path loss model
considered in this work corresponds to the 3GPP specifica-
tions [31] and can be calculated as follows:

PL(dy s) = 28 4+ 221og;o(dy.s) +201ogo(fec) + osF, (7)

where d,, ¢ is the distance between user u and the gNodeB, f.
is the central frequency of the SG band, and ogr is the shadow
fading that follows a normal distribution.
The downlink data rate achieved by user u at time ¢ is
calculated as follows:
Pg .
L) i (8)

o= f Wlog, [ 1+

u,s us''s Li,sWENO
where P is the downlink transmission power of the gNodeB
and Ny is the power of the additive white Gaussian noise
(AWGN). We assume that P is the same for all users.

D. DEGREE OF SATISFACTION

A user is satisfied if the allocated bandwidth is sufficient to
achieve a data rate that meets its QoS requirements. Since
bandwidth is a limited resource, its efficient allocation is cru-
cial to satisfying users’ diverse QoS requirements. Inefficient
bandwidth allocation can result in data rates below or above
the required threshold. A data rate below the required thresh-
old diminishes the QoS provided by the RAN slices, directly
affecting users’ degree of satisfaction. While exceeding the
required data rate does not affect the QoS, it implies a waste
of resources that could be allocated more effectively to other
users facing bandwidth shortages.

To accurately gauge users’ degree of satisfaction, we need
to define a utility function that effectively evaluates how well
the bandwidth allocated meets user’s QoS requirements while
capturing any resource wastage during the allocation process.
For this reason, we model the degree of satisfaction of user
u € Uy, Vs € 8 at time ¢ using (9) [32]:

_ Vzﬁ,.y

P &A

—req

1—e R

Fy=—""—", )

where
s\
. __(oza)
)QLS - P S’
ruS
1+ (o)
o and £ adjust the elasticity of the function. R/ denotes

the minimum data rate required by each user served by slice
s € 8. Note that all users served by the same slice have the

10)
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same minimum data rate. ¢ is a normalisation parameter that
ensures that I/, | € [0, 1] and is given by (11):

1
=3

p=1—¢ ¢ 1)f+<s n 5

(1)

According to (9), as users’ satisfaction increases, the achieved
data rate approaches the required data rate, and decreases as
it deviates from it, either above or below. This helps to limit
wasting resources by allocating users more than they require.

The normalized degree of satisfaction of a slice s € § at
time ¢ is defined as follows:

[Us|

= ! r’ . (12)
N |usl — u,s

The total normalized degree of satisfaction of the entire sys-
tem at time ¢ is defined as follows:

1|

=5 ZF[

E. INTER-SLICE ISOLATION
To deal with the fast-changing and resource-constrained tacti-
cal RAN environment, the resources allocated to RAN slices
during the inter-slice bandwidth sharing stage need to be
dynamically reconfigured. Indeed, some slices may require
additional resources to maintain their users’ degree of sat-
isfaction at a high level. However, adjusting the bandwidth
allocated to the RAN slices can adversely impact inter-slice
isolation. Adding resources to or removing resources from
a slice can reduce the degree of satisfaction of the slice’s
associated users, which affects isolation among slices.

We define the reconfiguration cost of a slice s € 8 at time 7,
which is denoted by Cé, as follows:

13)

_ . —1 —
ri=t—rt if Wl £ Wand T < T77!

cl =
§ 0 otherwise.

(14)
In (14), the reconfiguration cost of slice s is considered if
the slice underwent bandwidth reconfiguration at time 7, i.e.,
WI=! £ W and the slice’s degree of satisfaction is lower at
time ¢ than it was at time r — 1, i.e., I} < F§’1. The value
of the reconfiguration cost, Fé‘l — T'L, is proportional to the
severity of the QoS deterioration. In other words, the more
the slice’s degree of satisfaction has deteriorated, the higher
the reconfiguration cost, and vice versa.

The total normalized reconfiguration cost at time ¢ is de-
fined as follows:

1|

t
E ZC

In this study, we consider that isolating a slice refers to ensur-
ing it is allocated the bandwidth it requires to meet its QoS
performance. This implies reducing the impact of fluctuations
in the resource demands of one slice on the QoS performance
of the other slices. In other words, increasing or decreasing

15)
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the portion of bandwidth allocated to a slice should not im-
pact the other slices’ degree of satisfaction. To this end, we
define slice resource reconfiguration constraints to efficiently
reconfigure the bandwidth allocated to the slicesand, in turn,
ensure inter-slice isolation.

We consider slice s to require additional resources at time ¢
if one the following constraints is satisfied:

Constraint 1:

* almost all its allocated bandwidth W’ ~! was used at time

t—1 ik, (1= Y proty < pmin and
e there is at least one unsatlsﬁed user at time t — 1, i.e.,
Uy # 0, where UL = {u € Uy, it < RYTY.
Constraint 2:
e its allocated bandwidth wi-t
t—1ie, (1= Y
° u’;um # (), and
® its remaining resources are not sufﬁcient to meet the

requirements of the unsatisfied users, i.e., ”* 1|U§;}”| >

Z|u°1 f; Sl) where f;* ; is the portion of band-
W1dth allocated to the user u* with the lowest channel
gain. We consider the amount of resources allocated to
the user with the lowest channel gain to account for the
worst-case scenario.

Constraint I indicates that although slice s used almost all
of its allocated bandwidth Wf?_l attime ¢ — 1, it did not satisfy
all its users. Constraint 2states that even if slice s partitioned
its bandwidth poorly among its users, its unused resources are
not sufficient to accommodate all its users.

