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ABSTRACT Network slicing has been a significant technological advance in the 5G mobile network
allowing delivery of diverse and demanding requirements. The slicing grants the ability to create customized
virtual networks from the underlying physical network, while each virtual network can serve a different
purpose. One of the main challenges yet is the allocation of resources to different slices, both to best
serve different services and to use the resources in the most optimal way. In this paper, we study the
radio resource slicing problem for Ultra-Reliable Low Latency Communications (URLLC) and enhanced
Mobile Broadband (eMBB) as two prominent use cases. The URLLC and eMBB traffic is multiplexed over
multiple numerologies in 5G New Radio, depending on their distinct service requirements. Therein, we
present our optimization algorithm, Mixed-numerology Mini-slot based Resource Allocation (MiMRA),
to minimize the impact on eMBB data rate due to puncturing by different URLLC traffic classes. Our
strategy controls such impact by introducing a puncturing rate threshold. Further, we propose a scheduling
mechanism that maximizes the sum rate of all eMBB users while maintaining the minimum data rate
requirement of each eMBB user. The results obtained by simulation confirm the applicability of our

proposed resource allocation algorithm.

INDEX TERMS BS5G, eMBB, numerology, puncturing, resource allocation, URLLC.

. INTRODUCTION

HE NEXT-GENERATION mobile networks are

intended to support the diverse requirements of the
vertical industries, thus, to support a wide range of devices
and applications. The fifth generation (5G) and beyond 5G
(B5G) networks expand not only mobile broadband services
compared to the fourth generation (4G) but also address
new service-oriented use cases that involve innovative
healthcare delivery, smart transportation systems, factory
automation, and smart grids.

To address the diversity of applications and services
served by 5G, the community categorized these services
into three classes. These include massive Machine-Type
Communications (mMTC), enhanced Mobile Broadband
(eMBB), and Ultra-Reliable Low-Latency Communications
(URLLC). mMTC is designed to provide connectivity for

thousands of devices spread over a wide coverage. mMTC
requires a low data rate and low power connectivity for enor-
mous amounts of sensor/actuator devices (i.e., the Internet of
Things (IoT)). eMBB deals with high data rates, high spectral
efficiency, and low latency and can be considered as a direct
extension of the 4G broadband services. URLLC necessitates
significantly low End-to-End (E2E) latency and ultra-high
reliability, and it is associated with tactile Internet [1].
URLLC is also referred to as mission-critical communi-
cations as it enables real-time control and automation of
dynamic processes in various fields, such as industrial pro-
cess automation and manufacturing, power distribution, or
traffic management and safety.

The major challenge in providing such diverse and abun-
dant services is that the physical infrastructure resources are
scarce to meet all requirements. Thus, these resources need
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to be deployed intelligently to deliver such services. In order
to fulfill the above-specified diverse performance require-
ments imposed by B5G use cases, the next-generation mobile
network has to be redesigned. Network slicing is a promising
paradigm, which allows heterogeneous services to coexist
within the same network architecture. The approach towards
softwarization, virtualization, and cloudification as enabling
technologies of network slicing has brought tremendous
progress and benefits in terms of programmability, flexibility,
and innovative ideas to service provisioning. Hence, network
slicing leverages the benefits of a virtualized resource sharing
environment enabled by Software-Defined Networking (SDN)
and Network Function Virtualization (NFV) [2], [3], [4].
Based on softwarization and virtualization, it is capable of
enabling Network-as-a-Service (NaaS) [5] and allows the
coexistence of multiple networks on the same physical infras-
tructure. An E2E network slice is composed of the Radio
Access Network (RAN), transport and Core Network (CN)
sub-network slices in between the end (user) devices [6].
In this work, we consider slicing in the RAN, which is a
constituting part of an E2E network slice.

5G New Radio (5G NR) follows the same princi-
ples of Orthogonal Frequency Division Multiple Access
(OFDMA) technology which was adopted in Long Term
Evolution (LTE) and LTE-Advanced (LTE-A). 5G NR sup-
ports multiple waveform configurations, which results in
scalable numerologies. The resulting flexible frequency-
time lattice is designed to support diverse requirements
imposed by different traffic classes. URLLC users are typi-
cally mission-critical; therefore, they need to be prioritized
over the eMBB users, which are typically considered best
effort users. The coexistence of eMBB and URLLC users
in the same mobile network is, hence, demanding given the
trade-off between simultaneously achieving high data rates
for the eMBB users and the ultra-reliability and low latency
for the URLLC users.

A. RELATED WORK

Resource allocation and orchestration are vital aspects of
network slicing as the logical E2E slices are realized upon a
shared resource pool. To this end, numerous research works
have considered radio resource allocation and proposed var-
ious scheduling algorithms. The 3rd Generation Partnership
Project (3GPP) [7] has proposed a superposition/puncturing
method for multiplexing URLLC and eMBB traffic in 5G
cellular systems. The authors in [8] study the coexistence
problem of eMBB and URLLC users in 5G networks. They
formulate a joint resource allocation problem that can sat-
isfy both eMBB user rate and URLLC interrupt probability
requirements. They assign mini-slots for URLLC users and
calculate the transmission power of URLLC users, ensur-
ing the reliability constraint. A similar study is performed
in [9], which also studies the resource slicing problem for 5G
eMBB and URLLC services. The resource slicing problem
is formulated as an optimization problem that aims at max-
imizing the eMBB data rate. The problem is subject to a
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URLLC reliability constraint while considering the variance
of the eMBB data rate to reduce the impact of immedi-
ately scheduled URLLC traffic on the eMBB reliability.
An optimization-aided deep reinforcement learning-based
framework is proposed to solve the formulated problem.

The dynamic multiplexing scheme [7] is recognized as
a promising technique to enable the coexistence of the
eMBB and URLLC transmissions over the 5G NR and thus
has attracted much attention in academia and industry. The
authors in [10] evaluate the coexistence technique for eMBB
and URLLC based upon a punctured scheme. They extend
the study to formulate an optimization problem aiming to
maximize the minimum expected achievable rate of eMBB
User Equipment (UEs) while fulfilling the provisions of the
URLLC traffic. In study [11], the radio resources are sched-
uled among the eMBB UEs on a time slot basis, whereas they
are handled for URLLC UEs on a mini-slot basis. They use
a penalty successive upper bound minimization-based algo-
rithm for eMBB UEs, while the optimal transportation model
is adopted to solve the same URLLC UEs problem. They
also present a heuristic algorithm for efficient scheduling of
PRBs among eMBB UEs.

Authors of [12] model the impact of the URLLC trans-
mission over the scheduled eMBB traffic via loss functions
caused by the URLLC traffic. The work in [13] ana-
lyzes the multiplexing of the eMBB and URLLC traffic
in the Cloud-RAN (C-RAN) environment. The work in [14]
investigates the performance trade-offs between eMBB and
URLLC traffic types in a multi-cell C-RAN architecture
under Non-Orthogonal Multiple Access (NOMA) and OMA
access strategies. The work outcome reveals the advantage of
employing the orthogonal-based solution for degrading the
mutual interference of the eMBB and URLLC traffic. The
authors also demonstrate the potential benefits of puncturing
in improving the efficiency of fronthaul usage by discard-
ing received mini-slots affected by URLLC interference. The
authors in [15] present a puncturing scheme for transmitting
low latency communication traffic, multiplexed on a down-
link shared channel with eMBB. They also propose recovery
mechanisms for the impacted eMBB users to minimize the
capacity loss for eMBB users due to low latency communica-
tion traffic. A group of authors considers an optimal resource
assignment under different channel conditions within a mixed
numerology approach in [16], [17]. The work presented
in [18] focuses on the scheduling problem for heteroge-
neous services within a mixed numerology approach aiming
to maximize the number of satisfied users while meeting
latency demand and data transmission requirements. Mini-
slots enable transmissions that can be performed in a shorter
time than the regular slot duration. In higher numerolo-
gies, the use of wider Sub-Carrier Spacings (SCSs) provides
shorter slot durations. Consequently, low-latency commu-
nications can be enabled by combining mixed numerology
and mini-slot approaches. 3GPP proposed mixed numerology
with mini-slots that use single numerology with shorter slot
durations than a regular slot for that predefined numerology
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in order to support multiple services on the same carrier [19].
The work in [20] offers a model to optimize the numerol-
ogy and resource allocation for mixed numerology systems,
which employ the mini-slot approach.

The work in [21] aims to maximize the minimum expected
achieved rate of eMBB users and fairness between them by
employing a one-to-one matching game to compute appropri-
ate eMBB and URLLC pairs for URLLC resource allocation.
The authors of [22] and [23] aim at maximizing the aggre-
gated throughput of the eMBB and URLLC users while
mitigating the Inter-Numerology Interference (INI). They
consider satisfying the minimum acceptable throughput of
the eMBB and maximum allowed delay of the URLLC
users according to their corresponding service requirements.
The authors propose a deep reinforcement learning INI-
aware agent to overcome the computation complexity of the
optimization problem. Their method offers a spectrum alloca-
tion fulfilling the eMBB and URLLC service requirements
while reducing the INI. Finally, they analyze their results
delivered by the INI-aware agent when the URLLC traffic
statistic is modeled based on mobile and industrial networks.
Reference [24] formulates the RAN slicing problem between
eMBB and URLLC users as a multi-timescale problem and
proposes a hierarchical deep neural network algorithm to
assign radio resources to their corresponding users. The
authors model the selection of slice parameters within a
time slot as a partially observable Markov decision process
and present an algorithm to define configuration parameters
for the eMBB and URLLC slices efficiently.

The work in [25], the authors compute the achievable
latency for the industrial network scenario based on an
accurate system-level simulation. Their primary focus is
determining 5G NR configurations that are more relevant
for Industry 4.0 applications to analyze the effect of reserv-
ing bandwidth for URLLC services. Reference [26] defines
a context of the network based on combined statistical
characteristics from the wireless channel and UEs’ ser-
vice requirements to train a Mondrian forest to predict
an optimal mixed-numerology profile. The authors of [27]
work on solving the challenges of radio resource alloca-
tion in the mmWave band of 5G NR by proposing a deep
reinforcement learning-based scheduler. The scheduler allo-
cates resources for a list of UEs to satisfy their different
slice’s SLA requirements according to the channel quality
of each UE. Paper [28] presents a resource allocation strat-
egy that combines latency, control channel, hybrid automatic
repeat request, and radio channel quality in determining
the transmission resources for different users. The approach
minimizes the latency and bypasses unwarranted costly seg-
mentation of URLLC payloads over several transmissions.
Reference [29] addresses the problem of joint admission
control and resource scheduling for URLLC by utilizing a
standard continuous SNR model, where all allocated resource
blocks contribute to the success probability, and a binary
SNR model, where each resource block is classified as active
or inactive according to a SNR threshold. In congestion
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cases, the work focuses on discovering a subset of users
that can be scheduled at the same time.

