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Abstract—Enhanced mobile broadband (eMBB) and ultra-
reliable low-latency communication (URLLC) are two critical
services in vehicular networks. However, the presence of both
services creates a difficult resource allocation problem due to
their heterogeneous requirements. To address the challenge of
simultaneously providing eMBB and URLLC services in vehic-
ular networks, we propose a resource allocation approach that
maximizes eMBB rate while ensuring that both URLLC latency
and reliability requirements are satisfied. Our approach utilizes
non-orthogonal multiple access (NOMA) technology, where the
resource for eMBB services is allocated by slot and the traffic
of URLLC service is accommodated using mini-slots. To solve
this dual time-scale problem, we employ a dual decomposition
and sub-gradient method to solve the power allocation and
resource block assignment of eMBB services, while the Vogel’s
approximation method (VAM) and modified distribution method
(MODI) are proposed to solve the URLLC resource allocation
problem. Additionally, we present two low-complexity heuristic
algorithms for the URLLC sub-problem. Simulation results
indicate that our proposed approach surpasses baseline methods
in terms of both eMBB rate and fairness.

Index Terms—Vehicular networks, network slicing, NOMA,
eMBB, URLLC, resource allocation.

I. INTRODUCTION

Vehicle-to-everything (V2X) is a crucial technology for
intelligent transportation systems (ITS) that facilitates com-
prehensive integration of vehicles, pedestrians, basic traffic
facilities, and network cloud platforms [1]. This integration
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enables effective and precise exchange of information, leading
to improved road safety and traffic efficiency. The proliferation
of V2X technology has given birth to a plethora of busi-
nesses, each with their own unique set of requirements and
demands. Two typical applications are entertainment services
and security services [2]. The former places a heavy emphasis
on bandwidth and transmission speed, with the corresponding
indicators falling squarely within the ambit of enhanced mo-
bile broadband (eMBB) scene. In contrast, the latter demands
strict adherence to the tenets of latency and reliability, and
as such, is a prime example of ultra-reliable and low-latency
communications (URLLC) [3]. A homogeneous network may
not adequately address the varied quality of service (QoS)
requirements, which can ultimately result in a reduction in
user satisfaction or even service failure. Network slicing
technology can create diversified network slices supporting
various services, delivering tailored services for users with
different needs [4]. However, high throughput, low latency, and
reliable connectivity are in conflict with one another, making
simultaneous resource allocation for network slicing a difficult
task. Achieving an optimal allocation of resources for these
three key performance indicators is a critical challenge in the
design and implementation of network slicing.

The infrequent nature of URLLC slicing traffic requires
prompt and efficient handling. One strategy is to preserve
resources for URLLC slicing, but this could lead to un-
derutilization of radio resources [5]. To address this issue,
the 3rd generation partnership project (3GPP) recommends
the use of superposition or puncturing mechanisms based on
short transmission time interval (TTI) for dynamically reusing
wireless resources [6]. Currently, many related studies are
investigating the perforation scheme, which imposes URLLC
service transmission on wireless resources that are already
assigned to eMBB services [7]–[14]. With the concept of mini-
slots, scheduling cycles of eMBB services are set at one time
slot whereas scheduling cycles of URLLC services are set
at mini-slots. However, such perforation for URLLC services
comes at the cost of reduced transmission speed for eMBB
services, despite having improved utilization of wireless re-
sources. The superposition approach can potentially offer a
solution to improve radio resource sharing between eMBB
and URLLC slices in a more efficient manner. By leveraging
the superposition technique, both slices can share the same
radio resources simultaneously, while still maintaining their
respective QoS demands.
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Non-orthogonal multiple access (NOMA) is a multi-user
access technology that leverages the power domain to max-
imize frequency resource utilization by supporting service
superposition in mixed eMBB and URLLC scenarios [15].
This capability is crucial in increasing the network’s overall
capacity and accommodating an increased number of users
with varying QoS requirements. Furthermore, recent research
efforts have explored the potential of NOMA as an enabler
technology for URLLC, which requires support for time-
critical applications [16], [17]. Jaya et al. [18] proposed a novel
approach for satisfying the stringent delay limitations of appli-
cations with time-sensitive requirements in the uplink NOMA
context. Their approach is based on two user clustering meth-
ods and resource slicing. Specifically, the proposed approach
leverages user clustering to group users with similar delay
constraints and dynamically allocate RBs based on the specific
delay requirements of each cluster. Notably, this approach
represents a significant advancement over previous research,
as it effectively resolves the trade-off between maximizing
capacity and satisfying delay constraints in URLLC scenarios.
Additionally, the utilization of NOMA technology in [19]
involves categorizing resources into shared and private re-
sources, where shared resources are utilized first to satisfy the
transmission and delay needs of users. In cases where shared
resources are insufficient, private resources are then allocated
to meet these requirements. The proposed algorithm takes into
account the delay limits as well as throughput maximization,
thereby rendering it suitable for URLLC services.

This paper distinguishes itself from prior research by con-
currently addressing two heterogeneous services. It further
advances by devising transmission strategies for both services,
operating within the framework of heterogeneous NOMA
signal modeling. Despite the inherent interdependencies, our
design’s central tenet emphasizes frequency reuse, resulting
in a significant enhancement in spectral efficiency. More-
over, we introduce an innovative problem formulation that
seamlessly integrates multi-dimensional resource optimization,
thus ensuring optimal performance for both services. Conse-
quently, the intricate nature of the problem necessitates a series
of transformative steps, culminating in the identification of
two subproblems possessing broader relevance and applica-
bility.The core focus of this study remains firmly anchored
in practical utility. Given the heterogeneous characteristics
inherent in the transmission formats of the two services, the
algorithms presented herein exhibit a pronounced suitability
for deployment within heterogeneous systems.

In this paper, we endeavor to tackle a complex and het-
erogeneous downlink scenario that involves the provision of
two distinct types of V2X services. Our primary objective is to
optimize the utilization of system resources while ensuring that
the varying QoS demands are satisfied through the strategic
employment of various techniques, including bandwidth and
power allocation, slicing superposition, and delay guaranteeing
strategies. To this end, we adopt NOMA to support the
superposition of eMBB and URLLC slicing, which is a crucial
step in facilitating efficient resource utilization. The eMBB
slicing traffic is meticulously scheduled at time slot boundaries
to maximize throughput and take into account the rate loss

incurred from sharing radio resources with URLLC slicing.
In contrast, the URLLC slicing is allocated on a mini-slot
basis to ensure that strict QoS demands are upheld and that
latency constraints are adhered to by allocating URLLC users
immediately upon arrival. Moreover, to ensure utmost reliabil-
ity, sufficient power is allocated during NOMA superposition.
Our contributions are summarized below.

