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A B S T R A C T

Fifth Generation New Radio (5G NR) presents a new framework for Quality-of-Service (QoS)
management that especially fits cases for eXtended Reality (XR) traffic applications thanks to
the new presented concept of QoS flows that can handle various service data flows. In that
respect, in this paper we exploit the QoS flow model and we present a QoS MAC scheduler
that can classify XR and mixed traffic based on the assigned QoS indicators to each traffic. We
perform an end-to-end system level evaluation under two scenarios using the ns-3 5G-LENA
simulator. First, we validate the correct operation of the QoS MAC scheduler in a single-cell
scenario under non-saturation and saturation conditions. Then, we consider a realistic multi-cell
scenario defined by the ITU-R and used for calibration of the 5G-LENA simulator, in order to
evaluate the proposed solution and study its performance under realistic network conditions.
Results demonstrate the correct functionality of the proposed QoS MAC scheduler and prove its
ability to classify XR and other types of traffic based on the desired QoS indicators.

. Introduction

With the latest technology advancements and innovations, virtual experience using immersive solutions, such as eXtended Reality
XR), is becoming tangible. XR is envisioned to change the way entertainment, education, healthcare and manufacturing, among
thers, is known up to now [1,2]. Many applications can benefit from the potentiality of XR, constituting it as the next big computing
latform, gaining a lot of momentum in the industry and consumer market. Examples include virtual tours, gaming, remote training
nd remote control in cases of risky and inaccessible environments [3,4]. All these applications have very stringent requirements in
erms of bit rate and latency in order to offer a high quality immersive user experience. In fact, most of XR use cases are considered
s time critical [1]. With the advances however, offered by the Fifth Generation New Radio (5G NR), such as time-constraint
apabilities, improved throughputs and high reliability communications, the way towards the virtual world is widely opened [5].

XR and Cloud Gaming (CG) are considered to be some of the most important immersive technologies in the industry, with
R being widely used as a general term that includes various types of applications of virtual reality, as well as applications that
ombine real and virtual environments [6,7]. These are Virtual Reality (VR), Mixed Reality (MR) and Augmented Reality (AR). All
hese applications are characterized by different traffic requirements. As such, in the scheduling process it is crucial to properly
anage each traffic type according to its requirements in order to achieve the desired throughput, latency and user experience. The
ifferentiation can be achieved thanks to the introduction of a newly presented framework in the 5G technology, known as the 5G
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Quality of Service (QoS) model, that manages and controls the QoS requirements based on the concept of QoS flows [8]. In fact,
this can be particularly beneficial for XR and CG traffic management, where the applications generate multiple service data flows
with varying QoS requirements [5].

Although 5G provides the architecture to support XR traffics, MAC scheduler algorithms are not defined by the standard because
they are implementation-specific functions. Therefore, the research question we intend to address in this paper is the following:
Given the 5G QoS architecture, what QoS-based scheduling algorithms and metrics can be applied at the MAC layer to schedule
a variety of simultaneous XR traffic users and to provide and guarantee the different XR QoS requirements? Therefore, this paper
studies how to handle efficiently XR traffic applications that are composed of multiple sub-flows with different QoS requirements
and provides a system level evaluation under mixed traffic scenarios.

1.1. Related works

QoS schedulers have been extensively investigated for 5G NR usage scenarios. For example, the authors in [9] present a QoS-
aware and channel-aware Radio Resource Management (RRM) framework in a multi-numerology 5G NR system that manages Best
Effort (BE) and Guaranteed Bit Rate (GBR) traffic types, while in [10], a knowledge-assisted deep reinforcement learning algorithm
for time-sensitive traffic in 5G networks is developed. A QoS prediction scheme, known as PreQoS, for vehicular scenarios is
presented in [11], exploiting machine learning methods. A recent survey that reviews a variety of scheduling algorithms, along
with a study of metrics, performance goals, objectives and application suitability for 5G use cases, can be found in [12].