The authors in [30] develop a joint optimization problem
for power and bandwidth allocation with long-term condi-
tions of queues backlog for the eMBB users. They utilize the
Lyapunov drift-plus-penalty technique to create the relation-
ship between the long-term constraints and the short-term
optimization problem. Furthermore, they employ a one-
to-one matching procedure to solve the slicing puncture
problem. The work in [31] designs a coordinated multi-
point multi-numerology network to improve the throughput
of eMBB and latency of URLLC users. The authors solve
a subcarrier and power allocation problem with the objec-
tive of maximizing the system sum rate. They show that
their designed network has a higher sum data rate, lower
delay, and throughput outage compared to the traditional
non-coordinated multi-point single numerology scenarios.
Reference [32] concentrates on minimizing the rate loss of
the eMBB users and packet segmentation loss of URLLC
users while fulfilling the QoS requirements of eMBB and
URLLC use cases. They consider the case of one-to-one pair-
ing in which one URLLC packet can be paired with only
one eMBB. They employ a bi-level optimization problem
that includes one inner and one outer problem. The inner
problem seeks to discover the optimal power and frequency
resources for each URLLC and eMBB pair, and the outer
problem desires to search for the optimal eMBB-URLLC
pairing policy. They also generalize the problem for many-
to-many pairing while undervaluing the overhead due to
URLLC packet segmentation.

The authors in [33] aim at minimizing the decoding error
rate of URLLC users while ensuring the demand for the
throughput of eMBB users. They propose a block coordi-
nate descent optimization algorithm to obtain the optimal
bandwidth allocation, puncture weight, and transmit power.
Paper [34] focuses on studying eMBB and URLLC use cases
in networks that are assisted by a Reconfigurable Intelligent
Surface (RIS). The authors jointly optimize the power and
frequency allocation problem and the RIS phase shift matrix
to enhance the eMBB sum rate and URLLC reliability.
The work in [35] concentrates on eMBB and URLLC use
cases in a massive MIMO system by providing a unified
information-theoretic framework incorporating an infinite-
blocklength analysis of the eMBB spectral efficiency with a
finite-blocklength analysis of the URLLC error probability.
The work relies on the use of mismatched decoding and
saddlepoint approximation.

Compared to the works presented above, in our previous
work [36], we maximize the data rate for each of the eMBB
users while guaranteeing a minimum acceptable data rate
requirement per eMBB user. We develop the resource allo-
cation problem by formulating a loss function for each eMBB
user that experiences an adverse impact on its data rate due
to the puncturing by the incoming URLLC traffic. We aim
to minimize such negative impact of URLLC traffic upon
eMBB users by introducing a puncturing rate threshold. In
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TABLE 1. Comparison of related work and the proposed work in this paper for eMBB and URLLC coexistence, where v denotes that the corresponding work covers the topic

and X denotes that the corresponding work does not cover the topic.

Related Puncturing | Mixed URLLC | URLLC URLLC eMBE Loss Power eMBB Resource Channel
Work method Numerology | latency | reliability traffic function allocation | data rate Block state
classification | definition allocation

[8] v X X v X v v v X
[9] v X X v X X v v v v
[10] v X v v X v X v v X
[11] v X v v X v X v v X
[12] v X X X X v X v v v
[13] X X v X X X v v X v
[14] v X v X X X v v X v
[15] v X v X X X X v X v
[16] X v X X X X X v X v
[17] X v X X X X v v X v
[18] X v X X X X X v v X
[20] X v v X X X X v X v
[21] v v v v X X X v v v
[22], [23] X v v v X X X v v v
[24] v v v v X X v v v v
[25] X v v X X X X v X X
[26] X v v X X X X v X X
[27] X v v X X X X v v X
[28] X X v v X X X v v X
[29] X X v v X X X X v X
[30] v X v X X v v v v v
[31] X v v X X X v v v v
[32] v X v v X v v v X v
[33] v X X v X v v v v X
[34] v X v v X v v v v v
[35] v X X X X X v v X v
[36] v X v v X v v v v v
Our work v v v v v v v v v v

this paper, we extend our previous work by incorporating
mixed numerologies for different URLLC traffic classes.
We also introduce the MiMRA algorithm for the resource-
slicing problem between URLLC and eMBB traffic. Some
of the recent related works, such as [22], [23], [30], [32],
and [34], address the main technical challenges in the eMBB
and URLLC coexistence problem. Nevertheless, no work
considers URLLC traffic classification. Although all of the
URLLC use cases share low latency and ultra-high relia-
bility characteristics, each specific use case holds its own
distinct and exclusive value, such as the Motion control
use case compared to the Closed-loop control use case as
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discussed further in Section II-B. Such URLLC use cases
also need prioritization in serving by the network. Thus,
classifying URLLC traffic is crucial. Besides, each specific
URLLC class holds a different packet size, and this fea-
ture becomes extra-critical when transmitting such packets
promptly. Moreover, considering accurate power allocation
to the eMBB and URLLC users is also vital in order to ful-
fill their service requirements while overcoming noise and
interference. Consequently, there is a need for simultane-
ously addressing puncturing over mixed numerologies while
differentiating the URLLC traffic. This motivates our con-
tributions in this paper, outlined in the next section. Table 1
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summarizes the comparison of the related work and our
proposed work.

B. CONTRIBUTIONS
The main contributions of this paper are as follows:

o We describe the radio resource allocation problem for
the coexistence of eMBB and URLLC traffic schedul-
ing by employing the puncturing method over different
numerologies. We formulate the resource allocation
problem according to the eMBB resource block allo-
cation, eMBB power allocation, and scheduling of
different URLLC traffic classes. Our main objective is
to maximize the sum rate of the eMBB users while ful-
filling the minimum acceptable data rate of each eMBB
user in order to deliver fairness in allocating radio
resources. Concurrently, the resource allocation problem
has to satisfy the extra low latency and ultra-high
reliability requirements of the URLLC users.

o We categorize the URLLC traffic into different classes.
Each class represents a portion of the traffic that has
been generated by the URLLC users belonging to a par-
ticular URLLC use case. To the best of our knowledge
and following Table 1, there is no similar work that
investigates together the puncturing method and mini-
slots with 5G NR mixed-numerology to fulfill distinct
URLLC classes’ requirements (extra low latency and
ultra-high reliability) on the one hand and to maximize
the sum rate of the eMBB users on the other hand. In
this way, apart from eMBB users, we can also differenti-
ate and prioritize URLLC traffic classes as they belong
to various URLLC use cases and thus hold different
QoS requirements.

« We define precisely a loss function of the eMBB user’s
data rate to capture the impact of puncturing by the
overlapped traffic of each URLLC class according to
the number and size of the URLLC packets within
each class. The loss function is expressed per TTI in
each specific numerology and for every particular radio
resource allocated to each eMBB user.

« We propose an optimization strategy called Mixed-
numerology Mini-slot based Resource Allocation
(MiMRA) that guarantees the loss in eMBB data
rate due to the overlapped URLLC traffic is minimal.
Consequently, the achievable data rate for the eMBB
users is not impacted immensely. Furthermore, we rep-
resent a puncturing rate threshold to limit the such
impact.

C. ORGANIZATION

The remainder of this paper is organized as follows. In
Section II we present a few fundamental concepts that
are related to this work. Section III explains the system
model of our network. In Section IV, we describe the
proposed optimization strategy for eMBB/URLLC coexis-
tence. In Section V, we illustrate the numerical results of
the analysis. Finally, Section VI concludes the paper.
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Il. PRELIMINARIES
In this section, we discuss a few fundamental elements upon
which the work of this paper is built.

A. 5G NEW RADIO

5G New Radio (NR) is designed to support deployment
across a wide range of frequencies. Two different frequency
ranges are designated for SG NR named: Frequency Range
1 (FR-1) and Frequency Range 2 (FR-2) [37]. The bands in
FR-1 are envisaged to carry much of the traditional cellular
mobile communications traffic. The higher frequency bands
in the range FR-2 aim to provide short range very high data
rate capability for the 5G radio. Thus, 5G NR can operate
in both the sub-6 GHz bands, some of which are tradition-
ally used by previous standards, as well as millimeter wave
(mmWave) bands with a shorter range but higher available
channel bandwidths.

1) 5G SCALABLE NUMEROLOGIES

Distinct from LTE-A, 5G NR supports multiple waveform
configurations referred to as numerologies. A numerology
represents a set of parameters such as SCS, OFDM sym-
bol length, and Cyclic Prefix (CP). LTE supports carrier
bandwidths of up to 20 MHz with a mainly fixed OFDM
numerology (15 KHz SCS). Nevertheless, NR is designed
to offer scalable OFDM numerologies to support diverse
spectrum bands and deployment models. This is achieved
by creating multiple numerologies formed by scaling the
basic LTE SCS with 2*, where u is an integer between
0 and 4. The numerology is selected independently of the
frequency band, with possible SCS of 15 KHz to 240 KHz.
Regardless of the numerology, the length of a radio frame
and a subframe are always 10 ms and 1 ms, respectively.
The difference is the number of time slots within a subframe
and the number of symbols within a time slot.

Table 2 presents the main features of each of the five
numerologies defined in 5G NR [38]. The following is the
terminology used in this paper.

o Numerology: A numerology represents a set of param-

eters such as SCS, OFDM symbol length, and CP.

o Frame: Similar to LTE, 10 subframes, each lasting for
1ms construct one frame.

o Slot: A slot consists of 14 OFDM symbols and is
transmitted within a transmission time interval (TTI).

o Transmission time interval (TTI)/(eMBB) time slot:
Corresponds to 1 subframe duration (lms) that is
required to encapsulate non delay-sensitive data (trans-
port blocks) from higher radio protocol stack layers and
deliver it to the physical layer in order to transmit it
via the radio interface.

e Resource Block (RB): In this paper, a RB in 5G
NR is defined as 12 consecutive subcarriers in the
frequency domain and 14 symbols in the time domain.
With different sizes of slots and subcarriers of differ-
ent numerologies, the size of the RB may change, as
illustrated in Figure 1.
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TABLE 2. 5G new radio numerologies [38].