• Our proposed method that enables the management of
traffic from eMBB and URLLC services by modifying
bandwidth, frequency and power allocations, ensuring
that both service types meet their respective QoS require-
ments. This approach allows for more flexible allocation
of resources, thus overcoming the challenge of resource
competition and allocation that arise when these two
service types coexist.

• To address the challenge of maximizing the throughput
of eMBB slicing while meeting QoS requirements in
URLLC slicing, we define an optimization framework for
resource allocation. We introduce a two-phase framework
that includes eMBB slicing resource allocation in a slot
and URLLC slicing scheduling in the mini-slot, the latter
of which can handle dynamic URLLC traffic.

• In a slot, the eMBB slicing resource allocation is per-
formed using a dual decomposition and sub-gradient
method. Whereas in each mini-slot of a slot, we re-
define the URLLC resource allocation as a minimiza-
tion problem and propose the Vogel’s approximation
method (VAM) and modified distribution method (MODI)
to solve the URLLC slicing resource allocation sub-
problem.

• We also introduce two low-complexity algorithms,
namely the minimal resource block reuse (MRBR)
scheduling strategy and weight-based joint scheduling
strategy, to tackle the URLLC resource allocation sub-
problem. Our simulation results demonstrate that our
proposed algorithms can effectively enhance spectrum
efficiency while complying with the delay and reliability
requirements of URLLC services.

The organization of this paper is as follows. The literature
review is presented in Section II, while the system model
and resource allocation problem formulation are introduced
in Section III. Our two-timescale resource allocation scheme
is discussed in Section IV, and Section V demonstrates the
efficacy and feasibility of our proposed algorithms through
extensive simulations. Section VI concludes the paper by
summarizing our findings and discussing the implications of
our work.

II. RELATED WORKS

A. Coexistence of eMBB and URLLC services

In the scenario of overlapping eMBB and URLLC services,
the challenge lies in achieving the sharing of spectrum re-
sources while satisfying the QoS demands of both eMBB
and URLLC users simultaneously. Researchers have utilized
information-theoretic approaches to evaluate the efficacy of
eMBB and URLLC traffic, as evidenced in [8]. Because
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URLLC service data packets arrive in bursts, reserving re-
sources for them may result in an unnecessary waste of
resources. In [12], the authors introduce a punching scheduling
strategy designed to handle sporadic URLLC service. This
scheme obviates the need to reserve resources for URLLC
services by preempting eMBB service resources when needed.
Additionally, an eMBB service transmission interruption re-
covery mechanism and a punching scheduling strategy are
proposed in [12] to counteract eMBB data rate loss. In [14], the
authors formulate a joint scheduling problem to optimize the
utilization of network resources for both eMBB and URLLC
traffic. The primary goal is optimizing the utility of eMBB
services while meeting the stochastic demand for URLLC
services. The authors propose three models to evaluate the
influence of superposition and puncturing on eMBB users,
including linear, convex, and threshold-based schemes. In [20],
the authors propose a risk-conscious strategy for distributing
resources to URLLC services to reduce eMBB transmission
uncertainty caused by potential interference. They propose
using the conditional value at risk method, which provides an
estimate of eMBB traffic uncertainty, for distributing RBs in
way that takes into account the risk posed by such interference.

In coexistence service scenarios, eMBB and URLLC ser-
vices often have distinct QoS requirements. Consequently,
many researchers have explored various methods to fulfill
these diverse service-level demands. In [21], he authors present
a bimodal dynamic spectrum allocation model characterized
by a dual-loop methodology. Within this model, resource
allocation is dynamically achieved through a fusion of Many-
to-Many matching algorithms and the implementation of Ad-
vanced K-Granularity Coloring algorithms. In [22], the authors
analyze the MAC layer’s models of delay and reliability for
URLLC traffic. They introduce a resource allocation algorithm
that takes into account URLLC service delay constraints in
the punching scheduling model, with the aim of enhancing
system efficiency. In [23], a two-layer optimization model is
introduced to address the issue of data rate loss that eMBB
service faces under the overlay scheme. The proposed model
optimally allocates spectral resources and power for each
eMBB and URLLC user pair, and then optimizes the user-
pairing strategy. Moreover, a growing body of scholars is
progressively adopting deep learning approaches to effectively
tackle the intricate resource allocation dilemmas that arise
from intermittent URLLC traffic patterns. The present study in
[24] introduced a framework grounded in optimization-assisted
deep reinforcement learning (DRL) techniques, aiming to
strategically distribute URLLC traffic among eMBB users.
This framework capitalizes on the DRL algorithm to mitigate
the potential disruptions stemming from real-time scheduling
of URLLC traffic, thereby enhancing the stability of eMBB
services. In [25], the authors introduced a resource alloca-
tion mechanism rooted in event-driven DRL. This approach
employed a quartet of distinct DRL techniques, effectively
addressing the challenge of stochastic arrival in URLLC
services. In [26], the authors presented a novel resource
allocation strategy employing DRL, strategically harnessing
the capabilities of network slicing techniques. This approach
was designed to effectively cater to the diverse and distinct

demands of various services.

B. Network Slicing

Network slicing has emerged as a crucial technology in
5G networks, enabling resource allocation through customized
services and flexible scheduling. Network slicing relies on
network function virtualization (NFV) and software-defined
networking (SDN). NFV separates network functions from the
physical network and leverages a network function virtualiza-
tion orchestrator to allocate virtual resources to each slice.
SDN enables the data and control planes to be separated,
with network control functions deployed centrally on the
SDN controller [27], [28]. The primary objective of slicing
in radio access networks (RANs) is the flexible allocation of
the protocol stack and wireless resources. RAN slicing allows
for the integrated management of resources, such as spectrum,
power, and air interface, to enable more efficient and flexible
utilization of resources for delivering distinct services that
meet the varied needs of multiple applications and user groups.
Hence, the problem of scheduling resources for RAN slicing
is receiving more attention [29]–[31].