However, work on 5G NR QoS management for XR traffic is currently ongoing, therefore related work is quite scarce.
Additionally, works that consider mixed traffic type (AR/VR/CG + other types of traffic) and multi-flow traffic, limit even more
the state-of-the-art list. An initial work for LTE networks is presented in [13]. The paper presents a new scheduling algorithm for
real time traffic based on the packet and head-of-line (HOL) delays. The evaluation is carried out for H.264 Video Stream, VoIP
and BE traffics using the LTE-Sim Simulator [14]. A scheduling algorithm, known as demand based proportional fairness (D-PF),
that classifies VR and UHD UEs is proposed in [15] for 5G eMBB scenarios. The authors in [16] present a scheduling framework
for mixed traffic scenarios, known as 5MART, where reinforcement learning and neural networks are applied in order to take
the most appropriate scheduling decisions. In [17], a resource allocation scheme based on reinforcement learning is proposed for
heterogeneous traffic that manages QoS provisioning. Moreover, although one can argue that work such as the above presented
can be applied in XR and mixed traffic scenarios (i.e., XR + other types of traffic), these algorithms are not XR specific and cannot
handle all the peculiarities of the XR traffic, such as multiple service data flows with different QoS requirements.

1.2. Contribution

Based on the above, in this paper we present and evaluate a QoS scheduler model that takes into account the QoS flow
requirements of the various service data flows under XR and mixed traffic. The evaluation is carried out through End-to-End (E2E)
system-level simulations using the open-source 5G-LENA simulator [18], recently calibrated in 3GPP reference scenarios [19].
We perform the evaluation in two steps. First we consider a single-cell scenario of 1 gNB and several UEs with mixed traffic
(AR/VR/CG/VoIP), in order to validate the correct functionality of the scheduler. Then, we evaluate the new QoS MAC scheduler
in a realistic scenario of multiple gNBs and UEs, in order to study the performance of the proposed solution under real network
conditions. Let us highlight that the multi-cell scenario has been used for the calibration of the 5G-LENA simulator and is defined
by ITU-R. We compare the new QoS MAC scheduler against traditional schedulers, such as the Round Robin (RR) and Proportional
Fair (PF) algorithms.

1.3. Paper organization

The rest of the paper is organized as follows. Section 2 presents the main characteristics of the 5G-LENA simulator used for
the implementation and evaluation of the proposed QoS MAC scheduler. Moreover, we give a discussion related to the calibration
of the simulator and we detail the current MAC Layer. Section 3, includes an overview of the 5G NR QoS model, the description
of the theory behind the proposed QoS MAC scheduler, the implementation details and a presentation of the scenarios used for
the performance evaluation. The simulation results and the QoS MAC scheduler validation and evaluation are given in Section 4.
Finally, Section 5 includes the most important conclusions and the envisioned future work.

2. 5G-LENA background

For the analysis and evaluation of the proposed QoS MAC schedulers for XR and mixed traffic scenarios, we have adopted the
5G-LENA module of the ns-3 [20] discrete-event network simulator. 5G-LENA is an open-source NR system-level simulator presented
in [21]. It implements a high-fidelity full protocol stack and allows cross-layer evaluations and the study of E2E performances [19].
The main characteristics of the simulator are given in the next sections.

2.1. 5G-LENA introduction

The 5G-LENA simulator has been designed to support bandwidths from 400 MHz to 100 GHz, using the 3GPP spatial channel
2

model TR 38.901 [22]. Its current architecture is based on Non-standalone mode, i.e. 5G RAN and 4G EPC. Moreover, it supports
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multiple numerologies leading in flexible and automatic configuration of the NR frame structure. Other key features of the simulator
include: Frequency-Division Multiple Access (OFDMA)-based access with variable Transmission Time Interval (TTI) and Time-
Division Multiple Access (TDMA)-based access, flexible MAC schedulers that simultaneously consider time- and frequency-domain
resources (resource blocks and symbols) both for TDMA and OFDMA-based access schemes with variable TTI, Frequency Division
Duplexing (FDD) and Time Division Duplexing (TDD) with flexible and configurable TDD patterns, Uplink grant-based access scheme
with scheduling request and 3GPP-compliant buffer status reporting, NR-compliant processing timings (K1, K2), Bandwidth Part
(BWP) managers and the architecture to support operation through multiple BWPs and multiple Component Carriers (CCs), new
NR-compliant physical layer abstraction, considering LDPC codes for data channels, and MCS tables 1 and 2 (including up to 256-
QAM), compatibility with 3GPP uniform planar arrays with directional and isotropic radiation, beamforming support with various
analog beamforming methods, ideal and realistic beamforming with SRS-based channel estimates, and Dual-polarized MIMO support
with rank adaptation algorithms.