Numerology, # SCS [KHz]  #symbols per slot  #slots per subframe  Cyclic prefix (CP)  Symbol duration [ps]  CP duration [us]
0 15 14 1 Normal 71.43 4.69
1 30 14 2 Normal 35.71 2.34
2 60 14,12 4 Normal, extended 17.86 1.17
3 120 14 8 Normal 8.92 0.57
4 240 14 16 Normal 4.46 0.29
L S deployment scenarios from sub-1 GHz range to mmWave

H3

M 240 kHz

RE

ps)
o

I—irequency
FL
T ls
BN EEEEEEEEEEEE

time 1 ms

FIGURE 1. 5G flexible numerology structures.

e Resource Element (RE): RE is the smallest unit within
the 5G NR resource grid, consisting of one subcarrier
in the frequency domain and one OFDM symbol in the
time domain.

e Cyclic Prefix (CP): CP is required to eliminate Inter-
Symbol Interference (ISI) due to multipath signals. 5G
NR supports both normal CP and extended CP. With a
normal CP, each slot is formed by 14 OFDM symbols,
while 12 are only available when using an extended CP.

5G NR can support a wide range of services, devices,
and deployments. Another new concept in 5G NR is called
Bandwidth Part (BWP). A BWP is a set of contiguous RBs
configured inside a channel bandwidth; thus, the width of
a BWP may be smaller than or equal to the channel band-
width. The motivation behind introducing BWP is such that it
could be challenging to use the larger SG bandwidths for the
UEs and to support UE bandwidth adaptation to help reduce
device power consumption [39]. Besides, BWPs can be of
various numerologies, which can be employed to decrease
the latency for particular services, such as in URLLC use
cases.

Employing multiple numerologies in the 5G NR enhances
the flexibility of scheduling use cases with diverse ser-
vice requirements via performing slicing in the RAN. With
a shorter duration of slots, transmissions can be sched-
uled much faster than a traditional LTE-based network.
Furthermore, NR enables both uplink and downlink transmis-
sions within a slot, making it possible to support low latency
traffic. In addition, different numerologies support multiple
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applications. The higher numerologies @ = 3 and u = 4
support high frequencies in the mmWave range defined in
the range of FR-2. Furthermore, since the symbol length
and SCS are inversely proportional to each other, wider
SCSs reduce the CP length, which is an overhead to a
system. This is especially useful for smaller cells where
delay spread is low. For applications that tolerate longer
delay spread, narrower SCSs are preferable. In the work [40],
the authors present a criterion for selecting the most prefer-
able numerology for a set of services under given network
conditions.

However, the flexibility provided by the multi-numerology
structure of 5G NR introduces a non-orthogonality into the
system. This causes interference between the multiplexed
numerologies, known as Inter-Numerology Interference
(INI). Several papers analyze INI and present various INI
management techniques [22], [23], [41], [42], [43].

2) 5G MINI-SLOT

A slot is a unit for transmission used by the gNB scheduling
mechanism. Typically, a slot occupies either 14 (normal CP)
or 12 (extended CP) OFDM symbols (see Table 2). 5G NR
allows transmissions with a flexible start position and a dura-
tion shorter than a regular slot duration, which is referred to
as a mini-slot. A mini-slot is the minimum scheduling unit
used in 5G NR. Though, in principle, a mini-slot can be as
short as one OFDM symbol in Release 15, mini-slots are
limited to 2, 4, and 7 OFDM symbols [44]. In low-latency
scenarios such as URLLC, a transmission needs to begin
immediately without waiting for the start of a slot. Mini-slot
transmission facilitates achieving lower latency in 5G NR
architecture and minimizes interference to other RF links.
Unlike slots, mini-slots are not tied to the frame structure.
This helps in puncturing the existing frame without waiting
to be scheduled.

B. URLLC AND EMBB USE CASES

A vertical domain is an industry or group of enterprises in
which similar products or services are developed, produced,
and provided. The operation of a vertical industry is hugely
interdependent on an Information and Communications
Technology (ICT) infrastructure. Depending on the products
or the services they deliver, the underlying ICT infrastruc-
ture must be designed in a way that it can accommodate all
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TABLE 3. Communication service performance requirements for different URLLC use cases [45].

Use case availability (%) reliability (MTBF) maximum E2E latency  data size (Bytes)
Motion control in factory automation 99,9999 10 years 1ms — 500ns -
Closed-loop control in process automation 99, 9999 > 1 year < 10ms -
Fault location, isolation, and restoration (FLISR) 99, 9999 - < bms < 1500
Wind power plant network 99, 9999999 10 years 16ms -

service requirements demanded by such vertical industries.
The vertical domains addressed in this paper are:

Thus, related applications are characterized by strict
requirements on the underlying communication infras-
tructure regarding availability and latency.

o Process automation in manufacturing: In the closed-

o Power distribution: Modern society is highly depen-
dent on the reliability and resiliency of the power grid.

The energy sector is currently subject to a fundamen-
tal change caused by the evolution toward renewable
energy, i.e., an increasing number of power plants based
on solar and wind power. These changes lead to bi-
directional electricity flows and increased dynamics of
the power system. New sensors and actuators are being
deployed in the power system to efficiently monitor and
control the volatile conditions of the grid, requiring
real-time information exchange. The emerging power
distribution grid is also referred to as the smart distri-
bution grid. The smartness enhances insight into both
the grid as a power network and the grid as a system
of systems.

Power generation: This domain comprises all aspects of
centralized power generation, i.e., the centralized con-
version of chemical energy and other forms of energy
into electrical energy. Examples of pertinent systems
are large gas turbines, steam turbines, combined-cycle
power plants, and wind farms. In addition, the planning
and installation of respective equipment and plants, as
well as the operation, monitoring, and maintenance of
these plants are encompassed by this vertical domain.
Manufacturing: The manufacturing industry is currently
subject to a fundamental change due to the fourth

loop control use case for process automation, several
sensors are installed in a plant, and each sensor per-
forms continuous measurements. The measurement data
is transported to a controller, which takes a decision
to set actuators. The latency and determinism in this
use case are crucial. Therefore, this use case has very
stringent requirements in terms of latency and service
availability.

Fault Location, Isolation and Service Restoration
(FLISR) in power distribution: The FLISR is an essen-
tial operation to support the self-healing of power
distribution grids. Typically, in power distribution
grids, each feeder section has a controller device.
Using Peer-to-Peer (P2P) communication among the
Intelligent Electronic Devices (IEDs), the system oper-
ates autonomously without the intervention of the
control center. In P2P communication via IEC 61850
GOOSE (Generic Object-Oriented Substation Event)
messages are sent periodically (in steady-state) by each
IED to neighboring IEDs of the same feeder and are not
acknowledged. The data rate per IED is low in steady-
state, but GOOSE bursts with high data rates occur,
especially during fault situations, and require low E2E
latency and high reliability.

industrial revolution (Industry 4.0). It requires improve- Table 3 presents the different communication service

ments in flexibility, versatility, resource efficiency, cost  performance requirements for different URLLC use cases
efficiency, worker support, and quality of industrial pro- mentioned above.

duction and logistics in order to address the needs of

increasingly volatile and globalized markets.

In the following, we present several use cases within 2) EMBB USE CASES

selected 5G vertical industries requiring URLLC or eMBB
communication services, which some of them will be
considered later in a scenario for our simulations.

o Remote grid surveillance in power distribution: Critical
infrastructures such as power distribution grids must
be continuously monitored and controlled. Such criti-
cal infrastructures are heavily exposed to threats posed
by malicious actors as well as potentially catastrophic
natural disasters. As a result, there is a trend for

1) URLLC USE CASES

o Factory automation in manufacturing: Factory automa-

tion serves the automated control, monitoring, and
optimization of processes in a factory. It deals with
applications such as closed-loop control, motion con-
trollers, robotics, and computer-integrated manufactur-
ing. Factory automation is a key enabler for industrial
mass production with high quality and cost-efficiency.
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smart distribution grids to incorporate video, photogra-
phy, Unmanned Aerial Vehicles, and drones for visual
surveillance for the supervision and observation of grid
equipment.

o Augmented (AR) or Virtual Reality (VR): Use cases and

applications also exist that require very high data rates
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as offered by eMBB, such as augmented or virtual real-
ity. Cloud-based AR/VR is the key technology enabling
games, education, training.

o Video streaming from event venues: One potential appli-
cation is large spectator events such as sports games or
concerts, where spectators are located far away from the
physical event location but are able to experience it, for
instance, via live video streaming through social media.
Also, the spectators are able to experience a front-row
view of the action despite their physical location as a
benefit of VR.

C. URLLC AND EMBB COEXISTENCE STRATEGIES

The incoming URLLC packets to a gNB have to be imme-
diately sent through the scheduled eMBB transmissions and
cannot be queued due to the strict latency requirements
of URLLC traffic. The conventional orthogonal-based radio
resource allocation mechanism is not suited for the coex-
istence of URLLC and eMBB traffic [46]. 3GPP defines
two approaches for the coexistence of these heterogeneous
services with distinct requirements.