In [32], the authors proposed a framework and study how
to achieve dynamic resource sharing through network slicing,
especially considering non-elastic users with minimum rate
requirements. To enable 5G service provisioning, the authors
propose a radio resource slicing mechanism. The author in-
troduced a communication-theoretic model that takes into ac-
count the unique needs and characteristics of various services
[33]. The model demonstrates that slicing can achieve superior
performance by by harmonizing the requirements of various
services. In [34], the authors investigated the energy efficiency
problem in resource scheduling for network slicing, and de-
veloped a dynamic optimization model that takes into account
both power consumption and service quality. A two-timescale
algorithm was devised for achieving bandwidth allocation and
service control. In [35], the authors presented an intent-aware
reinforcement learning methodology for inter-slice resource
allocation, grounded in the explicit characterization of QoS
intentions pertinent to individual slices. In [36], the authors
introduced a network slicing strategy characterized by a dual-
level control granularity, leveraging model-free deep reinforce-
ment learning techniques. This strategy aims to enhance long-
term QoS for network services while concurrently optimizing
spectrum efficiency within the context of slicing operations. In
summary, employing network slicing technology is an efficient
strategy to manage the limited wireless resources and the
diversity of services in the vehicular communication network.

C. Non-orthogonal Multiple Access

By enabling different users to share resources, NOMA
technology has the ability to substantially improve spectrum
efficiency and meet the rising demand for data transmission in
vehicular networks. Several studies have investigated the use
of NOMA to facilitate URLLC services in the context of 5G
systems. For example, an optimal resource allocation strategy
for NOMA-enabled URLLC services that supports both uplink
and downlink transmissions is proposed in [37]. The scheme
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Data for eMBB

Data for URLLC
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Fig. 1. Heterogeneous service scenarios in vehicular networks

involves developing a queue-based optimization model where
power allocation and transmission block length are jointly
optimized to minimize the total error probability and enhance
transmission reliability. Moreover, the approach accounts for
reliability requirements and transmission block length. In [38],
the authors investigate the utilization of NOMA for URLLC
traffic retransmission while satisfying its constraints. Two
schemes, constant power and constant resources, are pro-
posed to reduce the average power consumed by each packet
provided URLLC constraints. These studies demonstrate the
potential of NOMA in addressing the challenges of URLLC
services in 5G systems.

To optimize the system’s overall performance, hybrid ser-
vice transmission schemes based on NOMA must consider var-
ious service characteristics and demand disparities. One crucial
challenge is to satisfy the stringent demands of URLLC traffic
without compromising spectral efficiency [39]. To address this,
the authors proposed using unlicensed access for URLLC
traffic in order to minimize transmission delay, reserving
licensed access for wait-tolerant connectivity [40]. In [41], a
cooperative scheduling plan for uplink URLLC and eMBB ser-
vices in cellular networks was developed, leveraging the idea
of communication opportunities for URLLC services. Specif-
ically, the authors proposed a pre-optimized arrangement of
distinct transmission options for URLLC users, that prevents
conflicts and meets the latency and reliability requirements.
To further enhance system performance, overlapping eMBB
user traffic opportunities are scheduled using NOMA, and a
combined power control technique is employed to reduce the
transmit power of eMBB services, thereby avoiding potential
impact from URLLC transmissions.

III. SYSTEM MODEL AND PROBLEM FORMULATION

A. Vehicular Network Slicing Model

The system model we consider in this paper is a downlink
cellular V2X communication system, as illustrated in Fig. 1.
The next-generation base station (gNB) provides two distinct
services to the randomly distributed vehicle users throughout
the system, namely information and entertainment services that

require high-rate connectivity and security services with high
requirements for latency and reliability. To cater to different
QoS demands of diverse services, we have implemented
network slicing technology resulting in two service slices:
eMBB and URLLC. The set of vehicle users in the eMBB
slice can be represented as K = {1, 2, ...,K}, and the set
of vehicle users in the URLLC slice can be represented as
N = {1, 2, ..., N}. The RB set of the base station can be
denoted by B = {1, 2, ...B}, with each RB occupying 12
subcarriers in frequency domain. These RBs are shared by
two service slices, providing services to vehicle users within
each slice.

The network employs NOMA technology to serve users
belonging to different slices while ensuring the orthogonality
of RBs in each slice. Users belonging to URLLC slice are
scheduled with short TTI, also known as mini-slots, whereas
users in the eMBB slice are scheduled with a larger TTI size,
such as a slot of 1 millisecond duration, as shown Fig. 2.
This approach guarantees no delay in URLLC traffic while
providing flexibility to optimize eMBB transmissions. Table I
presents the essential notations utilized in this paper.

B. Vehicular Network Communication Model

1) eMBB Slice: The eMBB slice is designed to offer vehicle
users with information and entertainment services, consisting
of a set of RBs. A crucial principle of eMBB slice allocation
is that each RB can only be assigned to one user at any given
slot t ∈ T . This makes the RBs orthogonal to each other,
and their allocation is performed at the slot boundaries. The
achieved rate of vehicle user k ∈ K in eMBB slicing at RB
b ∈ B is expressed by:

rek,b(t) = fb log2 (1 + γk,b(t)) , (1)

where γk,b(t) =
pk,b(t)hk,b(t)

σ2 represents the signal-to-noise
ratio (SNR) calculated as the product of the downlink trans-
mission power pk,b(t), channel gain hk,b(t), and the inverse
of the noise power σ2. The bandwidth of the RB b is denoted
by fb.

To satisfy QoS requirements specified in eMBB slice, gNB
needs to assign multiple RBs to users to meet their minimum
data rate requirements. Therefore, the achieved rate of the
eMBB user k ∈ K in time slot t is expressed by:

rek(t) =
∑
b∈B

xk,b(t)rk,b(t), (2)

where xk,b(t) is the RB allocation indicator of eMBB slicing
at slot t, which can be defined as:

xk,b(t) =

{
1, if the RB b is allocated to user k,
0, otherwise.