2.2. 5G-LENA calibration

One of the main reasons for the adoption of the 5G-LENA simulator has been also the fact that it has been recently calibrated
n 3GPP outdoor reference scenarios [19], while in the past, calibration of the simulator has been performed in indoor hotspot
cenarios [21]. Results confirm the validity of the simulator’s performance and the resemblance to that of 3GPP industrial simulators
s proven. The outdoor scenarios that have been used for the calibration are defined in Report ITU-R IMT-2020 [23] and are the
ural-eMBB and Dense-eMBB. As such, for the evaluation of the QoS MAC scheduler for XR and mixed traffic we have opted to study
realistic multi-cell scenario using the Rural-eMBB and a single-cell scenario used for the validation of the correct functionality of

he scheduler, following the Dense-eMBB configuration.

.3. MAC layer

The 5G-LENA MAC layer was designed to support variable TTI, therefore the number of allocated resources (i.e., OFDM symbols
nd physical resource blocks (PRBs)) to a user is variable. It interacts directly with the PHY layer through a set of SAP APIs and
ndirectly with the RLC layer [24]. RLC sends to the MAC the Buffer Status Report (BSR) messages, based on which the scheduler
ill take the scheduling decisions.

5G-LENA supports both TDMA and OFDMA-based access schemes with variable TTI, while the scheduler API implementation
ollows the femto-forum specification [25]. In the current version, three MAC scheduling policies are supported, i.e., Round Robin
RR), Proportional Fair (PF) and Maximum Rate (MR). At the architectural level, up to date, there was a one-to-one mapping between
ervice Data flows (SDFs) and Data Radio Bearers (DRBs).

. 5G-LENA towards QoS assessment

.1. XR traffics overview

3GPP Release-17 includes a recent study on XR evaluations for 5G NR, presented in [7], where it defines the downlink and
plink models for AR, VR and CG applications, along with details for the deployment scenarios and the evaluation methodology,
uch as the simulation settings and the key performance indicators (KPIs). The study targets the identification of the limitations of
urrent 5G NR networks towards the support of XR and CG applications. To perform the study, the following models are defined
or the AR, VR and CG applications:

• AR Traffic model includes single-stream (video) model for the downlink and a multi-stream model for the uplink, including
various sub-variants with one (video), two (pose/control + scene/video/data/audio) or three streams. For the case of AR
uplink with three streams, two sub-models are considered; Model 3A uses aggregated streams for pose/control, scene/video
and audio/data, while Model 3B considers pose/control, video I-stream and video P-stream.

• VR and CG traffic models include single stream (video) and multi-stream models (two streams, video + audio/data) for
VR/CG downlink, and single stream for VR/CG uplink (using pose/control traffic). VR and CG models differ in the statistical
characterization of the traffics.

.2. 5G NR QoS overview

The 5G NR QoS model considers a two-level mapping of IP-packets of SDFs to suitable QoS flows performed by 5G Core (5GC)
nd QoS flows to DRBs performed by RAN [26]. This way, the 5GC and RAN functionality is decoupled [8]. In addition, with this
ype of mapping it is possible for the 5GC to perform Mx1 mapping, meaning that multiple SDFs can be mapped to one QoS flow.
imilarly, but independently from the 5GC, the RAN can perform Nx1 mapping of QoS flows to DRBs, meaning that multiple QoS
lows can be mapped to one DRB. For this, a new layer is introduced in the RAN known as Service Data Adaptation Protocol (SDAP),
argeting the management of QoS flows [26].