If either Constraint lor Constraint 2is satisfied for a slice
s € 8, we consider that this slice requires additional band-
width at time ¢ and define this resource demand using the
following binary parameter (see (16)):

s,uns

was not fully used at time
171) > fmm

1 if s requires additional resources (16)
0 otherwise.

We model whether a slice s € § has experienced an increase in
its allocated bandwidth portion f! at time ¢ using the following
binary parameter (see (17)):

1 if ff > fi-!
0 otherwise

}gl:

S,

a7

The relationship between 195’ | and %‘ can be expressed as a
logical implication, i.e., 9 | = s | = 0! Vs
We consider slice s to have avallable resources at time ¢ if
one of the following constraints is satisfied:
Constraint 3:
e all users associated with slice s are satisfied,
U=l =, and

S, Uns

i.e.,

° F§_l < I'yp, where T, is a slice satisfaction threshold.
Constraint 4:

* Uiy =10,

e I'~!>T1,,and

o there are available resources (1 — Zlm 1) > fi min
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Constraint 3 indicates that all users associated with slice
s meet the minimum required data rate, yet exhibit a low
average degree of satisfaction, implying inefficient intra-slice
bandwidth allocation of W’;l at time ¢t — 1. In other words,
some users associated with slice s are allocated more band-
width than they require. Constraint 4ensures that there are
unused resources in the slice.

If either Constraint 3or Constraint 4is satisfied for a slice
s € S, we consider that this slice to have unused bandwidth
at time ¢ and define this resource excess using the following
binary parameter (see (18)).

if s has available resources

1
o, = 18
5,2 {O otherwise. (18)

We model whether a slice s € S has experienced a decrease in
its allocated bandwidth portion f/ at time 7 using the binary
parameter shown in (19):

- {1 if f1 < f1-!

19
5 0 otherwise (19)

The relationship between 9!, and s , can be defined as a
logical implication, i.e., 9! , = s , = D, v,

IV. PROBLEM FORMULATION

In order to satisfy the QoS of users, we need to achieve a trade-
off between efficient RAN bandwidth sharing among slices
and appropriate inter-slice isolation. Therefore, we should
maximize each slice’s degree of satisfaction while minimizing
its reconfiguration cost. We transform the two objectives into a
weighted sum by introducing a weight factor o € [0, 1]. The
global bandwidth allocation optimization problem is formu-
lated as follows:

maximize oI’ — (1 —a)(C’ (20a)
ffis

8]

subjectto Y fi<1 (20b)
s=1
U< fl< MY e 8 (20c)
[Us|
> fi=1V¥ses (20d)
u=1
< fl < M Vue U, Vs e S (20e)
rimz R, Nu e Us, Vs € 8 (20f)
dyvid =1Vse$ (20g)
dlovid,=1,Vse8 (20h)
M @D ,=1,Vs€S (20i)
fLfl el0,1,Vue Uy, Vs €8 (20)
w00 9L, €{0, 11, Vs €8, (20k)
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Constraint (20b) ensures that the sum of the bandwidth
portions allocated to the slices does not exceed the total band-
width of the system. Constraint (20d) ensures that each slice
does not receive more bandwidth that it has been allocated.
Constraints (20c) and (20e) set minimum and maximum
thresholds for the bandwidth portions allocated to slices and
users, respectively. Constraint (20f) ensures that the data rate
achieved by each user is above the minimum threshold. Con-
straints (20g) and (20h) ensure that the logical implication
relationships between s | and ¥ and between 3 , and
195”2 are maintained, respectively. Constraint (20h) implicitly
includes I';,, making the solution space constrained by the
degree of slice satisfaction. Constraint (20i) prevents the un-
feasible slice resource allocation scenario in which a slice
requires resources and at the same time has available re-
sources. Constraint (20j) presents the optimization variables.
Constraints (20c), (20g), and (20h) preserve inter-slice isola-
tion. Constraint (20c) ensures each slice receives a minimum
amount of resources and prevents resources from being mo-
nopolized by a subset of slices. Constraint (20g) ensures
that added resources are allocated to slices that need them,
while Constraint (20h) ensures that removed resources are
taken from slices with unused resources.” As a result, un-
necessary slice resource reconfiguration is avoided, which in
turn promotes inter-slice isolation. Constraints (20e) and (20f)
preserve intra-slice isolation during dynamic resource sharing
among users within a slice. Isolation is guaranteed in terms of
resources by (20e), and performance by (20f).

Due to the nonlinear and time-coupled structure of the
formulated problem, as well as the logical reconfiguration
constraints, it is challenging to derive a tractable solution
using conventional optimization methods, particularly in a dy-
namic RAN environment. Therefore, we adopt a DRL-based
framework to learn an effective bandwidth allocation policy
that approximates the solution of the formulated optimization
problem, while adapting to time-varying system conditions.

V. BANDWIDTH SHARING INTER-SLICE AND
INTRA-SLICE ISOLATION MECHANISM

We leveraged DRL techniques to address the RAN slicing
problem at each bandwidth allocation stage. DRL algo-
rithms can be classified into model-based and model-free
approaches. Model-based algorithms learn an explicit envi-
ronment model, including the state transitions, to guide action
selection. In contrast, model-free algorithms learn optimal
state—action associations directly from experience without ex-
plicit environment knowledge.