(3)

2) URLLC Slice: In URLLC service slice, data packet
arrival times for vehicle users are uncertain. To meet strict QoS
requirements, we propose to allocate the incoming URLLC
data packet immediately to the next available mini-slot. Ad-
ditionally, the traditional Shannon’s capacity model may not
be suitable due to the typically small size of the vehicle user
data packets in URLLC slices. Instead, we utilizes the theory
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TABLE I
LIST OF ABBREVIATIONS

Symbol Meaning
K The collection of eMBB slicing users
N The collection of URLLC slicing users
B The collection of RBs
fb The bandwidth of the RB

Pmax The transmission power of the gNB
Dm(t) The number of URLLC slice user packets arriving in mini-slot m.
γkb(t) SNR of eMBB user k ∈ K in time slot t
hk,b(t) Channel gain of eMBB slicing user k ∈ K at RB b
pk,b(t) Downlink transmission power of the gNB
σ2 Noise power
x Resource allocation vector for URLLC user
Nu Block length of URLLC packets
εu Error probability of URLLC signal decoding
z Resource allocation vector for N at mini-slot m of time slot t
α Identification of strong user among paired eMBB user k and URLLC user n in RB b
ζn The required delay of URLLC
φ Resource allocation vector for URLLC user
λ Meaning of Possion arrival process
ϵ URLLC Reliability probability

Re
k,ach(m, t) Acieved rate in the mini-slot m at eMBB slicing user

Ru
n,ach(m, t) Acieved rate in the mini-slot m at URLLC slicing user

of finite block length channel coding to find the rate of vehicle
user n ∈ N in URLLC slicing at mini-slot m of slot t under
the conditions where the block length is Nu and the decoding
error probability is εu [42]:

run(m, t) =
∑
b∈B

zm,t
n,b fb log2 (1 + γn,b(m, t))

+

√
Vu

Nu
Q−1 (εu) ,

(4)

where γn,b(m, t) represents the SINR, Q−1(·) represents the
inverse of the Gaussian Q-function, and the channel dispersion
is expressed as Vu = (1− (1+γn,b(m, t))−2). zm,t

n,b is the RB
allocation indicator of URLLC slicing at mini-slot m, which
can be defined as:

zm,t
n,b =

{
1, if RB b is allocated to user n,
0, otherwise.

(5)

3) NOMA Superposition: In this paper, we investigate the
application of the superposition technique, which leverages
NOMA, for scheduling overlapping URLLC traffic and eMBB
services. Specifically, we employ successive interference can-
cellation (SIC) to benefit users with stronger channel gain.
Suppose that the eMBB user k ∈ K has greater channel gain
than the URLLC user u ∈ N in a given mini-slot m of slot t.
Under this circumstance, we calculate the SINRs of the two
users as:

γk,b(m, t) =
pk,b(t)hk,b(t)

σ2
, (6)

γn,b(m, t) =
pn,b(m)hn,b(t)

pk,b(t)hn,b(t) + σ2
, (7)

To satisfy the latency and reliability demands of the
URLLC slice, with consideration for NOMA superposition,
the URLLC user u ∈ N may receive multiple RBs in mini-
slot m. The SINR of URLLC user n ∈ N at mini-slot m of
slot t is given by:

γn(m, t) =
∑
b∈B

∑
k∈K

pn,b(m)hn,b(t)(
1− αb

k,n(m)
)
zm,t
n,b pk,b(t)hn,b(t) + σ2

,

(8)
where αb

k,n(m) is the identification of strong user among
paired eMBB user k ∈ K and URLLC user n ∈ N in RB
b ∈ B. If eMBB user k is the strong user, αb

k,n(m) = 0 and
if URLLC user n is the strong user, αb

k,n(m) = 1.
According to (4) and (8), the achieved rate of URLLC user

n is defined as:

Ru
n,ach(m, t) =

∑
b∈B

zm,t
n,b fb log2 (1 + γn,b(m, t))

+

√
Vu

Nu
Q−1 (εu) .

(9)

The payload Dm,t
n of URLLC slicing user n ∈ N must be

transmitted within the required delay ζn to ensure the latency
requirement. This requirement is guaranteed by the following
condition:

φm,t
n Dm,t

n ≤ ζnR
u
n,ach(m, t), (10)
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where φm,t
n is a mini-slot allocation indicator for URLLC user

n ∈ N , which can be defined as:

φm,t
n =

{
1, if n is served at mini-slot m,

0, otherwise.
(11)

The objective of satisfying the transmission requirements
of the URLLC user n ∈ N while meeting the hard latency
constraint is achieved in our proposed method. Specifically,
(10) guarantees that the obtained rate for the URLLC user is
above its prescribed threshold within the mini-slot duration.
To satisfy the transmission requirements, multiple RBs are
allocated to the URLLC slicing user n ∈ N in a given mini-
slot m as in (8), which ensures that the allocated RBs are
sufficient to support the transmission of the user’s data and
meet its latency requirement.

The provision of URLLC services entails a strict require-
ment that all requests made during any given mini-slot m must
be served, thus constituting a reliability constraint, which can
be formulated as:

P

(∑
n∈N

φm,t
n < Ψ

)
≤ (1− ϵ),∀m ∈M, t ∈ T. (12)

Assuming a Poisson arrival process Ψ with mean arrival
rate λ denote the traffic model of URLLC slicing in mini-slot
m, and let ϵ represent the reliability probability of URLLC
slicing. By setting ϵ = 0.999, the probability of serving fewer
URLLC requests than arrived ones must be less than 0.001,
as guaranteed by (12).

Since the traffic of URLLC slicing on mini-slots can overlap
with allocated eMBB slicing resources, eMBB users may
experience a decrease of data rate. The rate achieved by eMBB
user k ∈ K during mini-slot m can be represented as:

Re
k,ach(m, t) =

∑
b∈B

xk,b(t)z
m,t
n,b fb log2(1 + γk,b(m, t))+∑

b∈B

xk,b(t)z
m,t
n,b fb log2(1 + γ̃k,b(m, t)),

(13)
where the SINR in the conditions that the eMBB user k ∈ K
is with lower channel gain among paired users, and γ̃k,b(m, t)
is given as:

γ̃k,b(m, t) =
pk,b(t)hk,b(t)

αb
k,n(m)zm,t

n,b pn,b(m)hk,b(t) + σ2
, (14)

The data rate of eMBB slicing user k in the duration of
slot t is defined as:

Re
k,ach(t) =

∑
m∈M

Re
k,ach(m, t). (15)