With respect to the classification of the various traffic flows, the 5G NR QoS model supports both guaranteed bit rate (GBR) and
3

on-guaranteed bit rate (non-GBR) QoS flows, as well as delay-critical GBR QoS flows. To differentiate among the various QoS flows,
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a QoS Flow ID (QFI) is used in an encapsulation header [26]. In addition, each flow is characterized by a QoS Profile that includes a
5G QoS Identifier (5QI), an Allocation and Retention Priority (ARP), a Reflective QoS Attribute for the case of non-GBR flows, or a
Guaranteed Flow Bit Rate (GFBR), Maximum Flow Bit Rate (MFBR), Maximum Packet Loss Rate, Delay Critical Resource Type and
Notification Control for the case of GBR flows. Notice that 5QI includes information with respect to the management of the flow,
such as the resource type (GBR/non-GBR/Delay-Critical GBR), the Priority Level, the Packet Delay Budget (PDB), Packet Error Rate
(PER), Averaging Window and Maximum Data Burst Volume [26]. 3GPP has specified various 5QIs in [8] to provide a standardized
framework for services that have common characteristics and requirements and can therefore benefit from optimizing the signaling
under standardized QoS characteristics. Some of these 5QIs can be used directly for the case of XR traffic when low latencies are
not required, such as XR streaming applications [27]. However, the general architecture of XR will require low latencies, therefore,
3GPP is standardizing new 5QIs that are XR specific, such as 5QI 80 and 5QI 87.

3.3. New MAC scheduler

In order to perform the scheduling process based on the different traffic requirements the QoS MAC scheduler needs to select
he users to be scheduled and assign the available resources, i.e. the available symbols and PRBs to them based on the QoS flow
rofile. As such, the scheduler should take into account the characteristics of each flow (i.e. the 5QI information, such as resource
ype, priority level, PDB, etc.) in order to take the most appropriate scheduling decisions so as to determine the users with highest
riority and consequently allocate the necessary resources to them.

The new design of the proposed QoS MAC scheduler is based on the selection of scheduling weights. Without losing generalization
o other types of traffic and in order to meet the strict requirements imposed by the inherent time-critical nature of the XR
pplications, such as the low latency, we propose the calculation of the scheduling weight (𝑤), that denotes the priority for a

DRB to be scheduled, to be as follows:

𝑤 =

⎧

⎪

⎨

⎪

⎩

(100 − 𝑃 ) 𝑟𝛾

𝑅(𝜏) + 𝐹 for non-GBR and GBR

(100 − 𝑃 ) 𝑟𝛾

𝑅(𝜏)𝐷 + 𝐹 for delay-critical GBR
(1)

here 𝑃 is the default Priority Level of the QoS flow carried in the DRB, 𝑟 is the instantaneous achievable data rate calculated
y the spectrum efficiency and the channel bandwidth, 𝑅(𝜏) is the past average data rate updated within updated window size 𝜏,
= 100 when the DRB has retransmission data and 𝐹 = 10 otherwise, and 𝛾 is a configurable parameter. Moreover, we include the

ewly introduced delay budget factor 𝐷, that is the delay-aware weight related to HOL packet delay and the PDB, and calculated
s 𝐷 = PDB/(PDB-HOL). It is worth highlighting that 𝐷 is an original and important factor that allows the proposed scheduler to
eet the low latency requirements of various traffic types with special focus on the XR traffic requirements. Notice that, although

here is a vast amount of works in the literature that adopt various scheduling metrics based on the 𝑃 , PDB, HOL and PF metric,
.g. [13], to the best of our knowledge there is no work that considers all these metrics in conjunction. This combination results
n promoting flows with tighter latency budget and consequently it avoids packet discarding in these cases, while at the same time
llows treatment of the flows according to their priority level and maintains the PF metric to ensure higher achievable throughputs
nd user fairness.

Note that in Eq. (1) a lower Priority Level value (𝑃 ) indicates higher priority for scheduling. The past average data rate is
alculated as:

𝑅(𝜏) = (1 − 𝛼)𝑅(𝜏 − 1) + 𝛼𝐴(𝜏) (2)

here 𝐴(𝜏) is the current data rate over updated window size 𝜏 computed as the ratio of all successful delivered bits (including
hose bits still in retransmission) in the past updated window size, and 𝛼 balances between the current data rate (𝐴(𝜏)) and the past
verage data rate in the previous window (𝑅(𝜏 − 1)). When 𝛾 = 1, and assuming same priority for all users and ignoring 𝐷, the
cheduler corresponds to a typical Proportional Fair scheduler.