1) DYNAMIC MULTIPLEXING

The superposition or puncturing scheme is one of the propos-
als from 3GPP to efficiently multiplex eMBB and URLLC
data transmissions via the 5G NR [7]. eMBB traffic is sched-
uled at the beginning of slots. URLLC packets may arrive
during an ongoing eMBB transmission, and URLLC traffic
can be immediately overlapped at any mini-slot. If eMBB
transmissions are allocated zero power when URLLC traf-
fic is overlapped, then it is referred to as the puncturing of
eMBB transmissions. If the gNB chooses non-zero transmis-
sion powers for both eMBB and overlapping URLLC traffic,
that is referred to as the superposition of URLLC traffic
over eMBB traffic. It is worth mentioning that there is a
tradeoff between employing superposition instead of punc-
turing. Utilizing superposition will enhance the performance
in terms of the eMBB sum rate. Nevertheless, this advan-
tage comes with the cost of 1) eMBB user’s interference over
URLLC user resulting in increasing the risk of violating the
URLLC reliability requirement, and 2) computational com-
plexity in URLLC users due to performing the Successive
Interference Cancellation (SIC) technique [47]. Besides,
there is no guarantee of delivering fairness in allocating
resources between eMBB users since the objective of super-
position is to improve the eMBB sum rate and not necessarily
to fulfill the minimum acceptable data rate of each eMBB
user. There has been a solution by allocating more power
to the URLLC user, compared to the eMBB user, in order
to reduce bit-error-rate and therefore higher reliability, and
eliminate using SIC in the URLLC user [48]. However, in
this solution, it is assumed that the gNB allocates more
power to the URLLC user. This method is against one of our
objectives, as operating such a method results in disregarding
accurate and optimum power allocation between eMBB and
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URLLC users. Another solution is employing the superposi-
tion or puncturing technique according to the gNB decision.
This approach may not be feasible either, as URLLC traffic
needs to be transmitted immediately. Due to decision time,
switching time, and processing time between conducting
superposition or puncturing technique by the gNB, employ-
ing such an approach can violate the low latency requirement
of URLLC packets.

2) ORTHOGONAL SCHEDULING

The gNB pre-reserves a number of frequency channels for
URLLC traffic. Two reservation mechanisms fall under the
orthogonal scheduling; semi-static reservation and dynamic
reservation [9]. In the semi-static scheme, the gNB inter-
mittently broadcasts the frame structure configurations.
However, in the dynamic reservation, the frame structure
information is updated frequently and dynamically using
the control channel of a scheduled user. The downside
of this approach is that resources reserved for URLLC
will be wasted in case there is no URLLC transmission.
Furthermore, the dynamic scheme needs additional control
overhead compared to the semi-static scheme.

D. ASSUMPTIONS
Several assumptions
formulation.

o We assume eMBB and URLLC downlink transmissions
with different service requirements in terms of data rate,
latency, and packet size. The URLLC traffic is coming
from several URLLC priority classes. Each URLLC
priority class contains data flow of a certain number
of URLLC UEs that generate packets with a specific
incoming rate (high and medium compared to the eMBB
users), and they have a particular delay requirement.

« We focus on the dynamic puncturing of allocated
resources to eMBB users by overlapping the URLLC
traffic on the same radio resources.

are considered in the problem

lll. SYSTEM MODEL

In this section, we explain the system model, we formulate
the problem and we also present the proposed algorithm
for eMBB/URLLC coexistence. Table 4 summarizes the
notation used in this paper.

A. SYSTEM MODEL AND PROBLEM FORMULATION

We analyze and study downlink eMBB and URLLC traffic,
i.e., transmitting traffic from a single gNB, that can operate
with single or multiple antennas j € J = {1,2,...,J},
to User Equipment (UEs). For the sake of simplicity, we
consider single antenna eMBB and URLLC UEs to envision
Massive MIMO scenarios, as assumed in [49].

The gNB schedules the eMBB and URLLC traffic and
transmits the corresponding data for each service type
via its antennas towards eMBB and URLLC users over
flat independent and identically distributed (i.i.d.) Rayleigh
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TABLE 4. List of parameters used in the paper.

Notation Meaning

T Set of URLLC traffic classes

2 Set of numerologies

J Set of antennas

K Set of eMBB UEs

N Set of URLLC UEs

L Maximum number of iterations

By Set of RBs in numerology 1

Afu=x) SCS of numerology p = x

my Mini-slot within the numerology p

by RB b within the numerology

tu Time slot ¢ of numerology p

Rii”B B (tw) | Achievable rate in numerology p for eMBB user k,, at
the time slot ¢,

d)iﬁf BB(t,) | Total amount of radio resources allocated to the eMBB
user k,, at time slot ¢,

'yzfy BB(t,) | Total loss function (fraction of punctured RBs b,, allo-
cated to eMBB user k,, at time slot ¢,,)

T,b,, (Ep) Resource allocation coefficient for eMBB user k,

Jo, Bandwidth of the RB b in numerology u

Transmission power from the antenna j of the gNB over
the RB b, to the eMBB user k,, at time slot ¢,

p{wbu (tn)

p{lwbu (tw) Transmission power from the antenna j of the gNB over
the RB b, to the URLLC user n; in time slot ¢,

hi“ by (tu) Rayleigh fading channel gain of the transmission from
the antenna j of the gNB over the RB b, to the eMBB
user k,, at time slot ¢,

hiwbu (tw) Rayleigh fading channel gain of the transmission from
the antenna j of the gNB over the RB b, to the URLLC
user n; in time slot ¢,

O’% otaly, Total interference and noise power impacts eMBB user
Ep

U%om Ing,, Total interference and noise power impacts URLLC user
Nip

Din“,ni(tu) Random variable indicating the number of incoming

URLLC packets generated by n; user in mini-slot m,
Instantaneous packet size of URLLC UE n; € N; =
{1,2, ..., N;} belonging to the class 4 in the mini-slot

n;bvn“ SNy (tl‘«)

my, of time slot ¢,

Diotar(ty) Total incoming URLLC traffic at time slot ¢,

Tk, Number of punctured mini-slots of eMBB user k in
numerology 1

theMBB(¢,) | Puncturing rate threshold

0% Outage probability threshold of the URLLC class ¢

Romin Minimum acceptable eMBB data rate

fading channels. The gNB serves k € K = {1,2,...,K}
total number of eMBB and n € N/ = {1,2,...,N} total
number of URLLC UEs within a set of numerologies
n e U =A{0,...,4}. Figure 2 illustrates a symbolic punc-
turing mechanism for the coexistence of eMBB and URLLC
traffic classes for the numerologies © =0, u = 1, and u =2
with Af(,—0) = 15 KHz, Af,,—=1) = 30 KHz, and Af(,—2) =
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60 KHz, fj,_, = 180 KHz, f3,_, = 360 KHz, and f},,_, = 720
KHZ, TTI(M:()) =1 ms, TTI(M=1) =0.5 ms, and TTI(#ZQ) =
0.25 ms, respectively. Within each specific numerology .,

o The time domain is split into equally spaced time
slots (TTIs) for the eMBB UEs’ transmissions. The
time slot is then subdivided into a fixed number
of M, equally spaced mini-slots (short TTIs) where
my € M, ={1,2,...,M,} denotes a mini-slot within
the numerology p.

o The radio resources in the frequency domain are divided
into b, € B, ={1,2,...,B,} RBs. Each RB b, con-
tains 12 sub-carriers in the frequency domain and 14
OFDM symbols in the time domain.

o We refer to each eMBB user as &, since depending on
the gNB configuration, each eMBB user can be served
via different numerologies in the various corresponding
time slots.

According to the incoming arrival rates, the latency, and
reliability requirements of different URLLC use cases men-
tioned in Table 3, the URLLC UEs are sub-categorized into
different traffic classes i € Z = {1,2,...,I}. In each class
i, a subset number of URLLC UEs N; generate a traffic
volume within mini-slot m,,. Since there is no strict latency
requirement for serving the eMBB users, the RBs are allo-
cated to them at the beginning of each time slot. However,
the sporadic URLLC requests can arrive at any time within a
time slot, and due to the extreme latency requirement of such
requests, the gNB needs to serve them immediately in a mini-
slot instead of waiting for the next time slot. Therefore, the
gNB punctures previously scheduled eMBB transmissions in
mini-slots by applying zero power to these transmissions to
serve the URLLC requests promptly.

The sporadic URLLC traffic impacts the previously sched-
uled eMBB users with the allocated radio resources in some
mini-slots. Suppose there are two different URLLC traffic
classes, i and i+ 1. Let us assume that these URLLC traffic
classes arrive at the first mini-slot of the first time slot for
the three numerologies © = 0, u = 1, and u = 2, as it
is shown in Figure 2. gNB determines to map the URLLC
traffic to the eMBB UEs 1, 3, and 5, ie., k=1, k = 3,
and k = 5. In particular, the URLLC traffic of class i and
i+ 1 punctures 1) the mg = 1 of the first slot of k = 1
with 2 OFDM symbols per mini-slot, 2) the m; = 1 of the
first slot of k = 3 with 7 OFDM symbols per mini-slot,
and 3) the my = 1 of the first slot of k = 5 with 7 OFDM
symbols per mini-slot. The same idea is repeated for the last
mini-slots of the eMBB UEs k =2, k =4, and k = 8 in
which URLLC traffic classes i and i + | arrive randomly,
and gNB determines to puncture them. The URLLC traffic
of class i and i + 1 punctures 1) the my = 7 of the first
slot of kK = 2 with 2 OFDM symbols per mini-slot, 2) the
my = 2 of the first slot of k = 4 with 7 OFDM symbols
per mini-slot, and 3) the my = 2 of the first slot of k = 8
with 7 OFDM symbols per mini-slot. The idea is that the
generated URLLC packets belonging to different URLLC
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um.DL{,,m generates

L
Dﬁ*b,‘ﬂ(tzl number of packets.