C. Problem Formulation

In the coexistence scenario of mixed vehicular network ser-
vices, the resource allocation problem involves the allocation
for both the eMBB slice and URLLC slice. To satisfy the
data requirements of the eMBB slice and the latency and
reliability requirements of the URLLC slice simultaneously,

our proposed method seeks to optimize the available rate for
users of eMBB slice while maintaining the QoS demands of
URLLC slice. The optimization problem can be formulated
as:

max
x,p,z

∑
k∈K

Re
k,ach(t) (16)

s.t. φm,t
n Dm,t

n ≤ ζnR
u
n,ach(m, t),∀n ∈ N ,m ∈M, t ∈ T,

(16a)

P

(∑
n∈N

φm,t
u < Ψ

)
≤ (1− ϵ),∀m ∈M, t ∈ T, (16b)

Re
k,ach(t) ≥ Re

k,min,∀k ∈ K, (16c)∑
k∈K

∑
b∈B

pk,b(t) +
∑
m∈M

∑
n∈N

∑
b∈B

pn,b(m) ≤ Pmax,

(16d)∑
k∈K

xk,b(t) ≤ 1,∀b ∈ B, (16e)∑
n∈N

zm,t
n,b ≤ 1,∀b ∈ B, (16f)

xk,b(t) ∈ {0, 1}, ∀k ∈ K, b ∈ B, t ∈ T, (16g)

zm,t
n,b ∈ {0, 1}, ∀n ∈ N , b ∈ B,m ∈M, t ∈ T, (16h)

αb
k,n(m) ∈ {0, 1},∀k ∈ K, n ∈ N , b ∈ B,m ∈M,

(16i)
φm,t
n ∈ {0, 1},∀n ∈ N ,m ∈M, t ∈ T. (16j)

Constraints (16a) and (16b) ensure the latency and reliability
requirements of URLLC slicing, respectively, while constraint
(16c) guarantees the rate demands Re

k,min of eMBB users.
Constraint (16d) enforces power allocation, and constraints
(16e) and (16f) ensure RB orthogonality between eMBB and
URLLC users. Moreover, every element of x, z, α, and φ
is binary, as indicated by constraints (16g)-(16j). Note that
the problem (16) is a challenging combinatorial optimization
problem with chance constraints that falls into the NP-hard
category.

IV. TWO-TIMESCALE RESOURCE ALLOCATION SCHEME

To address the high data consumption patterns exhibited
by eMBB slicing, the gNB allocates all of its RBs to eMBB
slicing users at the outset of each slot t and maintains this
allocation throughout t. In any mini-slot m of t, the arrived
traffic of URLLC slice must be served in the following mini-
slot m + 1 by the gNB, allowing for the intermingling of
URLLC and eMBB traffic as illustrated in Fig. 2. Allocating
a subset of RBs to URLLC traffic presents a challenge in
identifying eMBB users whose data rates may be affected, as
per optimization problem (16). To overcome this obstacle, we
can employ a divide-and-conquer strategy to separate the joint
resource allocation problem into two sub-problems: eMBB
slicing on a slot basis and URLLC slicing on a mini-slot basis.
This approach enables us to address the unique challenges of
each type of traffic separately and ultimately arrive at a more
effective solution.
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Fig. 2. The scenario where eMBB and URLLC services coexist.

A. eMBB Resource Allocation

Given a fixed feasible URLLC traffic placement z, the
eMBB resource allocation sub-problem can be formulated as:

max
x,p

∑
k∈K

Re
k,ach(t) (17)

s.t.
∑
b∈B

xk,b(t)rk,b(t) ≥ Re
k,min, (17a)

xk,b(t) ∈ {0, 1},∀k ∈ K, b ∈ B, (17b)∑
k∈K

xk,b(t) ≤ 1,∀b ∈ B, (17c)∑
k∈K

∑
b∈B

xk,b(t)pk,b(t) ≤ Pmax, (17d)

pk,b(t) ≥ 0,∀k ∈ K, b ∈ B. (17e)

The Lagrangian function for the problem in (17) can be
expressed as:

L(x, p,λk, µ) =∑
b∈B

∑
k∈K

Re
k,ach(t) +

∑
k∈K

λk

(∑
b∈B

Re
k,ach(t)−Re

k,min

)

+ µ

(
Pmax −

∑
b∈B

∑
k∈K

xk,b(t)pk,b(t)

)

=
∑
b∈B

[∑
k∈K

(1 + λk)R
e
k,ach(t)− µ

∑
k∈K

xk,b(t)pk,b(t)

]
−
∑
k∈K

λkR
e
k,min + µPmax.

(18)
The dual variables associated with the QoS constraints and

power constraint are represented by λk and µ, respectively.
The variables λk and µ play an important part in the opti-
mization problem, as they help in finding the optimal solution

that satisfies the constraints. Using these variables, we can
write the Lagrangian dual function as:

G(λk, µ) =


max
x,p

L (x, p, λk, µ)

s.t.
∑

k∈K xk,b(t) = 1,∀b ∈ B
0 ≤ xk,b(t) ≤ 1, pk,b(t) ≥ 0

(19)

Then, the dual optimization problem is given by:

min
λk,µ≥0

G(λk, µ) (20)

Through Lagrangian relaxation, the connection between
RBs may be eliminated, and (17) can be divided into B
sub-problems at each RB, each of which can be solved
independently. The sub-problem at each RB is given by:

max
x,p

Lb =
∑
k∈K

(1 + λk)xkb(t)rk,b(t)− µ
∑
k∈K

xk,b(t)pk,b(t)

(21)

s.t.
∑
k∈K

xk,b(t) ≤ 1,∀b ∈ B, (21a)

xk,b(t) ∈ [0, 1],∀k ∈ K, b ∈ B, (21b)
pk,b(t) ≥ 0,∀k ∈ K, b ∈ B. (21c)

A second-level decomposition can further divide the sub-
problem (21) into power and subcarrier allocation problems.