Moreover, let us point out that for the case of XR traffic the mapping process described in Section 3.2 is particularly suitable
hen the application generates multiple flows. In such case, a user may have one of more active DRB(s) in a given moment. When

here is only one active DRB, the QoS MAC scheduler considers the scheduling weight (scheduling priority) of that DRB. When the
ser has multiple active DRBs, there are various design options for the calculation of the scheduling weight. For instance, the sum
f all weights for each DRB can be considered or in a simpler form, the Priority Level of the highest priority flow among its active
RBs can be taken into account.

The users are then ordered descendingly in each TTI according to their scheduling weight. This means that users with higher 𝑤
re scheduled first.

For the non-GBR and GBR QoS flows in the DRBs per user, the minimum number of bits allowed is computed by the token bucket
lgorithm according to the minimum flow bit rate. In case of delay-critical GBR QoS flow, such value is capped by the maximum
ata burst volume. For each candidate user with GBR QoS flow and/or delay-critical GBR flow, DRBs are allocated to accommodate
he minimum number of bits one-by-one in order, until all PRBs are used or all GBR QoS flows are served. Then, for each candidate
ser with non-GBR QoS flows, the number of PRBs is computed according to the minimum number of bits out of their RLC buffers,
ntil all PRBs are used or the RLC buffers are empty.
4
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3.4. 5G-LENA implementation

For the implementation of the proposed QoS MAC scheduler we have extended the 5G-LENA simulator with new classes for both
TDMA and OFDMA access modes. In particular, we have implement a TDMA QoS scheduler in the NrMacSchedulerTdmaQos
class, and an OFDMA QoS scheduler in the class NrMacSchedulerOfdmaQos. These classes are used to set the scheduler and
access mode types when desired by the user. Moreover, they update the Downlink (DL) and Uplink (UL) metrics for each UE
and the potential throughput based on the available resources. This information will be used by the newly implemented class
NrMacSchedulerUeInfoQos to perform the UE sorting (weights computation), based on the priority level of the assigned 5QIs
(lowest 5QI has higher priority). Notice that in the current implementation the scheduler does not make distinction among the
resource type. The simulator has been also extended to support Mx1 mapping of SDFs to DRB (the architecture details are out of
scope of this paper). In such case, there is a single DRB, and the scheduling weight considers its assigned Priority Level. In the 1 × 1
mapping architecture, there may be multiple active DRBs per user, and the scheduling weight considers the Priority Level of the
highest priority DRB for each user.

To carry out the evaluation of the QoS MAC scheduler, we have also implemented in the 5G-LENA simulator the XR traffic models
(i.e., AR, VR and CG), as described in Section 3.1, including pose/control, audio/data and generic scene/video models. Although we
consider that the implementation details of the XR traffic models are out of scope of this paper, it is worth noting that said models
can be parametrized to configure the various XR applications under single and multi stream setups. Also, let us notice that we have
extended the simulator to support both the XR specific 5QI 80 and 5QI 87.

Fig. 1. Single-cell evaluation scenario topology.

Table 1
Single-cell evaluation scenario.

Scenario parameter Value

Carrier frequency 4 GHz
Bandwidth 150 MHz/75 MHz
Numerology 1
BS transmit power 41 dBm/sector
UE transmit power 23 dBm
BS antenna height 25 m
UE antenna height 1.5 m
Propagation model 3GPP UMa TR 38.901
BS antenna array 1 TXRU: 4 × 8 (3GPP elements)
BS antenna element gain 8 dBi
BS horizontal/vertical spacing 0.5/0.8 Lambda
UE antenna array 1 TXRU: 1 × 1 (isotropic element)
UE antenna element gain 0 dBi
BS noise figure 5 dB
UE noise figure 7 dB
Noise power spectral density −174 dBm/Hz
Min/Max BS-UE distance 2 m/20 m
Shadowing Disabled
Fading and channel condition updates No updates
Channel condition LoS
HARQ Retx Disabled
DL AR video data rate/FPS 5 Mbps/30 Fps
DL VR video data rate/FPS 30 Mbps/60 Fps
DL CG video data rate/FPS 30 Mbps/60 Fps
Duplexing mode TDD
TDD pattern DDDDU
PDCP Discarding Timer 100 ms for 5QI = 1, 10 ms for 5QI = 80, 5 ms for 5QI = 87 [8]
5
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In addition, we have created a simple example in cttc-nr-simple-qos-sched, composed of 1 gNB and various UEs (even
UEs get voice 5QI = 1 and odd UEs get AR 5QI = 80), to test and validate the correct functionality of the new QoS MAC scheduler. In
this example, we can configure the load (full buffer or medium load) of the voice UEs, and see the proper behavior of the scheduler.
More precisely, when full buffer of voice UEs is configured, we can see that the resulting throughputs follow the proportion of
scheduling priorities ratio.