URLLC UEy,,, genelx %
i1

" LLC UE, generates Dé"]]ltni
. +1 \

DI, (t0), DI, (t2), “ DI Ey), DY (t)

D1, (£2) number of packets | \ number of packets

RLLC UE, generates D{%!(t,),
DI (ty), DEE'(£5) number
| of packets
( —\

URLLC UE, generates Di%! (to),
D{f' (1), IS (1)

URLLC UE; generates

't

D (to), i (ty), URLLC UE, generates Di%(to), [IRLLC UE; generates /
number of packets Pitle) - DI (), DEY(ta) D3 (to), DS (1),
number of packets | number of packets 55 \r/
N \ \ = |
S | \ \ / S
RLLC UE, generates D! (zo) AL e by Eonerate)
Di(t2), Di4(t,) number of fif“"‘::"r);? ":;':‘:(te’: Liite URLLC UEy, , generate:
packets RLLC UE, generates D,y (to), Dt D62,
,1.75 ;‘;’e)r 55;:2;;“ D y,(tz) number of packets
URLLC UE, generates Di 5(tg),/  URLLC UE; generates,
Di(t1), Di a(tz) Di4(to), Dis(tr), URLLC UE, generates URLLC UE; generate:
number of packets Df 5(t;) number of D (ko). Di(t1), D a(t2) Di5(to), Dislta),
packets. number of packets D} 3(t;) number of
packets
< /
t,=»=0.25ms [t,—,=0.25ms
_ u=2 u=2
Foes™ 720 KHz
# allocated RBs to the
eMBB5,6,7,8inyu =2
Foper™ 720 KHz
Fiuey= 360 KHz
# allocated RBs to the
eMBB3,4inu=1
foua= 360 KHz
2 fou=o= 180 KHz
£
& | #allocated RBs to the
& | eMBB2inu =0
©
‘é o ”bef 0—7180 KHZ,
foeo= 180 KHz
# allocated RBs to the
eMBBlinu=20
fono= 180 KHz ]
ty=0=1ms t
eMBBS. |eMBB 8| URLLC trafic class
FIGURE 2. Coexistence of eMBB and URLLC traffic classes in downlink via the puncturing mechanism for u = 0, u = 1, and & = 2 numerologies.
eMBB eMBB eMBB eMBB
classes are served. Hence, some of the allocated resources Rku ( ) [45 ( ) Vi, ( )] X Rku peak (tu) (D
to the k = 1,2,3,4,5,8 are punctured by the overlapped

URLLC traffic.

Accordingly, the maximum achievable rate in the partic-
ular numerology w for an eMBB user k;, at the time slot 7,
over the whole allocated RBs can be formulated as follows:

where the ¢,’§2”BB (tu) is the total amount of radio resources
allocated to the eMBB user k, at time slot 7, ykMBB (tw)

is the total loss function which indicates the fractlon of

punctured resources allocated to eMBB user k;, at time slot
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t,, due to the incoming URLLC requests, and RZ%gfak(tM) is
the peak achievable data rate of the eMBB user k; at time
slot #,. This formulation is general, and by following the
Shannon channel capacity, it can be further extended to:

By

Z |: (xku by (tl‘« )f by — Vlf,%l:B (t /’«))

bu=1
<o (1 f=1P§<MhH (tu)hiubM (tu))j|
e 1+ L

UTotalk“
where  x,p,(7,) is the resource allocation coefficient,
Xk, by, (Fp) = 1 denotes that the RB b, is allocated to
the eMBB user k;, at time slot 7, and xi,p,(7,) = O
shows no allocation; fbﬂ is the bandwidth of the RB b;

pﬁwbu (tu) is the transmission power from the antenna j
of the gNB over the RB b, to the eMBB user k, at
time slot #,; h;‘ubu (tu) is the Rayleigh fading channel
gain of the transmission from the antenna j of the gNB
over the RB b, to the eMBB user k, at time slot #,;
U%atalku = O'IZCIM + O'I%S'I/L + Géherle + O'I%Vlku + Gl\zloise indicates
the summation of Inter-carrier Interference (ICI), Inter-
symbol Interference (ISI), Channel estimation error (Cher),
INI, and noise power, respectively [20], [50]; and finally,
y,thBB (t,) indicates the fraction of punctured RB b, that is
alfocated to eMBB user ky, at time slot #,.

Now, in each specific numerology u, we consider

Dinwni(tu) as a random variable indicating the number

REP (1) =

2)

of incoming packets per mini-slot duration and n,"nwni (tw)
as the instantaneous packet size of URLLC UE n; €
N; = {1,2,...,N;} belonging to the class i in the
mini-slot m,, of time slot #,. Hence, the total incoming
URLLC traffic in the time slot #, is equal t0 Dyya(t,) =

M, I N; . .
ZmM=1 Y oin Zn,:l ninwni(tu)Djnwni(tM). As a result, the

y]ffBB (t,) can be formulated as follows:
By
MBB MBB
) = 3 )
bu=1

BM
D ! t
i [Z S () X P, (rm(w)J

bu=1

3)

where Pkyiby, (tx) € [0, 1] indicates the weight of punctur-
ing, and |B,| x |M,| presents the total system capacity in
terms of frequency-time resources. The URLLC traffic is
upper bounded by total system capacity, i.e., Dymi(ty) <
|B| x [My|. The pi,p,(7,) identifies the pattern of over-
lapping total URLLC traffic in the time slot #, on the
eMBB user k, resources in order to utilize (puncture)
them for the URLLC transrgission. The loss function is
bounded y,fMBB(tM) € [0, > " xk,p, (t,)fb,]. Hence, for

mn
each eMBB user &, in time sfot ty if:
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. y,f;"’BB(tM) = 0, no puncturing;

B .
c 0 < ylsfleB(zH) < Zbg:]xkﬂblt(tu)fb;l’ partial
puncturing;
B .
. y,ff”BB(tﬂ) = Zb::lxkubu(tﬂ)fbu’ full puncturing
happens.

Regarding URLLC traffic, the data rate of URLLC UE
n € N; = {1,2,...,N;} belonging to the class i can be
approximated as [51], [52]:

K, eMBB
v B (1)
rgfLLC(ZM) _ Z |:( 2

1
k=1 i=1 Ni

;o .
« oz [ 1+ 2 =1 Pyub, (’u)h]n,-#bﬂ ()
U%oral,lm

BM
—zw%%ﬂ @

bu=1

where pflm b, (t4) is the transmission power from the antenna
J of the gNB over the RB b, to the URLLC user n; in time
slot #,,; hfm p, () is the Rayleigh fading channel gain of the
transmission from the antenna j of the gNB over the RB b,
to the URLLC user n; in time slot 7,; and a%omln_ specifies
total interference and noise power which negati\l/ely affects
the URLLC user n; in numerology w. The \I!gf{;fc(tu) indi-
cates the finite block-length channel coding regime in order
to calculate the achievable rate of URLLC users which is
given as:

i (1)
. . )
. (1 Pt ), (m))
2 —
- oy o)
cgfgjc () In(2)

where Cf,{fii‘c is the number of symbols in the mini-slot
m,, of time slot f, for the URLLC user n; over the RB b,;
and Q~1()) is the inverse of the Gaussian Q-function of the
decoding error probability for the URLLC user n;.

The latency requirement of the URLLC user n; over
a particular numerology u needs to satisfy the follow-
ing [10], [21]:

My
Z n;nﬂ,n,- (tl‘«)'D;n,L,n,- (tll) = rgfLLC(tu) (6)

my =1

which indicates that the achieved data rate of URLLC user
n; has to be greater than the total incoming URLLC traffic
of this particular URLLC user #; in the time slot ¢, in order
to satisfy its latency requirement in the numerology w.
Regarding the reliability condition, we should know that
the requests from all the URLLC users n; of all the classes 1
within time slot 7, have to be served in order to ensure that
the reliability is satisfied. Thus, if 6}, (9], < 1) represents

ax( ax
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the outage probability threshold of the URLLC class i, we
can define the reliability for each class as follows [9]:

/A m
URLLC
Pri ) =20 2 i (1) D
ni=1

ni=1my,=1

mH n; (tﬂ)j| < e;mzx
(7

which shows that the probability, in which the total num-
ber of served URLLC users (N;) is less than the incoming
URLLC traffic of all the users within URLLC class i,
has to be less than 6! . in order to satisfy the reliability
requirement.

As a result, the objective of the optimal resource alloca-
tion problem is to maximize the sum data rate of eMBB
users over all utilized numerologies while ensuring that the
individual data rate of each eMBB user is lower bounded
by the minimum acceptable eMBB data rate, i.e., Ry, to
guarantee the fairness between eMBB users. Besides, at the
same time, the resource allocation problem is required to
fulfill the URLLC UEs’ requirements in terms of extra low
latency and ultra-high reliability. Consequently, the sum data
rate maximization problem is formulated as follows:

4 K[L T/l
. eMBB
Py )rcr})afé E Z Z ZR (1) (8a)
=0 ky—1 t,,=0
subject to :
4 K, By

Z Z Z Zpkﬂbﬂ

u= Oku 1};#_1, 1
Ni Bll

+ZZ Z Z Zdnmbﬂ n) = Prax,

u=0i=1 n;=1b,=1 j=1

I’écub,t (tu) = PZW by (tu) =

4 Ky

Z Z Kby (ZM) =1

N«:()kuzl
Vb, € By,

K, By

Z Z Xy by, (tﬂ) < I|Bul,Vu € lL

ky=1by=1
Py (11) € [0, 1]
Vb, € By, Vk, €Ky,

M,
Z nm# n; t/L m# n; (IM) = rrll{fLLC(t#);
my=1

V,uelL

(8b)
Xib, (12) €10, 13,

VMGIL

Yk, € Ky, (8c)

(8d)

Vie U (8e)

Vn; € N;,

Ni
Pr |: Z erLLC (tu)

ni=1

Viel, (81)

Ni MIL

= Z Z nmu n,

ni=1m,=1

Yu e L

mu n; (tM):| = efizax’

VieT, Bg)

In this resource allocation problem, constraint (8b) defines
the maximum transmission power budget via the gNB anten-
nas in the downlink, P,,,,., towards all the eMBB and URLLC
users. RBs’ allocation among eMBB users is presented
via constraint (8c). RBs’ restriction in each numerology is
presented by constraint (8d). Constraint (8e) indicates the
weight of eMBB puncturing by the overlapped URLLC traf-
fic. Finally, the latency and reliability requirements of the
URLLC users are presented via (8f) and (8g), sequentially.

IV. OPTIMIZATION METHOD

In order to discover an optimal solution to the problem
Py, it is necessary to find suitable mini-slots to position
URLLC traffic on them while considering all potential RBs
and power budget combinations of the eMBB users within
different numerologies. Such a solution requires to satisfy
eMBB users in terms of high data rate and, at the same time,
URLLC users in terms of ultra-high reliability and extra
low latency. Nonetheless, this procedure makes the solving
approach complex as Py is a non-convex problem. Since the
optimization problem is mixed-integer nonlinear program-
ming, we need to simplify this problem in order to reduce
its complexity and make it solvable in a reasonable time.
Hence, to find an appropriate solution to the Py problem, we
employ the decomposition and relaxation-based strategy for
the eMBB and URLLC resource allocation problem. This
results in converting Py to a convex optimization problem.
In this method, first, we decompose Py into three sub-
problems: P; refers to the eMBB RBs allocation, P, leads
to the power allocation, and P3 considers URLLC traffic
scheduling. Then, we relax the binafy variable Xk, by, (tu) to
a continuous variable in problem Pp. Then, the fractional
solution is rounded to get a solution to the original integer
problem, Py. Subsequently, we also utilize Markov’s inequal-
ity expression in order to linearly estimate (8g) requirement.
Finally, we prove the convexity of 1;1, P,, and P3 sub-
problems. Then each problem is solved individually based
on its structure in order to achieve a practical solution with
low computation complexity. The CVX toolbox [53], [54]
is then used when solving each sub-problem.