1) Power Allocation: Let RB b ∈ B be allocated to eMBB
user k ∈ K and xk,b(t) = 1. Then the optimal power allocation
on this RB b that yields the best possible performance can be
mathematically represented as:

max
p

Lb

s.t. pk,b(t) ≥ 0,∀k ∈ K, b ∈ B.
(22)

Since this is a constrained optimization problem, Karush-
Kuhn-Tucker (KKT) conditions can be used to derive the
optimal power allocation solution.

p∗k,b(t) =

[
1 + λk

µ ln 2
− 1

ωk,b(t)

]+
, (23)

where ωk,b(t) =
hk,b(t)

σ2 , [x]+ = max[0, x].
2) RB Allocation: Once the optimal power allocation has

been obtained for each RB, the dual function of equation (19)
can be expressed as:

G(λk, µ) = max
x

∑
b∈B

∑
k∈K

xk,b(t)Hk,b(λk, µ)

−
∑
k∈K

λkR
e
k,min + µPmax

s.t.
∑
k∈K

xk,b(t) = 1,∀b ∈ B,

xk,b(t) ∈ [0, 1],∀k ∈ K, b ∈ B,

(24)

where the function Hk,b(λk, µ) is defined as:

Hk,b(λk, µ) = (1 + λk)rk,b(t)− µp∗k,b(t). (25)

Hk,b(λk, µ) expresses the rate achieved by user k ∈ K when
selecting RB b ∈ B as the first term, while the second term of
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(25) represents the power consumption cost. Thus, the profit
obtained by user k by transmitting over RB b is denoted by
Hk,b(λk, µ), and the profit vector at each RB b is represented
by H = [Hk,b]. To maximize the objective function (24), we
need to select exactly one element of vector H for each RB
b, such that the total profit is maximized. The optimal RB
allocation can be determined by selecting the user k∗ that has
the highest value of Hk,b(λk, µ). The corresponding formula
is provided as follows:

xk,b(t) =

{
1, k∗ = argmax

k
Hk,b(λk, µ),

0, otherwise.
(26)

3) Variable Update: The convexity of the dual function
G(λ, µ) implies that it can be minimized using a sub-gradient
method. In this regard, the dual variables λ and µ are updated
in parallel using the following procedure:

λk(i+ 1) =

[
λk(i) + ξ1(i)(Rk,min −

∑
b∈B

xk,b(t)rk,b(t))

]+
,

(27)

µ(i+ 1) =

[
µ(i) + ξ2(i)(

∑
k∈K

∑
b∈B

xk,b(t)pk,b(t)− Pmax)

]+
,

(28)
where ξ1(i) and ξ2(i) are diminishing step sizes and i is the
iteration index. The convergence of the sub-gradient method
described above to the optimal dual variables is guaranteed
provided that the step sizes ξ1(i) and ξ2(i) follow a diminish-
ing step size policy. By virtue of the mathematical formula-
tions and derivations presented, it is possible to algorithmically
compute the optimal assignment of RBs and power allocation.
The complexity of of this process is expected to be O(n3).
The proposed optimal scheme is formalized in pseudocode as
presented in Algorithm 1.

Algorithm 1 eMBB Resource Allocation
1: Initialize: λk, µ
2: while not converged do
3: for b = 1→ B do
4: p∗1:K,b ← calculate optimal powers using (21)
5: H1:K,b ← calculate Hk,b(λk, µ) using (23)
6: end for
7: k∗ ← find optimal users according to (24)
8: Allocate RBs to k∗

9: Update λk, µ using (25)
10: end while

B. URLLC Resource Allocation

Given the resource allocation scheme for the eMBB slice in
each slot, the resource allocation subproblem for the URLLC
service slice in the same slot can be expressed mathematically
as:

max
z,p

∑
k∈K

Re
k,ach(t) (29)

s.t. φm,t
n Dm,t

n ≤ ζnR
u
n,ach(m, t),∀n ∈ N ,m ∈M, t ∈ T,

(29a)

P

(∑
n∈N

φm,t
u < Ψ

)
≤ (1− ϵ),∀m ∈M, t ∈ T, (29b)

p′k,b(m) + pn,b(m) ≤ pk,b(t),∀b ∈ B, k ∈ K, n ∈ N ,
(29c)

N∑
n=1

zn,b(m) ≤ 1,∀b ∈ B, (29d)

zn,b(m) ∈ {0, 1},∀b ∈ B, n ∈ N , (29e)

αb
k,n(m) ∈ {0, 1},∀b ∈ B, n ∈ N . (29f)

The optimization problem presented in (29) is a challenging
combinatorial problem that demands a careful allocation of
resources among URLLC users. Specifically, it is necessary
to determine the RB selection process of each URLLC user
and the reallocation of power with eMBB users on the RB.
The fractional power allocation (FTPA) algorithm, which takes
into account the channel quality between different users and
allocates higher power to users with poor channel status
to meet their rate requirements by adaptively adjusting the
power allocation factor according to channel gain, could be
utilized to calculate the power assigned to each URLLC
user, considering the allocated RBs among eMBB slice users
had been determined already at the start of each time slot.
Specifically, when a subset of N

′ ≤ N URLLC users has
been served, (29b) holds for a particular value of ϵ. Assuming
N ′

= {1, 2, ..., N ′} and φm,t
n = 1,∀n ∈ N ′

, we can construct
a cost matrix C = (cn,b), where n ∈ N ′

, b ∈ B to determine
the required RBs for all n ∈ N ′

as specified by the upper
bound in (29a). We can also define S = [s1, s2, ..., sN ′ ]
represents the vector of the number of resource blocks required
by all URLLC slice users. Accordingly, the problem (29) can
be equivalently rewritten in a more explicit form as:

min
z

∑
n∈N

∑
b∈B

cn,b(m)zn,b(m) (30)

s.t.
B∑

b=1

zn,b(m) = sn,∀n ∈ N
′
, (30a)

N
′∑

n=1

zn,b(m) ≤ 1,∀b ∈ B, (30b)

N
′∑

n=1

sn ≤ B, (30c)

zn,b(m) ∈ {0, 1},∀b ∈ B, n ∈ N . (30e)

The objective of (30) is to minimize the rate loss of eMBB
slicing by identifying a matrix Z that complies with the prob-
lem’s constraints. This problem is a well-known unbalanced
transportation model and a linear programming problem. To
convert the inequality constraints in equations (30b) and (30c)

This article has been accepted for publication in IEEE Transactions on Vehicular Technology. This is the author's version which has not been fully edited and 

content may change prior to final publication. Citation information: DOI 10.1109/TVT.2023.3337250

© 2023 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.

See https://www.ieee.org/publications/rights/index.html for more information.
Authorized licensed use limited to: XIDIAN UNIVERSITY. Downloaded on December 21,2023 at 06:12:43 UTC from IEEE Xplore.  Restrictions apply. 