Finally, for a more extended evaluation of the new QoS MAC scheduler, as presented in this paper, we have created an additional
example, known as cttc-traffic-example-hex.cc that includes a more complex topology. More details related to the
scenario setting and the simulation details are given in the following section.

3.5. Evaluation scenarios

For the evaluation of the new QoS MAC scheduler presented in this paper we study the E2E packet delay and E2E through-
put using the example cttc-traffic-example-hex.cc, where we consider two different scenarios with mixed traffic
(AR/VR/CG/VoIP).

On the one hand, we validate the correct operation of the scheduler under a single-cell scenario composed of 1 gNB and 16 users,
where there are 4 AR users, 4 VR users, 4 users play CG, and 4 users are generating VoIP traffic. The single-cell scenario network
topology is depicted in Fig. 1. The parameter configuration of the scenario follows the setting of the Dense-eMBB Configuration
A, as defined in [23], while in this case we focus on the DL direction assuming good propagation conditions. Table 1 shows the
simulation parameters, as well as the configured data rates and frame per seconds (fps) used throughout the simulations. Notice

Fig. 2. Rural-eMBB evaluation scenario topology.

Table 2
Rural-eMBB configuration A evaluation scenario.

Scenario parameter Value

Carrier frequency 700 MHz
Bandwidth 10 MHz
Inter-site distance 1732 m
Sectors 30/150/270 degrees
Numerology 1
BS transmit power 46 dBm/sector
UE transmit power 23 dBm
BS antenna height 35 m
UE antenna height 1.5 m
Propagation model 3GPP RMa TR 38.901
BS antenna array 1 TXRU: 8 × 1 (3GPP elements)
BS antenna element gain 8 dBi
BS horizontal/vertical antenna spacing 0.5/0.8 Lambda
UE antenna array 1 TXRU: 1 × 1 (isotropic element)
UE antenna element gain 0 dBi
BS noise figure 5 dB
UE noise figure 7 dB
Noise power spectral density −174 dBm/Hz
Min/Max BS-UE distance 10 m/500 m
Shadowing Enabled
Fading and channel condition updates 20 ms /100 ms
Channel condition LoS/NLoS (stochastic model)
HARQ Retx Enabled
DL AR video data rate/FPS 1 Mbps/30 Fps
DL VR video data rate/FPS 5 Mbps/60 Fps
DL CG video data rate/FPS 5 Mbps/60 Fps
UL AR video data rate/FPS 1 Mbps/30 Fps
Duplexing mode TDD
TDD pattern DDDDU
PDCP Discarding Timer 100 ms for 5QI = 1, 10 ms for 5QI = 80, 5 ms for 5QI = 87 [8]
6
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Fig. 3. Packet delay CDFs for non-saturated study case.

that for the validation process we study the single-cell scenario under two different setups and for this reason we vary the defined
bandwidth. In the first case we set a high bandwidth and we study a non-saturated situation, meaning that the available bandwidth,
and consequently the available resources, are enough to serve all the traffic generated by all users of the network. This use case is
the most common approach for the validation of a scheduler. However, since in such case all the traffic is served, the throughput
cannot give us information related to the user prioritization, user fairness, and user starvation. Moreover, the closer the system is to
7



Simulation Modelling Practice and Theory 125 (2023) 102745K. Koutlia et al.
Fig. 4. E2E throughput for non-saturated study case.

a saturation mode, the more critical becomes the role of the QoS scheduler. For this reason, we have also opted to study a saturated
case, where the bandwidth is decreased and therefore, the available resources are not enough to serve all the traffic.