The choice between model-based and model-free meth-
ods depends on the problem being investigated. Model-based
methods are suited for fixed environments, (e.g., factory
robots or chess games), while model-free methods are prefer-
able for unknown or complex dynamics. In this work, we
adopt model-free algorithms due to: (i) the highly dynamic
and continuously varying RAN environment and (ii) the lack
of a reliable environment model during RAN slicing. Each

1269



FILALI ET AL.: DRL-BASED RAN SLICING WITH EFFICIENT INTER-SLICE ISOLATION IN TACTICAL WIRELESS NETWORKS

bandwidth allocation problem at each RAN slicing stage is
formulated as a Markov decision process (MDP).

A. MDP FORMULATION OF INTER-SLICE BANDWIDTH
ALLOCATION

In this slicing stage, we consider that a global agent is respon-
sible for allocating portions of the entire system’s bandwidth
to the slices.

1) THE STATE SPACE

To choose an action at time ¢, the global agent observes the
system performance resulting from its decision at time # — 1.
The observation at time ¢ is defined as follows:

O = (0L VL v gt 1)

where Y/~1 = (=1 5 € 8) represents the slices” degree of
satisfaction at time  — 1. Vi~ = (97" : s € §) and V5! =
(193’,51 : s € 8) denote the resource reconfiguration constraints
at time ¢t — 1 related to adding resources to and removing
resources from the slices, respectively. F* T fi “1:5€8)
represents the portions of bandwidth W that were allocated to
the slices at time ¢ — 1.

2) THE ACTION SPACE

To perform slice bandwidth allocation, the global agent must
decide what portion of the entire system’s bandwidth W to al-
locate to each slice. The global agent’s action space is defined
as follows:

'Atg _ [fmin’fmax]l‘Sl- (22)
An action ai, € A;, is a row vector, where afg, =

U fo o S
3) THE REWARD FUNCTION
The main objective of inter-slice bandwidth allocation is to
maximize the total degree of satisfaction of the entire system,
but not at the expense of inter-slice isolation. Accordingly, the
reward the global agent receives at time ¢ when it chooses an
action ag, € .Ai, is related to: (i) upholding the system’s total
bandwidth constraint defined in (20b) as well as the minimum
and maximum slice bandwidth portion thresholds defined in
(20c), (ii) satisfying the slice reconfiguration constraints de-
fined in (20g) and (20h), and (iii) I'?, and C’. When the global
agent selects an action that violates at least one of constraints
(20b), (20c), (20g) and (20h), the action is considered as an
invalid action. The reward the global agent receives at time ¢
is defined as follows:

P I — (1 —a)C" if d is valid

=10 (23)

if a;, is invalid.

When the global agent chooses a valid action, it receives
the value of the objective function defined in (20a). On the
other hand, if it chooses an invalid action, it is penalized with
a negative reward to discourage it from choosing the same
action again in the future.
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B. MDP FORMULATION OF INTRA-SLICE BANDWIDTH
ALLOCATION

In this RAN slicing stage, we consider that each slice is as-
signed an agent that allocates portions of the slice’s bandwidth
to the slice’s associated users.

1) THE STATE SPACE
The state of the environment that is observed by slice s’s agent
at time ¢ is defined as follows:

0f = (G5).
where G = (g, : u € Us) represents the channel gain be-
tween the gNodeB and the users associated with slice s at
time 7. Agent s’s observation at time ¢ is given by the row
vector [g] ., g’z’s, e g’lus‘,s]. At each time ¢, the positions of
the users associated with slice s vary. This leads to variation in
the users’ channel gain values in accordance with (6) and (7).

Hence, agent s’s observation varies at each time ¢ depending
on the dynamics of the wireless channel.

(24)

2) THE ACTION SPACE

To perform intra-slice bandwidth allocation, slice s’s agent
must observe its environment and decide what portion of slice
s’s allocated bandwidth W’ to assign to its users. Slice s
agent’s action space at time ¢ is defined as follows:

Aty — [fsmin’ meaX]|u5\. (25)

a =

where aj

on a .
An action d, e A, is a

1 1 1
[fl,s’ fl,s’ ceeo flus\,s]'

3) THE REWARD FUNCTION

The reward function represents the agent’s objective of allo-
cating sufficient resources to meet users’ QoS requirements.
The reward value depends on the degree of satisfaction of the
associated users. Intra-slice bandwidth allocation is deemed
successful if it adheres to constraints (20d) and (20e). Actions
violating these constraints are considered invalid. The reward
for slice s’s agent at time 7 is defined as:

row vector,

Fl
®=1

?f a ?s ?/alid' 26)
if a! is invalid.

C. ON-POLICY AND OFF-POLICY DRL

Model-free DRL algorithms are categorized as on-policy or
oft-policy. During training, the agent uses a behavior policy
g to select actions based on observed environmental states
and collect data. It then employs a target policy 7 to update
Q-values by evaluating actions based on rewards. In on-policy
algorithms, the behavior and target policies are the same,
whereas in off-policy algorithms, they differ.