9

to equalities, we introduce slack variables zN ′+1,b,∀b ∈ B and
sN ′+1, resulting in the following reformulated problem.∑N

′

n=1 zn,b(m) + zN ′+1,b = 1,∀b ∈ B. (31)∑N
′

n=1 sn + sN ′+1 = B. (32)

The problem in (30) has been transformed into a balanced
transportation model (BTM). There are numerous methods
to obtain an initial feasible solution for the BTM, including
Northwest corner (NWC) and Vogel’s Approximation Method
(VAM). To reach the optimal solution, one can use the
Modified Distribution (MODI) or stepping-stone methods. In
the subsequent sub-section, we combine VAM and MODI to
acquire the optimal solution.

1) Acquiring Initial Feasible Solution by VAM: VAM is
a technique that accounts for the potential impact of using
supply and sales points with high freight rates in the subse-
quent dispatch process after initially dispatching cells based
on a certain minimum unit freight rate. This has the potential
to increase the overall transportation cost. VAM works by
calculating the difference between the minimum unit freight
rate and the next-smallest unit freight rate in each row and
column of the freight rate table. This difference between the
two unit freight rates is known as the penalty amount. The
transportation is then arranged according to the minimum unit
freight rate for the maximum penalty amount. However, if the
penalty amount is particularly high, the transportation is not
planned in accordance with the minimum freight rate, resulting
in significant freight loss. The VAM method consists of the
following steps:

Step1: Determine the row penalty and column penalty for
each row and column in C, which are known as the lowest
loss and the next-lowest loss, respectively;

Step2: Select the cell with the lowest loss in the row or
column where the largest of these penalties is located, and
cross the row or column;

Step3: In each row or column that has not been crossed out,
the above steps are repeated until the last cell is also allocated
and the initial feasible solution is obtained.

2) Finding an Optimal Solution by MODI Method: An
initial basic feasible solution for the transportation problem is
obtained, and then the optimality of the solution is evaluated
using the potential method. This method involves solving the
test number of non-basic variables in the simplex table, and to
do this, an additional left-hand column ln and top row mb with
the cost matrix C are added. The values for these new entries
are calculated, and then measured for all cells corresponding
to the allocation in Z , as illustrated below:

ln +mb = cn,b,∀zn,b ̸= 0. (33)

In order to further progress, equation (33) is solved to
acquire all ln and mb. If necessary, one of the unknowns is
assigned a value of zero to facilitate the solution. Subsequently,
the empty cells of Z are evaluated as follows:

σn,b = cn,b − ln −mb,∀zn,b ̸= 0. (34)

To obtain the optimal allocation Z , we first select the σn,b

corresponding to the most negative value and determine the

closed path for the corresponding cell to obtain the reallocation
amount. Next, we allocate the maximum permissible to the
empty cell of Z based on the selected σn,b, ln, and mb values.
Then, we compute the cost of the empty cells in Z using (34)
and recompute the C and Z values using (33). This process is
repeated until there are no negative σn,b values left, resulting
in the optimal allocation Z . The MODI method consists of
the following steps:

Step 1: Add the potential column and potential row to the
table of feasible initial basis solution Z obtained from the
VAM method;

Step 2: Add a row ln and a column mb to the value matrix
C based on (33);

Step 3: Calculate σn,b using (34);
Step 4: Determine the closed path by identifying the cell

that corresponds to the minimum σn,b found in Step 3 and
allocate resource blocks accordingly;

Step 5: Reiterate Step 2 to 4 until all σn,b ≥ 0.

C. Two Low-Complexity Heuristic Algorithms for URLLC
Resource Allocation

Although the VAM and MODI methods are able to achieve
optimal solutions for sub-problem (30), the final number of
RBs allocated to URLLC users may exceed the actual require-
ments due to the scaling of variables in the conversion of sub-
problem (29) into the transportation model. This issue becomes
more pronounced with an increasing number of URLLC users,
potentially leading to a significant reduction in the eMBB
user rate. To mitigate this problem, we introduce two heuristic
algorithms.

1) Strategy I : Minimal resource block reuse (MRBR)
scheduling strategy

The aim of MRBR is to minimize the reuse of resources
between eMBB and URLLC slices. For this purpose, we
partition the set of available RBs based on the channel
status of each users into two subsets, namely B1 and B2.
RBs in set B1 with the highest channel status are initially
assigned to the URLLC slicing user n to meet their QoS
requirements and minimize the interference due to sharing the
RBs with eMBB slicing users. URLLC service slicing users
prioritize using the resource pool B1 to meet their latency and
reliability requirements and preferentially choose RB capable
of completing transmission tasks using a single RB.

Algorithm 2 Minimal resource block reuse (MRBR) schedul-
ing strategy

1: Initialize: B1, B2, p, x
2: for n = 1→ N do
3: Power allocation following the FTPA algorithm
4: Calculate the achieved rated of eMBB user using (13)
5: Calculate the achieved rate of URLLC user n using (9)
6: if ζnDm,t

n ≤ run,b then
7: Allocate RB b∗ to URLLC user n
8: end if
9: Update B1 and B2

10: end for
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TABLE II
SIMULATION DEFAULT PARAMETER VALUES

Parameter Value Parameter Value

K 20 N 10

fb 180kHz M 7

B 50 ζ 32bytes

N0 -114dBm λ 1,2,3,4,5,6

2) Strategy II: Weight-based joint scheduling strategy
We employ a weight matrix W = {wn,b = αrek,b(m) +

(1−α)run,b(m), n ∈ N , k ∈ K, b ∈ B}, as opposed to MRBR,
to explain how URLLC multiplexing affects eMBB user rate.
gNB allocate resources to URLLC user n ∈ N according to
the value of weight, and calculate the total revenue that the
system can obtain under this allocation scheme.

Algorithm 3 Weight-based joint scheduling strategy
1: Initialize: B1, B2, p, x
2: for n = 1→ N do
3: Power allocation following the FTPA algorithm
4: Calculate the weight matrix W
5: Calculate the achieved rate of eMBB slicing using (15)
6: Allocate RB by selecting the maximum element in W
7: Update the weight matrix W
8: end for

V. NUMERICAL RESULTS AND DISCUSSION

In this section, simulations are carried out to evaluate
and analyze the performance of the proposed scheme. The
SINRmax-based algorithm was adopted as the baseline al-
gorithm, which mainly allocates RBs to the URLLC user
with the highest SINR value. Consider a downlink vehicular
communication system with a base station coverage range of
500 meters. Two types of service slice users are distributed
randomly. The eMBB traffic adopts a full-buffer traffic model
and the URLLC traffic can be modeled through a Poisson
process with a mean λ. The scheduling cycle for the eMBB
service slice is 1 millisecond, with each time slot having the
same duration. Moreover, each time slot is subdivided into
seven equally-spaced sub-slots, and the start of each sub-slot is
earmarked to schedule URLLC service slice users. A summary
of key simulation parameters is presented in Table II.