On the other hand, we study a multi-cell scenario with hexagonal topology consisting of 21 gNBs (7 sites with 3 sectors per site).
In each sector, 10 UEs are randomly deployed following a uniform distribution. The network topology of the multi-cell scenario is
depicted in Fig. 2. Notice that the light blue color corresponds to the inner ring, composed by 1 site with 3 gNBs, while the darker
blue depicts the outer ring that has 6 more sites with 3 gNBs each, resulting in a total of 21 gNBs in the whole scenario. The black
dots depict the UEs deployed in the network. Out of 10 UEs for each gNB, 2 UEs carry AR traffic, 2 UEs carry VR traffic, 2 UEs play
CG and 4 UEs generate VoIP traffic. The scenario parameters are as defined for the Rural-eMBB Configuration A scenario in [23].
In Table 2 we present a summary of them. Notice that in this case we study both DL and UL directions.

4. Simulation results

For the validation and evaluation of the proposed QoS MAC scheduler for mixed traffic we consider different 5QIs for the different
types of traffic, with target to study the behavior of the scheduler with respect to the E2E packet delay and E2E throughput per
traffic flow type. We compare the proposed scheduler against traditional schedulers, such as the RR and PF. The results are presented
in the next two subsections for the single-cell and multi-cell scenarios.

4.1. Single-cell validation scenario

As a first step, we target the validation of the proper functionality of the presented QoS MAC scheduler though a single-cell
scenario with good propagation conditions as described in Section 3.5. Out of the 16 UEs deployed in the network, 4 carry AR
traffic composed of 3 flows (video, audio-data and pose-control), 4 UEs generate VR traffic of 1 flow, 4 UES have CG traffic of 1
flow and 4 UEs generate VoIP traffic (see Fig. 1). For the validation we study two cases with respect to the assigned 5QIs and two
cases for the traffic load. To do so, we consider one case where all XR UEs have the same 5QI = 80 (AR, VR and CG UEs) and the
VoIP UEs have 5QI = 1 (let us refer to it as 5QI80 for all XR case), and another case where the VR UEs have 5QI equal to 87, while
the rest of XR (i.e., AR and CG) have 5QI = 80 and the VoIP 5QI = 1 (let us refer to it as 5QI80 for AR/CG and 5QI87 for VR case).
With this differentiation we aim to show the behavior of the benchmark schedulers and the new QoS MAC scheduler with respect
to the treatment of the traffics based on the resulting E2E packet delay and throughput. Moreover, we study both non-saturated
and saturated situations, as presented in Section 3.5, therefore we evaluate for two different bandwidths. For the non-saturated
case we set the bandwidth to 150 MHz and for the saturated case we decrease the bandwidth to 75 MHz with target to study the
performance of the schedulers in the case that there are not enough resources to serve all the generated traffic.

Fig. 3 presents the Cumulative Distribution Functions (CDFs) of the packet delay for each traffic flow for the case of bandwidth of
150 MHz (non-saturation), comparing the proposed QoS MAC scheduler performance against the transitional RR and PF schedulers
and studying the 5QI80 for all XR (top figure) versus 5QI80 for AR/CG and 5QI87 for VR (bottom figure) cases.

As it can be seen from the figures, for both cases, since there is enough bandwidth to serve all the generated traffic from all
applications, all schedulers perform similarly, however for the case that VR has been assigned a 5QI with higher priority (5QI =
87), we can clearly observe that the new QoS MAC scheduler proposed in this paper prioritizes this type of traffic, at the cost of
course of a small increment in the delay of lower priority traffic (i.e. CG traffic). In particular, the proposed scheduler presents an
average reduction of 17% in the delay of VR traffic with respect to PF, at the cost of an average increment of 10% in the delay of
CG. This confirms the correct functionality of the proposed QoS MAC scheduler, and in addition demonstrates that it can manage
correctly the traffic flows based on the desired priority.
8
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Fig. 5. Packet delay CDFs for saturated study case.

Moreover, Fig. 4 presents the resulted E2E throughput for the 5QI80 for all XR (left figure) versus 5QI80 for AR/CG and 5QI87
for VR (right figure) cases. As it can be seen, all traffics are served and the targeted throughput is reached (see Table 1 data rates)
for both cases and all schedulers, considering that the network is not saturated.