A. EMBB RESOURCE BLOCK ALLOCATION PROBLEM
By decomposing Py problem, while assuming p and p
are constant values, the resource allocation problem, P, is
represented as follows:

4 K, Ty
1 max E Z Z ZRiﬁ’IBB(tM)

u=0k, =1 t,=0

(9a)

subject to :
4 K
Z Z'xkﬂbﬂ (tl/«) =1 Xy bye (tll) € {0, 1},
/'L:()kuzl
Vb, € By, Vk,eKu, VYuel (9b)
K, By
DO xuub,(tu) < IBul. Ve b (%)
kﬂ=1 by=1
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The existence of an integer variable in problem (9a) leads
us to relax the xi,p, (f,) to a continuous variable, Xk, 5, (1),
in order to avoid complexity in solving this problem. Hence,
we can convert the original problem to Py as follows:

4 Ky Ty
Pi: max E Z Z Z Riﬁ/IBB(tu) +vw (10a)
i =0 ky 1,=0
subject to :
4 Ky
Z Zikubu (tl‘-) sl+ow 0= )_Ckubu (tl’-) =1
n=0ky=1
Vb, € By, Vky €Ky, VYuel (10b)
K. By
D b, (tu) < 1Bul+ . Yu e U (10c)
k=1 by=1

where @ = max{0, ZQ‘ZI Xk, b, () —1} is the rounding error
value introduced by relaxing the integer variable, and v is
the weighting factor of w with a negative value. The feasible
solution to Py is obtained with the minimum rounding error
constraint, i.e.,  — 0.

Lemma 1: For constant values of p and p, Py is a convex
optimization problem.

Proof: 1t is worth noting that Rzﬁ"BB(tﬂ) and its con-
straints are linear functions with respect to X,p, (7). The
same applies to (10a) and its constraints, (10b) and (10c)
concerning Xk, (f,); thus, P; is a convex optimization
problem.

Finally, we need to convert the relaxed Xk, by, (T11) variable
back to the original binary variable xy,p, (7,) after solving
problem (9a). By determining « € [0, 1] defined in [55], the
conversion can be represented as:

)=l i)z

0, ow. b

|
B. EMBB POWER ALLOCATION PROBLEM
By decomposing Py problem and presuming x and p as

fixed values, the power allocation problem P is considered
as follows:

P, : max E ZZZReMBB tﬂ

=0k, 1, =0

(12a)

subject to :
K. By

S IDIPUIND

u=0ky—1 by=1 j=1

+22222%m

u=0 i=1 nj=1b,=1 j=1

l’i,tb,t (tu) = 0. I’Inpb,i( n) =

Lemma 2: For fixed values of x and p, P, is a convex
optimization problem.

max )

(12b)
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Proof: We calculate the Hessian matrix of Rz’:’BB in order
to investigate whether it is a convex or a concave function.
According to the definition of a semi-definite matrix, we
need to calculate the result of z7 x Hg x z, which is a real
number. In this expression, z is a real column vector, I
the transpose of z, and Hp is the Hessian matrix of Riﬁ”BB
which is defined as follows:

3R 9°R 92R

07 0xbp  Dxp

— | O°R d°R 9%R
He=\30 52 oo (13)

3R 3R 2R

apox apdp op>
Since in P3 we consider the ¥ and p as fixed values in ReMBB ,
thus, all of the Hg elements except the (Hg)3,3 = % are
zero. By taking the second-order derivative of the Riﬁ’IBB

with respect to pﬁ(ﬂbﬂ (t,) we obtain:

9%R
op?

. 2
J
B . .MBB Z':ll’/k b ()
2b=1 (xkubu ()Mo, = vy, (’u)) x (j S

aTmalkﬂ
In(2) x (

which obviously is always negative for any piu b (t,) value.

(Hp)3,3 =

Tumlk

2
Z/—l ! kﬂbﬂ () kﬂbﬂ () )

(14)

Now we calculate the result of z/ Hgz as follows:

21
z= || VzeR? (15)
23
2 x Hg x z = z3(HR)3 323 = (Hg)3,353° <0 (16)

The result indicates that Hg is a negative semi-definite
matrix, and consequently, ReMBB g 4 concave function. Since
we want to maximize P and due to the linearity con-
straint of (12b) with respect to pﬂwbﬂ (ty), P2 is a convex
optimization problem. |

C. URLLC TRAFFIC SCHEDULING

In this section, first, we employ the Markov inequality
expression [56] in order to simplify the constraint (8g) to a
linear condition as follows:

l ll
URLLC
Pr Tnin Z Z n’”# ”1

ni=1 ni=1 mM:I
- [Z =1 Z;nﬂ_1 Moty (1) Do (tu)]
- ZZLI gfLLc (, )

Finally, decomposing Py problem, while supposing x and

m,l n; (tM)

<6 a7

— “max

p as invariant, yields in URLLC scheduling problem, P3, as

follows:
4 K, Ty,

: max E ZZ ZR‘MBB

n= Ok‘,_ ][,,_—0

(18a)
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subject to :
Py (1) € [0, 1]

Vb, € By, Yk, eK,. Vue | U (18b)
Ml‘-
Z ’7fnu,n,~(tu) Dy, (1) < zgﬂfLLC(’u);
muz
VnieN;,, Yiel (18¢)
: M,
E[fo':l Zm;_l "mu i (1) Dlmﬂ ni (’u)]
Ofax
N;
< Z erLLC(tM)’
ni=1
VnieN;, Yiel (18d)

Lemma 3: For invariant values of x and p, P3 is a convex
optimization problem.

Proof: By considering the equivalent value of the loss
function expressed in (3) and substituting it in (2), it is
evident that REMBB (tx) is a linear function with respect to
Prby, (- Smce (18c) and (18d) are also linear constraints
w1th respect t0 pk,p, (71); thus, P3 is a convex optimization
problem. |

D. MIMRA AS A SOLUTION OF PROBLEM (8a)

In this section, we present our proposed Mixed-numerology
Mini-slot based Resource Allocation (MiMRA) algorithm to
find an optimal solution for Eq. (8a). First, MiMRA algo-
rithm converts Py to P_l, P,, and P3 sub-problems by
relaxation and decomposition technique. Next, the algorithm
sets the minimum acceptable eMBB data rate, i.e., Ry, in
order to guarantee fairness between eMBB users. In this
way, the algorithm not only maximizes the sum rate of the
eMBB users but also ensures that each individual eMBB
user will achieve at least the R,,; value. In each iteration /
the algorithm searches for ¥, p® p® as a solution from
a feasible convex set. Then within each numerology w, the
algorithm specifies the number of punctured mini-slots for
a particular eMBB user in that numerology, k., as follows:

lrpkubu (IM)DZOWI(IM) —‘
Tk, =

19
B, 19)

where Tk, € {0,1,2,...,M,}. The MiMRA algorithm also
defines a puncturing rate threshold, i.e., theMBB (t,), accord-
ing to the loss functions for all eMBB users. The selection
criteria for calculating th*MBB (tw) is as follows:

maxvi, ekC,, {VEMBB (tu) }
0 = yeMBB( ) Zfﬁ:l ‘xku.bu (tM)fb)L;
maxv, efC,, {J/kMBB (tﬂ)} — offsety,

yke;iWBB( ) - Zbuzl kb (tli)fbu;

theMBB (tﬂ) —

(20)
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where offset;, indicates a constant value to tune theMBB (1) if
the second condition in (20) holds. After setting a value for
th*MBB (1), the algorithm proceeds to calculate the number of
punctured mini-slots for each eMBB user and the achievable
data rate to verify whether each eMBB user can at least attain
R,in or not. Thereafter, if Zu o Z[ o ReMBB(tM) < Ruin,
then, depending on the Pryby, (F) e [0, 1] the algorithm
maps part or the whole of incoming URLLC load, Dy (2,),
to another possible eMBB user k.

gNB holds the channel state information of the users. It
continuously tracks the eMBB users within its coverage area
by keeping a log of their channel conditions and the distance
they are located. gNB searches to find the potential eMBB
user k" with the allocated RB in the same numerology, b,
or with RB in another numerology, b;i ,, if at least one of the
following six conditions in Eq. (21) is fulfilled. Otherwise the
algorithm runs for another round of iteration, / + 1, to find
another possible set of solutions, i.e., x/*D, p@+D oD
until it converges.

a) if k' is allocated a higher power than k in u or '
p;a b, (tu) > I/kubu (t):
p;, , w) > P, ():

in u
inpu

b) if k¥’ has a larger channel gain than k in y or u':

hgy,L b, (tu) > h’wu (W) inw Diga(ty) y 1)
h;c"l,b;l, (t) > Ky, (t0): - in !

¢) if ¥’ has a lower loss function than & in u or '

V/f;?ll'lB(tﬂ) < Vlf,%ljB(tﬂ) in p
I 00) <)

As a result, the proposed algorithm tries to maximize the
sum rate of all eMBB users while also considering each indi-
vidual eMBB user to achieve the minimum acceptable data
rate to fulfill the QoS requirement. Algorithm 1 summarizes
the above steps.

E. COMPLEXITY ANALYSIS OF THE PROPOSED
ALGORITHM

This subsection represents the computational complexity of
the proposed MiMRA algorithm. In order to calculate the
complexity of the algorithm, we notice that it is com-
posed of some nested loops. The computational complexity
of MiMRA is O(|L||lL||I||TM||KM||J|). Nevertheless, the
|JLl, 1], and |J| have finite values and cannot get very
high arbitrary values. As we know, the largest value of
numerologies, | J 248 is 4. In addition, according to [57], the
URLLC traffic classes, |/|, are mainly categorized into up to
8 different classes. Finally, according to [58], the maximum
number of antennas that so far have been practically imple-
mented in Massive MIMO base stations is 64. Consequently
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Algorithm 1 MiMRA Algorithm for
Coexistence
I Input: pe liel,teT,bebB kek,

J €T My (), Prnax

: Output: Solution to Eq. (8a) and providing fairness
between eMBB users.