There are advantages and drawbacks to each class of algo-
rithms. For instance, off-policy algorithms are more likely to
find a global optimum solution, while on-policy algorithms
may get trapped in a local optimum. On the other hand,
on-policy algorithms are less computationally complex than
oft-policy algorithms since p and 77 are the same.
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On-policy and off-policy algorithms have been widely ex-
ploited to solve RAN slicing problems [33], [34]. Both classes
of algorithms have proven effective in RAN resource alloca-
tion problems. Therefore, determining the most appropriate
algorithm from the two classes depends on the use case. In
this work, we have chosen algorithms from both classes -
the off-policy algorithms TD3 [35] and DDPG [36], and the
on-policy algorithm PPO [37], to evaluate how they perform
with the proposed RAN slicing mechanism. We designed
three implementations of the proposed BS-IIST mechanism,
each of which is based on a different DRL algorithm. For
instance, in the TD3-based BS-IISI implementation, TD3 is
used in both the inter-slice bandwidth sharing stage and the
intra-slice bandwidth sharing stage.

DDPG and TD3 are actor-critic algorithms with determin-
istic policies. In DDPG, the actor chooses actions based on the
current policy, while the critic estimates Q-values to evaluate
these actions. TD3 follows the same strategy, but uses two
critic networks to compute the minimum predicted value for
target updates. Both DDPG and TD3 use experience replay
and target networks to enhance stability. By contrast, PPO is
an actor-critic algorithm with stochastic policies, where the
actor outputs a probability distribution over actions and the
critic evaluates the expected return of the chosen policy. PPO
optimizes a surrogate objective with a clipping mechanism to
constrain policy updates, ensuring stable and reliable learning.

D. BS-1ISI DEPLOYEMENT IN AN O-RAN ARCHITECTURE

The pseudo-code of the proposed BS-IISI mechanism is
presented in Algorithm 1. To ensure temporal consistency
between control decisions and wireless channel evolution, the
channel model follows a slot-based block fading assumption.
Specifically, the channel gains used in agents’ observations
are updated at the beginning of each slot according to the
updated user positions and fading realizations, and remain
constant during the slot. In practical deployments, the channel
coherence time in mobile wireless environments is typically
on the order of milliseconds, while the DRL inference inter-
val associated with near-RT RIC control loops operates on a
slightly larger timescale, typically tens of milliseconds (e.g.,
> 20 ms). This allows the slicing policy to be updated fre-
quently enough to capture mobility-driven channel variations
while maintaining a feasible processing load for the near-
RT RIC. Inter-slice bandwidth allocation precedes intra-slice
bandwidth allocation, and both processes are performed at
the beginning of each time slot . Prior to theses processes,
we verify whether any RAN slices need additional resources.
This can be done by observing the parameter 1? 1 Vs € 8 in

line 1. If \/56519 7 =1, the global agent utlhzes its trained
DRL model to perform RAN slicing by allocating a portion
of the system’s bandwidth to each RAN slice, (see line 2).
When none of the RAN slices requires additional resources,
each slice maintains the bandwidth portion it obtained at time
t — 1, such that fi=! = f7, (see line 6). Verifying condition
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Algorithm 1: BS-IISI Mechanism.
Input: W, §, u

Output: f!, f! w50 VU € Us, Vs €8
foreach time t do

1 if \/56319211 =1 then
2 The global agent uses its trained DRL model
to choose f!,Vs € §;
Each agent s € §:
uses its trained model to select
oV e U
5 publishes T}, 9% |, 9% , in the shared
database,
else
6 il =flvses§;
7 Each agent s € 8:
8 uses its trained model to select
oo Vu e U
9 publishes T}, 9% ;, 9% , in the shared
database;
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FIGURE 2. BS-1ISI mechanism in a O-RAN framework.

\/segﬁt = 1 makes it possible to efficiently perform inter-
slice bandw1dth allocation, since it is triggered only when
there is a lack of resources in slices. This reduces the cost
of reconfiguring slice resources, which in turn enhances inter-
slice isolation.

Once the system’s bandwidth has been allocated to the
slices, it’s time for intra-slice bandwidth allocation. Each slice
s’s agent uses its DRL inference model to allocate to each
of the slice’s associated users a portion f; | of the bandwidth
W it was previously allocated by the global agent, (see lines
4 and 8). Then, in lines 5 and 9, each slice agent publishes
re, 195’ 1 19;’2 in the shared database.

Fig. 2 illustrates the use of the BS-IISI mechanism in
a high-level O-RAN architecture. Following the O-RAN
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Alliance WG2 deployment scenarios for RL-based mecha-
nisms [38], we adopt “Scenario 1.4” with offline learning,
which is well aligned with the stringent requirements of TNs.
In this scenario, training is performed in the non-RT RIC,
while inference is executed in the near-RT RIC. This setup
addresses key constraints of tactical environments, including
latency and limited computing and storage resources. Since
both inter-slice and intra-slice bandwidth allocation oper-
ate on short time scales, inference must run in the near-RT
RIC, whereas the non-RT RIC uses its abundant resources
to handle training without burdening field-deployed infras-
tructure. In the O-RAN architecture, XxApps running in the
near-RT RIC support closed-loop control operations on time
scales typically ranging from 10 ms to 1 s, which defines the
practical latency budget for inference and decision-making
processes [39]. Recent studies on O-RAN intelligence or-
chestration and Al-driven RAN control demonstrated that
machine-learning-based XxApps can retrieve network mea-
surements and compute control actions within these time
constraints, thereby enabling latency-sensitive network opti-
mization tasks [40], [41]. Overall, this architecture enables
efficient resource use and low-latency operation, meeting the
dynamic and mission-critical demands of TNs.