Fig. 3 illustrates the effect of varying the weight parameter
α on the performance of the weight-based joint scheduling
strategy. The simulation results indicate that the influence of
α on the eMBB slice user rate is insignificant when λ = 1,
whereas when λ = 6, α has a considerable impact. The
weight-based joint scheduling strategy successfully integrates
the QoS requirements of URLLC users and mitigates the
impact of the superposition mechanism on the eMBB slice
user rate. In addition, it can be observed that the average
eMBB rate increases firstly and then decreases as the weight
factor α from 0 to 1. Particularly, there exists a selectable
weight about α = 0.4 maximizing the eMBB rate. Thus, we
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Fig. 3. Average eMBB data rate for different value of α.

choose α = 0.4 as the weight factor for the weight-based joint
scheduling strategy in the subsequent simulations.

Fig. 4 presents a comparison of the empirical cumulative
distribution function (ECDF) values of the average rate of
eMBB slice users with the increasing URLLC packet arrival
rate. The results indicate that the transportation model-based
URLLC scheduling scheme outperforms other schemes when
λ = 1. Specifically, the probability of achieving average
rate for eMBB slice users at least 10 Mbps is 0.2 with
the transportation model algorithm, 0.168 with the weight-
based joint scheduling strategy, and about 0.3 with the MRBR
algorithm. These findings suggest that the weight-based joint
scheduling strategy takes into account the impact on eMBB
users when allocating resources to URLLC slice users, result-
ing in a higher reachable rate of eMBB users under the same
conditions. Thus, the weight-based joint scheduling strategy is
considered to be more effective in improving the performance
of the system for eMBB slice users.

Fig. 5 depicts the mean eMBB data rate as a function of λ.
As λ increases, the average eMBB data rate drops due to the
increase in resources allocated to URLLC users. Upon com-
paring the simulation results, it is observed that the URLLC
scheduling scheme solved by TM can enhance the system’s
performance, particularly when the URLLC packet arrival
rate λ is small. However, as λ increases, the performance of
TM gradually deteriorates, although it still outperforms the
SINRmax-based scheduling scheme overall. The use of the
minimum data rate when allocating resource blocks during
transmission model establishment explains this observation.
With a rise in data packets, the number of resource blocks
assigned to users exceeds the actual requirement, adversely af-
fecting the performance of eMBB slice users. Notably, the two
proposed heuristic algorithms exhibit superior performance
compared with the SINRmax-based scheduling scheme, and
the weight-based joint scheduling strategy performs better than
MRBR. This is attributed to the fact that the weight-based
joint scheduling strategy considers both the URLLC’s QoS
constraints and the effect of superposition on eMBB user rates.

Moreover, we employ superposition mechanisms to mul-
tiplex the resources of the two sliced services. Punching is
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Fig. 4. Comparison of ECDF for (a) λ = 1, (b) λ = 3, and (c) λ = 6.
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another common multiplexing approach, prioritizing URLLC
packets by temporarily suspending the data transmission of
eMBB users. Fig. 5 presents a comparative analysis of the
impact of URLLC packet arrival rates on the average data
rate of eMBB users under the two multiplexing mechanisms.
The results demonstrate that NOMA significantly outperforms
punching in terms of system performance due to its ability to
enable URLLC users to multiplex the same RB as eMBB users

simultaneously by leveraging different transmission powers to
extract signals from different users. The NOMA technique
thus reduces the effect of URLLC users on the eMBB data
rate without completely terminating eMBB services, leading
to an improved eMBB slice user rate when compared to the
punching method.

The simulation results, depicting fairness scores using Jain’s
fairness index across a range of URLLC packet arrival rates,
are visually represented in Figure 6. It is observed that the
weight-based joint scheduling strategy outperforms the other
schemes across the different values of λ. Furthermore, the
results indicate that the average data rate experiences a decline
as the value of λ increases. This reduction is attributed to
the additional resource allocation required for URLLC traffic.
The fairness score experiences a similar decline as the RB
allocation to URLLC users becomes a priority over eMBB
users, ultimately leading to a reduction in eMBB user rate.

Fig. 7 compares the impact of total transmit power of
the base station on the eMBB slice data rate using different
power allocation schemes. The proposed FTPA algorithm
outperforms the conventional FPA algorithm which distributes
the transmitted power to each user in a fixed manner. The
eMBB slice data rate increases gradually as the total transmit
power of the base station increases, but the growth trend slows
down as the FTPA algorithm dynamically allocates transmit
power based on the channel quality of user pairs on the same
resource block. This allows the algorithm to allocate more
power to users with poor channel conditions, ensuring their
data rate and achieving better overall performance.

The impact of URLLC QoS requirements on the rate of
eMBB slices is contrasted in Fig. 8. It shows that the data
rate of eMBB slices increases when the delay requirement of
URLLC ζn is increased from 1 mini-slot to 4 mini-slots while
it still falls as the arrival rate of URLLC packets rises. This
is a result of better spectrum resource utilization caused by
scheduling burst incoming URLLC packets in more mini-slots.

VI. CONCLUSION

In this paper, we proposed a joint scheduling scheme on dual
time-scales that utilizes network slicing and NONA technology
to address the resource allocation problem in the multi-service
coexistence scenario of the vehicular network. Specifically,
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the decomposition strategy divides the problem into a slot-
based eMBB slice resource allocation problem and a mini-slot-
based URLLC slice resource scheduling problem to cope with
dynamic URLLC traffic and channel variations. Simulation
results have demonstrated that the proposed approach com-
prehensively considers the diverse QoS demands of different
services and outperforms the baseline method with regards
to throughput and latency. This study provides insightful
guidance to the practical deployment of vehicular networks.
In future work, we aim to investigate other aspects of resource
allocation in conjunction with machine learning, including
dynamic traffic pattern and energy efficiency optimization.
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