: Relax x to X, and decompose Py to I;l, P, and P3
. Set Ryin

:for I < 0to L do

Find ¥, p(l), p(’) from feasible convex set as a
solution of 1;1, P,, and P3 respectively.

Find x? via Eq. (11).

Define th*MBB (t,) according to Eq. (20).

12: for € L do

eMBB/URLLC

—_
—_ o

13: for i € I do

14: for 1, € T, do

15: for k, € K, do

16: for j € J do

17: Calculate m,,, Rzﬁ”BB (tu) based
18: on th*MBB(z )

19: if Zi:o Zz;:() R]e(ﬁ/lBB(tM) < Rmin
20: then

21: According to pg,p, (f,,) map
22: part or the whole Dy (t,)
23: to k' in case of Eq. (21).
24: else

25: Go back to step: (7).

26: end if

27: end for

28: end for

29: end for

30: end for

31: end for

32: end for

the actual total computational complexity of MiMRA is
O(LNT L 1K D).

V. PERFORMANCE EVALUATION

In this section, we demonstrate the efficiency of our proposed
algorithm through simulations and evaluate the performance
of the algorithm.

A. NETWORK SCENARIO

We consider a shared 5G NR infrastructure with several
URLLC and eMMB users in coexistence as illustrated in
Figure 2. Notice that in this scenario, we would like to serve
the generated URLLC packets belonging to different URLLC
classes according to their priority, defined in Table 5. The
common RAN physical resources are logically shared to
transmit URLLC and eMBB traffic towards corresponding
users in the downlink. The URLLC traffic is generated by
the power distribution and manufacturing verticals belonging
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TABLE 5. Simulation parameter configurations.

URLLC
URLLC
Type of traffic . class eMBB
class i = 1 .
i+1=2
No. of users 10 10 20
Air latency ! [ms] 12 5 -
Minimum data rate 3
1.5° 1 -
[Mbps]
Priority high medium low
. . Full-
Traffic model Poisson Poisson
buffered

!t is considered that standard air latency requirements are assigned to 20% of
the corresponding E2E latency requirements [57], [60].
2Fault case.

3Fault case.

to two distinct URLLC classes. The eMBB traffic is pro-
duced from video streaming of a popular sport tournament.
The different types of traffic are characterized by the fol-
lowing scenario which is used to determine the simulation
parameters.

o URLLC traffic class 1: Generated by the IEDs placed
in power distribution grids which broadcast GOOSE
messages when an event (e.g., alarm, failure, or any
mission-critical event) occurs [59]. We imagine that a
failure occurs in the observed geographical area (which
falls under the coverage of the gNB) and investigate
the impact of the injected GOOSE messages into the
network.

o URLLC traffic class 2: We assume a large manu-
facturing factory continuously operating in the same
geographical area. Few sensors are installed inside the
processing section to obtain measurements and perform
process automation.

« eMBB traffic: Meantime, a largely popular sport event
is assumed to be happening thus, several residents in
the area are video streaming the live broadcast of the
event with the HD quality up to 4K resolution.

B. SIMULATION SETUP

We study and simulate the 5G RAN domain in a dense
urban microcell scenario. In our simulated 5G NR, we con-
sider one gNB operating in the FR-1 with 8 antennas towards
the downlink, located at the center of the cell coverage zone
with a 500 m radius. The operating center frequency is set to
3.5 GHz and Pj,qx = 40 dBm. Several single antenna eMBB
and URLLC users are randomly distributed within the cov-
erage zone. Besides, the gNB schedules eMBB and URLLC
transmissions over flat i.i.d Rayleigh fading channels. The
remaining system parameters are listed in Table 5. In order
to provide practical results comparable to realistic scenarios,
the target KPI values of eMBB and URLLC services are
extracted from specification documents [60].
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FIGURE 3. Convergence of MiMRA algorithm with various gNB maximum transmit
power, Pn.x = {30, 35, 40} dBm, and R, = 8Mbps.

Extensive simulations are carried out under the following
situations. It is considered that the gNB punctures the pre-
scheduled eMBB traffic towards the corresponding users in
the downlink by transmitting the overlapped URLLC traf-
fic classes modeled as Poisson processes. In addition, air
latency of the URLLC traffic classes is also considered in
the simulation while assuming the eMBB traffic is not delay-
sensitive compared to the URLLC traffic. The gNB utilizes
numerologies © = 0, 1, 2 to transmit eMBB traffic over all
of the available RBs in each numerology [40], [61]. The cor-
responding time slots for each numerology, 7,—0 = 1 ms,
tu=1 = 0.5 ms, and #,—» = 0.25 ms, are subdivided into
number of My, M|, and M, mini-slots, respectively. The
gNB punctures the eMBB traffic with URLLC traffic class
i=1,i+ 1 =2 over all the utilized numerologies. We first
evaluate the performance of the network in terms of the
achievable sum rate of the eMBB and different classes of
URLLC users under the total number of punctured mini-slots
in different numerologies. Then we investigate the sum rate
of the eMBB users for two various minimum acceptable rates
per eMBB user under the number of URLLC packets gener-
ated from several URLLC users within class i = 1,i+1 = 2.
After that, we repeat the previous evaluation, but this time
under different gNB transmit power values. Next, we analyze
the obtainable sum rate of the eMBB users for two diverse
maximum allowed delay requirements of the URLLC users
under different gNB transmit power values.

C. PERFORMANCE RESULTS

First, we evaluate the convergence speed of the MiMRA
algorithm. As illustrated in Figure 3, we investigate how fast
MiMRA converges according to the different values for the
maximum transmit power, Ppqy, of gNB towards different
users. We can observe that the eMBB sum rate converges
fast and evolves to saturated status after around 5 iterations.
Besides, it can be noticed that we have a higher eMBB
sum rate employing higher transmit power. In particular,
the eMBB sum rate can reach up to 336Mbps for Py
= 40 dBm. In contrast, the eMBB sum rate can obtain less
value for smaller transmit power from the gNB. It is obvious
that the reason is because of having a higher SNR value for
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FIGURE 4. Achievable eMBB/URLLC sum rates over the total number of punctured
mini-slots in different numerologies.

larger P4y, which results in holding a larger eMBB data
rate.

In Figure 4, we illustrate the achievable sum rates of
URLLC classes i = 1,i+ 1 = 2 and eMBB users over the
total number of punctured mini-slots in different numerolo-
gies. In this part, we set R, = 15Mbps. The figure
represents a gradual decrease/increase of the achievable
eMBB/URLLC sum rates, respectively. In this figure, we
compare the performance of the MiMRA algorithm with the
baseline approach, Sum-Rate [62] scheduler, whose objec-
tive is to maximize the average sum rate of eMBB users via
involving the puncturing strategy. As the figure reveals, the
eMBB users achieve their maximum sum rate with no punc-
tured mini-slots. By receiving URLLC traffic from either
class, i=1 or i+ 1 =2 or both, gNB starts puncturing the
eMBB users over various numerologies depending on the
number of RBs required to fulfill the URLLC users, the pri-
ority of the URLLC users, and their latency requirements. As
a result, the gNB assigns the demanded RBs to the URLLC
class i = 1 and then URLLC class i+ 1 = 2 due to their QoS
requirements. As the gNB tries to satisfy the URLLC users,
the sum rate of the eMBB users decreases. Specifically, by
puncturing up to 18 mini-slots in various numerologies and
assigning the necessary RBs, the gNB serves the URLLC
users of class i = 1 and i + 1 = 2 to reach their sum
rate up to 15Mbps and 10Mbps, respectively. These sum
rate values are appropriate to transmit the URLLC packets
towards the corresponding URLLC users in different classes
in the downlink. Regarding the eMBB users, as it can be
seen from the figure, the MiMRA algorithm outperforms the
Sum-Rate since even with a high number of punctured mini-
slots (18 mini-slots), the MiMRA algorithm is still able to
deliver the minimum acceptable data rate for each eMBB
user R, = 15Mbps to provide of up to 299.57Mbps as
the sum rate of the eMBB users.

We next evaluate the sum rates of the eMBB users accord-
ing to the allocated power from the gNB. We consider two
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FIGURE 5. Achievable sum rates of eMBB users with two minimum acceptable data
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FIGURE 6. Achievable sum rates of eMBB users affected by traffic from two URLLC
classes with two maximum allowed delay requirements versus different gNB transmit
power.

scenarios. We set R,,;; = 8Mbps and 10Mbps as the min-
imum acceptable data rates for the QoS requirements of the
eMBB users in these scenarios. As Figure 5 illustrates, we
can observe that higher QoS requirement for R,,;;, results in
lower sum rate performance due to stringent service require-
ments. The gNB potentially requires more resources to serve
those highly-demanding eMBB users. Nevertheless, deliver-
ing the R,,;;, = 8Mbps for each eMBB user is more feasible
and attainable rather than the R,,;, = 10Mbps in case of
increasing the number of eMBB and URLLC users.

Figure 6 demonstrates a follow-up graph to present the
achievable sum rates of eMBB users impacted by traffic from
two URLLC classes with two maximum delay requirements
versus different gNB transmit power. As it can be observed,
the sum rates of the eMBB users degrade with the stringent
delay requirement. It means that in the case of strict latency,
the system performance will confine more than the relaxed
delay requirement case. The gNB requires more RBs with
shorter time slots to satisfy the delay requirement of the
URLLC class with stricter latency, lms, compared to the
URLLC class with a relaxed latency, Sms. Consequently, in
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FIGURE 7. Fairness between eMBB users.

the case of incoming URLLC traffic with an even stricter
value than 1 ms, the sum rates of the eMBB users are further
reduced.