The inference models of the global agent and each RAN
slice agent are each deployed in an xApp. Each agent receives
observation data and executes bandwidth slicing actions
through the E2 interface. Following intra-slice bandwidth al-
location each slice s’s agent publishes its satisfaction degree

£, and parameters 9! . and V! ;. to a shared database accessi-
ble by all xApps. The global agent uses information shared by
slice agents for inter-slice bandwidth allocatlon. A coordinat-
ing XApp ensures that the condition vsegﬂ = 1 is satisfied
before each allocation. At the beginning of each time slot ¢,
the coordinating xApp: (i) reads the 19§_ ! values from the
shared database, (ii) checks \/Segl?;’_ll =1, and (iii) decides
whether the global agent proceeds with inter-slice bandwidth
allocation. The Datasets collected during inference are sent
to DRL training hosts for retraining through the O1 interface.
Once a model is trained, tested, and validated, it is published
in the model catalog. During inference, slice agents perma-
nently report model performance to the model management
entity, which decides whether an inference model needs to
be updated. When an inference model suffers from a serious
degradation in performance, the model management entity: (i)
terminates the model, (ii) selects a new trained model from the
catalog, and (iii) deploys it to the near-RT RIC.

E. COMPUTATIONAL COMPLEXITY OF THE BS-1ISI
MECHANISM

At each time slot 7, the online execution cost of the
proposed BS-IISI mechanism is dominated by the following
three components: (i) slice-level monitoring and trigger evalu-
ation; (ii) neural-network forward inference for inter-slice and
intra-slice decisions; and (iii) computation of the performance
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indicators published for closed-loop control. The coordinat-
ing logic first evaluates the trigger condition \/Yegﬂs =1
(see line 1), which requires scanning the S| = S slices and,
therefore, incurs a computational cost of O(S). When the
trigger condition is satisfied, the inter-slice policy performs
one forward pass to produce the S-dimensional bandwidth
allocation vector {f} (see line 2). The computational cost
of this inference step scales as O(P,), where P, denote the
number of parameters of the global inter-slice neural network
and reflects the number of multiply—accumulate operations
required by the network. The value of P, depends on the
architecture of the neural network, including the number of
layers and the size of each layer. Independently of the trig-
ger condition, intra-slice inference is executed for every slice
s € 8, where each slice-level agent performs one forward pass
to determine the user-level allocation vector {f; } _, . LetPs
denote the number of parameters of the neural network asso-
ciated with slice s. Therefore, the total computational cost of
intra-slice inference per time slot scales as O () . Ps). In ad-
dition, the system computes and publishes slice performance
indicators, including per-user rate and degree-of-satisfaction
metrics and their aggregated slice-level statistics used to gen-
erate I'f, 9] |, 9{,. Assuming that the underlying rate and
utility expressions can be evaluated in constant time per user,
this step scales linearly with the number of users and incurs
a cost of O(U). Accordingly, the worst-case computational
complexity per time slot can thus be expressed as follows:

T = O(S +U + in + Z :Ps)

se8

27

Since the inter-slice inference is executed only when the trig-
ger condition is satisfied, the expected per-slot complexity
becomes:

O +U + pPe+ Y Py,

se8

(28)

where p = Pr(Vges 195”_11 = 1) denotes the probability that the
inter-slice policy is activated.

In addition to the above theoretical analysis, we evaluated
the inference execution time of the proposed DRL models to
assess their practical feasibility. The corresponding results are
presented in Section VI.

VI. SIMULATION RESULTS

A. SIMULATION SETTINGS

The proposed BS-IISI mechanism is designed to meet the
QoS requirements of any tactical RAN slice. Due to the lack
of standardized QoS specifications for TN applications, we
adopted a classification aligned with 5G service categories.
Accordingly, we consider a RAN configuration comprising
S = 3 slices corresponding to eMBB, URLLC and mMTC
services, deployed within a single gNodeB. The gNodeB cov-
ers an area of (500 m x 500 m), where users move according
to the random waypoint (RWP) model. Each slice serves its
own set of users, with maximum numbers of 20, 70, and 210
users for the eMBB, URLLC, and mMTC slices, respectively.
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TABLE 2. RAN Parameters

Parameter Value
W, P, No, fe 20 MHz, 30 dBm, -174 dBm/Hz, 3 GHz
OSF, hi,s N(O’ 42)7 CN(07 1)

[1 m/s,4 m/s], 300 seconds
eMBB: 10 Mbps;

URLLC: 250 kbps;
mMTC: 12 kbps

eMBB: [0.005,0.5];
URLLC: [0.0014,0.14];
mMTC: [0.00047,0.047].

[Umhu 'Umaac}y Tmax
T
R

s sJs

[frmin, pmaz] [0.01, 0.95]
a, p, ¢ TI'yp 0.5, 1.3, 5, 0.8
TABLE 3. Training Parameters
Hyperparameter | TD3 DDPG PPO
No. of hidden layers | 2 2 2
o, of oo | LTI | T | T
units/layer
Actor learning rate 0.0001 0.0001 0.0001
Critic learning rate 0.001 0.001 0.001
Replay buffer size | Gt 1" | G e 307 None
Batch size 128 128 500
Optimizer Adam Adam Adam
Activation function ReLU ReLU ReLU
Global agent: N/ (0, 0-2)[ Global agent: OU (0, 0.2)
Exploraion o | L o V0,0 8 011009 None
distribution mMTC agent: A/(0, 0.1) mMTC ageni: OU (0, 0.1)
No. of epochs None None 10
Target net. update | 0.001 / 10 0.001 /7 10 None
rate / freq.
Discount factor 0.99 0.99 0.99
No. of steps/episode | 50 50 50
Clipping parameter None None 0.2

The remaining RAN simulation parameters are summarized
in Table 2. We implement the proposed BS-IISI mechanism
using DRL algorithms and develop three implementations
based on TD3, DDPG, and PPO. For instance, in the TD3-
based implementation, TD3 is used in both the inter-slice
and intra-slice bandwidth sharing stages. All algorithms were
implemented in Python using the Pytorch framework. For
each algorithm, performance is evaluated over 1000 indepen-
dent random realizations using the corresponding inference
models, and the results are averaged. Table 3 summarizes the
hyperparameter settings for each DRL algorithm and band-
width slicing stage.

We compared the proposed BS-IISI mechanism with the
following four baselines: TD3 without isolation constraints
(TD3-WIC), DDPG-WIC, PPO-WIC, and the resource
sharing and slice isolation based on an iterative process
(RSSI-IP) [21].

In the TD3-WIC, DDPG-WIC, and PPO-WIC implemen-
tations, the BS-IISI mechanism operates without inter- and
intra-slice isolation constraints defined in (20c), (20e), (20g),
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TABLE 4. Inference Execution Time of the BS-11SI Mechanism

Algorithm | Inference time (ms)
TD3 3.29
DDPG 4.60
PPO 7.86

and (20h). The RSSI-IP mechanism addresses the RAN slic-
ing problem by formulating it as a convex optimization
problem to maximize user data rates. This mechanism uses
an iterative process to achieve flexible performance isolation
among slices while ensuring fair resource allocation. Slice
performance isolation is maintained as long as the number of
users does not exceed a contracted threshold between the slice
tenant and the infrastructure provider. When some slices do
not fully use their contracted resources, the excess resources
are allocated to other slices whose demands exceed their
thresholds.

We opted for RSSI-IP as a benchmark since its objec-
tives closely align with those defined in this work, notably in
achieving efficient dynamic RAN resource sharing and robust
slice isolation. In addition, in [21], slice isolation is defined
in accordance with our perspective, focusing on QoS perfor-
mance, where isolating a slice refers to reducing the impact
that fluctuations in the resource requirements of one slice
have on the QoS performance of other slices. Furthermore, the
RSSI-IP mechanism operates under assumptions that match
our scenario, namely: i) a single cell RAN environment is con-
sidered; ii) each user is served by only one RAN slice; iii) each
RAN slice supports a single service type with identical QoS
requirements for its users; and iv) the data rate achieved by
the slice’s users should meet a minimum data rate threshold.

To evaluate the practical feasibility of the proposed BS-IISI
mechanism, we measured the inference execution time of the
DRL models used for inter-slice and intra-slice decisions. The
experiments were conducted on a workstation equipped with
an Intel Core 19-9920X CPU, using CPU-based inference.
The results in Table 4 show that the inference latency of the
considered DRL implementations (TD3, DDPG, and PPO) is
on the order of a few milliseconds per decision step. This
confirms that the proposed mechanism can operate within the
near-real-time RIC control loop timescale (10 ms—1 s), mak-
ing it suitable for latency-sensitive RAN slicing applications.

B. TRAINING PERFORMANCE

To evaluate the BS-IISI mechanism, we analyze the training
performance of the DRL algorithms considered in this study
and compare it with the selected baselines. Specifically, we
examine, in Figs. 3 and 4(a)—(c), the reward behavior of each
algorithm at each RAN slicing stage, i.e., inter-slice band-
width sharing and intra-slice bandwidth sharing. This analysis
provides insights into the adaptability and optimization ca-
pabilities of the DRL algorithms in response to dynamic
environmental conditions. The training performance results of
the two RAN slicing stages mutually impact each other since
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FIGURE 3. Inter-slice training performance.

the learning process of one is dependent on the bandwidth
slicing results provided by the other.

Importantly, the plotted metric in Figs. 3 and 4(a)—(c)
corresponds to the cumulative reward per episode, obtained
by summing the rewards over multiple interaction steps.
This aggregation produces a smoothed episode-level curve.
Consequently, in some curves, relatively high reward values
observed in early episodes do not indicate immediate optimal
behavior, but reflect instead feasible initial allocations under
bounded action spaces. As training progresses, improvements
are mainly reflected in more consistent allocation decisions
and a reduced number of constraint violations.

Fig. 3 illustrates the learning performance of the DRL al-
gorithms during the inter-slice bandwidth sharing stage over
2000 training episodes. TD3 and DDPG achieve similar cu-
mulative rewards (around 20), although DDPG exhibits higher
learning variance. PPO also achieves a relatively stable per-
formance, while the reward is slightly lower than that of
TD3 and DDPG, which can be attributed to its reliance on
recent data and limited use of past experience compared to
off-policy methods. TD3-WIC, DDPG-WIC, and PPO-WIC
present a more volatile behavior, with DDPG-WIC show-
ing pronounced reward fluctuations and occasional negative
spikes.The absence of isolation constraints leads to broader
action exploration, resulting in unstable rewards and reduced
bandwidth allocation efficiency.