Figure 7 illustrates fairness in allocating the demanded
resources between the eMBB users. We compare the
performance of the MiMRA algorithm with the Sum-Rate
scheduler under different packet sizes of the URLLC traffic
classes. We want to investigate how much the fairness values
provided by the MiMRA and Sum-Rate differ from the ideal
(desired) case in which there is perfect fairness in allocating
the required resources between the eMBB users. The fair-
ness among the eMBB users is calculated based on Jain’s
Fairness index [63]. As it can be seen from the Figure, for
a smaller packet size of n = 70Bytes, the MiMRA algo-
rithm performs well compared to the Sum-Rate outcome as
MiMRA fairness is close to the ideal value (desired fair-
ness) even for a large number of eMBB users (20 users).
We observe the same performance for a larger packet size of
n = 100Bytes, as MiMRA again outperforms Sum-Rate.
In both cases, there is a large difference between the fairness
resulting from the MiMRA algorithm and the Sum-Rate. In
particular, for n = 70Bytes, MiMRA and Sum-Rate grant
up to 93% and 67%, and for n = 100Bytes, provide up
to 90% and 62% fairness, respectively. This performance is
due to Eq. (21) and considering R,,;, = 8Mbps in order to
find the perfect candidate for puncturing.

In Figure 8, we study the sum rates of the eMBB users
versus the URLLC traffic load. In particular, we set R,;,=
6Mbps and 8Mbps as the two minimum acceptable data
rates. Then, we evaluate the performance of the network
for handling the incoming URLLC load with two maximum
outage probability threshold values, inwx = 0.001 and Glfmx
= 0.01, belonging to URLLC class i = 1 and i + 1 = 2,
respectively. As observed from the Figure, the eMBB users
can reach high values for their sum rates when the number
of URLLC packets is zero. As the incoming URLLC traffic
classes arrive with different outage probabilities, the gNB
punctures eMBB users to serve the URLLC traffic types. In
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FIGURE 9. Comparison of eMBB sum rates with MiMRA and baselines for different
gNB transmit power when Ry, = 8Mbps.

such a situation, the gNB both tries to fulfill the requirements
for two URLLC traffic classes, and to puncture eMBB users
to the extent that each eMBB user can still achieve the
minimum acceptable data rate. By considering the fairness
provided by the MiMRA algorithm, for up to 38 URLLC
packets, including both traffic classes, we can achieve the
promised minimum data rate of up to 10.5Mbps per user
if the R,;, = 6Mbps. For the same number of URLLC
packets, we reach up to 8Mbps per user if the Ry, =
8Mbps. As the number of URLLC packets increases up
to 70 packets, the gNB can still provide 7.65Mbps if the
Ruin = 6Mbps, but it ultimately can deliver up to utmost
5.37Mbps if the Ry, = 8Mbps. It is worth mentioning
that the MiMRA algorithm performs well since the sporadic
behavior of URLLC traffic makes it rare to have such a high
value of URLLC packets (70) in a concise period of a time
slot.

Figure 9 illustrates the eMBB sum rates versus different
gNB transmit power values. In particular, we compare the
performance of MiMRA with 1) Sum-Rate that adopts a
puncturing strategy to maximize the sum-rate of all eMBB
users; 2) Random Scheduler (RS) [12] that transmits the
incoming URLLC traffic by randomly picking pre-allocated
RBs to the eMBB users; 3) Proportional Fair (PF) [64]
which attempts to use the variations of channel conditions by
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assigning resources to users with the most suitable conditions
for the upcoming period; 4) Punctured Scheduling (PS) [15]
(also known as user-based puncturing) that chooses the RBs
with the highest MCS assigned to eMBB users, and it punc-
tures them to serve URLLC traffic; 5) Equally Distributed
Scheduler (EDS) [10] which equally selects pre-allocated
RBs to each of the eMBB users to serve the URLLC traffic;
and 6) Multi-User Preemptive Scheduling (MUPS) [65]. We
consider the incoming URLLC load 6! . = 0.001 and 62,
= 0.01, belonging to URLLC class i = 1 and i + 1 = 2,
respectively and in total 28 packets. It is observed from the
Figure that for lower power values, Py, = 22 dBm, MiMRA
provides up to 220.5Mbps. Under the same condition and
URLLC load, Sum-Rate, PF, PS, RS, EDS, and MUPS grant
up to 217.1Mbps, 216.4Mbps, 214.2Mbps, 212.2Mbps,
210.8Mbps, and 205Mbps respectively. This exposes that
there is a 3.4Mbps gap between MiMRA and the second
best algorithm, which is Sum-Rate. Besides, since MiMRA
exhibits high fairness, it can be inferred that each eMBB user
can achieve up to at least 11.2Mbps, which is still higher
than the R,,;, = 8Mbps. MiMRA utilizes a higher power
value, Pyqx = 40 dBm, to deliver up to 300Mbps in order
to perform even better than before with the price of consum-
ing higher power. In this case, Sum-Rate, PF PS, RS, EDS,
and MUPS provide 282.1Mbps, 281Mbps, 269.8Mbps,
267.9Mbps, 261.3Mbps, and 240.1Mbps, respectively. The
difference between MiMRA performance and Sum-Rate is
almost 17.9Mbps. Considering the high fairness of MiMRA,
it can deliver up to 15Mbps. As a result, by keeping the data
rate per eMBB user higher than or close to the Ry;,, the
network guarantees that each eMBB user receives at least
minimum resources, which are required for full HD video
streaming with very high resolution with almost zero buffer
time. In fact, with the MiMRA algorithm, the gNB does not
permit to puncture any of the eMBB users completely, and
it maintains the data rate at a level to avoid decreasing per
eMBB data rate per user remarkably.

Figure 10 represents the performance of MiMRA in
achieving a higher eMBB sum rate compared to baselines
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with respect to the numerology values, w. For u = 0,
MiMRA shows a relatively similar value to what Sum-
Rate delivers for the eMBB sum rate. However, MiMRA
performance is slightly better than the Sum-Rate. As the
value of u increases, the eMBB sum rates of different
approaches also grow. This is due to the increase in the
SCS of RB with their respective numerologies. As the value
of u evolves, MiMRA outperforms the other solutions. In
particular, MiMRA attains almost 336Mbps while Sum-Rate
obtains 315Mbps over the employed numerologies.

Usually in order to enhance sum rate, eMBB users with
high channel gains need to be assigned more RBs than
users with low channel gains. Nevertheless, this worsens the
performance of eMBB users with poor channel conditions,
especially if they are punctured by the incoming URLLC
traffic as well. This results in acquiring significantly low fair-
ness among the eMBB users. Hence, to maximize the sum
rate, the number of RBs allocated to users with poor channel
conditions has to be high. This creates a crucial dilemma
between having high sum rate and fairness among the eMBB
users [21]. As can be comprehended from the simulation
results, the MiMRA algorithm resolves this challenge by
setting R, and defining theMBB (t4) to maximize the sum
rate of the eMBB users and deliver fairness among them.
Additionally, since the B5G era incorporates dealing with
various URLLC use cases with distinct QoS requirements,
MiMRA simultaneously ensures to fulfill diverse URLLC
classes’ demands for extra low latency and ultra-high relia-
bility. Thus, URLLC traffic classes belonging to critical use
cases are served with the highest priority, as discussed in
the following.

Figure 11(a) and 11(b) illustrate the URLLC reliability of
two classes (class 1 and class 2) with two packet sizes. As
can be observed in 11(a), reliability drops as the number of
URLLC users increases. In particular, with n = 70Bytes,
for a few URLLC users (up to 12 users), MiMRA grants
reliability of up to 96% while PF provides up to 90%. As
the number of URLLC users grows (20 users), MiMRA
still guarantees the URLLC reliability of up to 94% while
PF can deliver maximum reliability of up to 76%. In the
case of 11(b), we can see that the reliability reduces even
further when the URLLC packet size increases. When the
number of URLLC users is 20, MiMRA provides up to
80% reliability while the second best, PF, offers up to
69.8% reliability.

Figure 12 compares the URLLC delay Cumulative
Distribution Function (CDF) of different baselines for 10
eMBB and 10 URLLC users of the mission-critical case with
a delay requirement of lms. In particular, MUPS delivers
the largest delay as it cannot counteract the strict URLLC
delay requirement with an appropriate resource allocation
that satisfies eMBB and URLLC users simultaneously. EDS
provides the second largest delay, which still cannot sat-
isfy the delay constraint of Ims. Nevertheless, MiMRA
outperforms other baseline solutions by meeting the delay
requirement of URLLC packets.

VOLUME 4, 2023

2
So06 ~MIMRA
° —PF
9 04 Sum-Rate
z —-PS
= RS

0.2 EDS

—~—MUPS
0 \
4 6 8 10 12 14 16 18 20

Number of URLLC users in class i =1 and i+1 =2

(a) URLLC reliability for n = 70Bytes

—-—MiMRA
—~PF
0.4 Sum-Rate

—-PS
02/ | RS y

EDS
——MUPS
4 6 8 10 12 14 16 18 20

Number of URLLC users in class i =1 and i+1 =2

(b) URLLC reliability for n = 100Bytes

URLLC reliability

FIGURE 11. Comparison of URLLC reliability with MiMRA and baselines versus
different numbers of URLLC users with two URLLC packet sizes.

[

o 0.8

(2]

-

<

g 0.6

> —MiMRA

(@] —

504 B

> PS

© — Sum-Rate

Qo2 RS
—EDS
—MUPS

L 4

1 2 3
URLLC user delay (ms)

FIGURE 12. Delay CDF of the URLLC users in class i = 1 with a delay requirement
of 1ms.

VI. CONCLUSION

In this paper, we propose an optimization framework to
solve the resource allocation problem of coexisting URLLC
and eMBB users in 5G NR over various numerologies.
Furthermore, we study the impact of the incoming URLLC
traffic, which is scheduled immediately into the mini-slots,
instead of eMBB users, due to the stringent latency require-
ment. Our main goal is to maximize the sum rate for the
eMBB users and to achieve a minimum acceptable data rate
for the individual eMBB users ensuring fairness. The sim-
ulation results show that the proposed algorithm MiMRA
enhances the sum rate of eMBB users while, at the same

745



ESMAEILY et al.: BEYOND 5G RESOURCE SLICING WITH MIXED-NUMEROLOGIES

time, each eMBB user can still achieve a minimum accept-
able data rate. Thus, the eMBB users experience a more
reliable transmission than the other studied approaches.
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