Figs. 4(a), (b), and (c) depict the reward values of the
six DRL algorithms for the eMBB slice agent, the URLLC
slice agent, and the mMTC slice agent, respectively. The
TD3 algorithm performs well across all slices, consistently
achieving high cumulative rewards with less fluctuation. The
DDPG algorithm shows a lower performance as compared
to TD3, especially for the eMBB slice where the user re-
quirements in terms of data rate are very high. In addition,
DDPG exhibits high instability, with large fluctuations during
the early training episodes before stabilizing, especially for
the mMTC slice. This outcome is due to the high variance of
DDPG algorithm policy updates. However, the TD3 algorithm
uses a more stable actor-critic approach with delayed policy
updates and target networks. PPO demonstrates a relatively
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high reward during early training episodes, which is however
followed by a decline to stabilize at a lower cumulative re-
ward than TD3 and DDPG. This can occur because the PPO
algorithm samples actions from a stochastic policy, which fre-
quently leads to violations of intra-slice isolation constraints.
TD3-WIC, DDPG-WIC, and PPO-WIC underperform their
constrained counterparts across all slices, exhibiting slower
early training and rapid convergence to low cumulative re-
wards, particularly for PPO-WIC. This indicates that, without
isolation constraints, learning efficiency is significantly de-
graded.

C. INTER-SLICE BANDWIDTH SHARING PERFORMANCE

To evaluate inter-slice bandwidth allocation, we compare the
performance of all algorithms using the objective function
and the reconfiguration cost defined in (20a) and (15), re-
spectively. For the RSSI-IP mechanism, the objective function
value excludes the reconfiguration cost, as it is not considered
in [21]. Each algorithm is evaluated under various network
configurations, particularly varying the number of users. The
DRL algorithm’s inference model was trained on a fixed
number of users per slice: 20 for eMBB, 70 for URLLC,
and 210 for mMTC. This enables an evaluation of the al-
gorithms’ robustness in maintaining effective performance
despite changes in environmental conditions.

Fig. 5 illustrates the behavior of the objective function
under varying system configurations, represented by different
numbers of users. Among the evaluated algorithms, TD3 al-
gorithm consistently achieves the highest objective function
values across all configurations, confirming its effectiveness
in optimizing the objective function. Furthermore, its stable
performance as the number of users changes demonstrates
its robustness to scaling. DDPG performs slightly below
TD3, but still remains consistent across all configurations.
In its turn, PPO shows moderate performance, with some
fluctuation in its behavior when the number of users varies,
indicating less stability than to TD3 and DDPG.

RSSI-IP  outperforms TD3-WIC, DDPG-WIC, and
PPO-WIC under most network configurations, but remains
inferior to TD3, DDPG, and PPO. RSSI-IP prioritizes
generous resource allocation to satisfy minimum data-rate
requirements, disregarding potential resource wastage.
Consequently, its performance improves with the number
of users: with fewer users, abundant resources lead to
over-allocation and lower satisfaction due to penalization
for resource wastage in the utility function defined in (9).
This explains why the system’s total degree of satisfaction
is significantly lower for 108 users than for 300 users. The
consistently poor performance of TD3-WIC, DDPG-WIC,
and PPO-WIC further highlights the critical role of isolation
constraints.

Fig. 6 compares the reconfiguration cost defined in (15)
for TD3, DDPG, PPO, TD3-WIC, DDPG-WIC, and PPO-
WIC across different numbers of users. The results reveal
that the isolation constraints considered in TD3, DDPG, and
PPO lead to reduced reconfiguration costs as compared to
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their respective unconstrained algorithms. This demonstrates
the importance of isolation constraints in enhancing inter-
slice isolation. TD3, DDPG, and PPO exhibit relatively stable
performance regardless of the number of users, demonstrat-
ing robustness to different network scales. To evaluate the
impact of the mobility model on the performance of the
proposed BS-IISI mechanism, we conducted an additional
sensitivity analysis using the Reference Point Group Mobility
(RPGM) model. The RPGM model is parameterized by the
number of groups, the group sizes, the velocity range, and an
aggregation factor controlling the spatial dispersion of users.
In our simulations, the number of groups is scaled with the
total number of users to maintain an average group size of ap-
proximately 30 users (e.g., 10 groups for 300 users, 7 groups
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for 204 users, and 4 groups for 108 users). The user velocity
is uniformly distributed in the range [1, 4] m/s, identical to
the RWP setting, ensuring a fair comparison between mobility
models. The aggregation factor is set to 0.5, corresponding to
moderately compact user groups.

Fig. 7 compares the performance of the considered DRL
algorithms under both RWP and RPGM models in terms
of the objective function defined in (20a). The results show
that the relative performance ranking of TD3, DDPG, and
PPO remains unchanged across all tested user configurations,
and that the variations in performance are limited. This in-
dicates that the proposed BS-IISI mechanism is robust to the
choice of mobility model and that the conclusions drawn from
the RWP-based evaluation remain valid under more realistic
group mobility conditions.

D. INTRA-SLICE BANDWIDTH SHARING PERFORMANCE

To evaluate intra-slice bandwidth allocation, we analyze
the performance of the selected algorithms for the eMBB,
URLLC, and mMTC slices in terms of users’ achieved
data rate, degree of satisfaction, and resource wastage. This
analysis provides important insights into how effectively
each algorithm allocates bandwidth among different groups
of users, each with distinct requirements. In addition, the
resource wastage metric evaluates the efficiency of bandwidth
sharing across users.

Figs. 8, 9, and 10 show the box plots of the data rate and
degree of satisfaction for 20 eMBB users, 70 URLLC users
and 210 mMTC users, respectively. The following observa-
tions are drawn from these results. For the eMBB slice, TD3
achieves the highest median degree of satisfaction, close to 1,
with a small interquartile range (IQR) (see Fig. 8(b))indicating
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FIGURE 8. QoS achieved by eMBB users.

efficient bandwidth allocation that keeps users’ data rates
near the required threshold of 10 Mbps. RSSI-IP attains a
slightly lower median satisfaction with a flat distribution due
to uniform resource allocation among users. DDPG performs
marginally worse than TD3 and RSSI-IP, as it allocates ex-
cessive bandwidth, yielding the highest median data rate (see
Fig. 8(a)), which is penalized by the utility function in (9).
Its larger IQR reflects higher variability in user satisfaction,
though without significant impact on overall performance. In
contrast, PPO exhibits a wide dispersion in users’ data rates,
leading to frequent over- or under-allocation of bandwidth and
a corresponding drop in users’ satisfaction. For TD3-WIC,
DDPG-WIC, and PPO-WIC, the absence of isolation con-
straints causes a significant drop in the users’ satisfaction.
For the URLLC slice, TD3 achieves significantly higher
data rates for some users than RSSI-IP (see Fig. 9(a)),
resulting in a higher mean data rate above the minimum
threshold. Consequently, RSSI-IP outperforms TD3 in user
satisfaction. Despite this, TD3 guarantees near-perfect user
satisfaction, with an IQR between 0.9 and 1 (see Fig. 9(b)),
demonstrating consistent satisfaction for most users. DDPG
has several outliers below the required minimum data rate,
revealing fairness and consistency issues despite comparable
median and mean data rates to TD3. The PPO algorithm’s
data rate box plot shows a larger IQR above the required
minimum threshold compared to RSSI-IP, TD3, and DDPG,
indicating a greater dispersion in the data rates provided to
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FIGURE 9. QoS achieved by URLLC users.

URLLC users. This variability leads to reduced user satisfac-
tion. TD3-WIC, DDPG-WIC, and PPO-WIC perform poorly
overall, with frequent violations of the minimum data-rate
requirement (e.g., DDPG-WIC) or or large variability in data
rates (e.g., PPO-WIC). For the mMTC slice, DDPG outper-
forms TD3, achieving a median degree of satisfaction close
to 1 (see Fig. 10(b)), but with a larger IQR, indicating higher
variability in user satisfaction. By contrast, TD3’s satisfaction
distribution includes lower quartiles and outliers, reflecting
more fluctuating performance for some users. PPO achieves
a lower median satisfaction of approximately 0.7, and despite
a narrower IQR than DDPG, its lower median indicates re-
duced satisfaction for most users. RSSI-IP allocates resources
generously, as shown in Fig. 10(a), but this over-allocation
leads to low user satisfaction. Although DDPG-WIC achieves
data rates comparable to DDPG and TD3, most values remain
below the required threshold, resulting in a lower median sat-
isfaction (~0.6) compared to DDPG (~1.0) and TD3 (~0.85).
PPO-WIC performs worst, suffering from severe bandwidth
over-allocation and yielding the lowest median satisfaction of
approximately 0.05.

Fig. 11 illustrates the average rate of resource wastage
in each RAN slice. Resource wastage is defined based on
the extent to which a user’s achieved data rate exceeds the

minimum required rate. For a user u € Uy, Vs € 8, if r/, 5 >
R4

re . o
Ry*, the resource wastage is calculated as: wst!  =e s .
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The average resource wastage in slice s is given by: wsr! =
\ul_s| Zueus wStLIt,S'

For the eMBB slice, TD3-WIC and DDPG-WIC exhibit no
resource wastage, as none of the users reach the minimum
required data rate. TD3 incurs some resource wastage but
achieves the highest user’s degree of satisfaction (see Fig.
8(b)), balancing resource efficiency and user satisfaction. The
resource wastage results for the URLLC and mMTC slices are
consistent with the data-rate results in Figs. 9(a) and 10(a),
respectively. Although PPO, DDPG, and RSSI-IP show vari-
ability in resource wastage, TD3 maintains a relatively stable
resource wastage rate across all slices, highlighting robustness
and adaptability.
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VIl. CONCLUSION AND FUTURE WORK
This paper presents the BS-IIST mechanism, a RAN slicing so-
Iution for TNs designed to balance dynamic bandwidth shar-
ing with robust inter- and intra-slice isolation. The mechanism
operates in two stages: inter-slice bandwidth sharing, where
slices are allocated portions of the total system bandwidth, and
intra-slice bandwidth sharing, where each slice distributes its
allocated bandwidth among its users. The bandwidth alloca-
tion problem is formulated as an optimization task and solved
using DRL algorithms. By leveraging DRL at both stages and
enforcing QoS-driven resource reconfiguration constraints,
BS-IISI dynamically allocates bandwidth while preserving
isolation. We proposed to deploy the BS-IISI mechanism
within an O-RAN architecture, detailing the functional blocks
supporting its operation and the lifecycle management of the
DRL models used. Performance evaluation was conducted
using three DRL-based implementations—TD3, DDPG, and
PPO—and compared against multiple baselines. The results
demonstrate that the TD3-based implementation consistently
outperforms both the baselines and the other DRL algorithms.
In future work, we will consider that a user can be asso-
ciated with multiple slices In addition, we will investigate
techniques to accurately monitor DRL inference models used
in RAN slicing and detect when they suffer from a severe
degradation in performance so they can be proactively re-
placed by appropriate new models.
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