In addition, we present the study of the scheduler’s behavior in a saturated scenario, where the available bandwidth has been
reduced to 75 MHz. Fig. 5 presents the packet delay CDFs for each traffic flow, comparing the QoS MAC scheduler against the
9
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Fig. 6. E2E Throughput for saturated study case.

benchmark RR and PF, while Fig. 6 depicts the achieved E2E throughput. Again we evaluate the performance of the schedulers
under the 5QI80 for all XR and 5QI80 for AR/CG and 5QI87 for VR cases.

Focusing on the case of 5QI80 for all XR, one can see that for both packet delay and throughput, all schedulers present similar
performance, while from the throughput results, it is obvious that the network is in saturation and not all the generated traffic can
be served (e.g., see VR and CG traffic). On the other hand, when the 5QI of the VR traffic is set to 87 (i.e., higher priority), it is
clearly seen that the proposed QoS MAC scheduler presents a significant packet delay reduction and throughput increment for this
type of traffic, at a small cost on the delay of AR Video and CG traffic types, and on the throughput of CG. In particular, compared
to PF, the QoS scheduler presents a reduction of 46% for the average VR traffic delay, while the average AR Video and CG delay
increments are of the order of 24% and 16%, respectively. As such, it is demonstrated that the proposed QoS MAC scheduler is able
to treat the various traffic types as desired, based on the traffic QoS Flow Profile.

4.2. Multi-cell calibrated scenario

In order to have a complete evaluation of the presented QoS MAC scheduler, we consider a realistic scenario as described in
Section 3.5, to study the performance under real-network conditions. In this scenario we study both DL and UL directions, where
for each gNB out of 10 UEs, 2 UEs carry DL AR traffic of 3 flows and UL AR of 1 flow, 2 UEs generate DL VR traffic of 1 flow, 2
UEs have DL CG traffic of 1 flow and 4 UEs carry DL and UL VoIP traffic of 1 flow each. For this scenario, we consider only the
5QI80 for AR/CG and 5QI87 for VR case, since it is the one of higher interest. The parameter setting is as presented in Table 2. It
is worth noting that we study a saturation case, since the bandwidth defined in this scenario, along with the network interference
and the XR applications data rates, result in a saturation state for the downlink.

Fig. 7 presents the packet delay CDFs for the Rural-eMBB scenario. Figure (a) shows the results of the packet delay for the 5QI80
for AR/CG and 5QI87 for VR for saturation case in the DL direction, while Figure (b) depicts the results for the UL case. In addition,
Fig. 8 (a) presents the E2E throughput for the DL direction and Fig. 8 (b) for the UL direction.

As it can be observed, in the DL direction the proposed QoS MAC scheduler clearly prioritizes the VR traffic presenting an average
delay reduction of 4.2%, demonstrating that it is capable to classify the traffic flows based on the QoS indicators even in scenarios
with very high interference and in saturated network condition. With respect to the UL direction, it can be seen that the proposed
solution performs similarly to the traditional schedulers demonstrating the correct operation also in the case of UL traffics (notice
that the UL is not saturated).

5. Conclusions

In this paper, we have presented an E2E system-level evaluation of QoS schedulers for XR traffic in 5G NR mixed traffic scenarios.
In particular, we have proposed, validated and evaluated a new QoS MAC scheduler that exploits the QoS model introduced in 5G
NR that is especially beneficial for XR traffic applications. We have used the 5G-LENA simulator, recently calibrated under 3GPP
reference scenarios, in order to validate the correct operation of the scheduler in a single-cell scenario of mixed traffic, including
AR/VR/CG and VoIP. Moreover, we have carried out the performance evaluation of the proposed solution in a 3GPP multi-cell
reference scenario used for the calibration of the 5G-LENA simulator. Results have been compared against traditional schedulers
and have demonstrated that the proposed QoS MAC scheduler is able to treat the various traffic flows in accordance to the QoS
indicators, such as the traffic priority level.

This work is a preliminary study for more complex traffic scenarios and paves the way for various scheduling approaches to be
evaluated. In this direction, future work is envisioned to perform E2E system-level evaluations of the proposed QoS MAC scheduler
for XR traffic that employs other QoS indicators, such as the resource type (GBR/delay-critical-GBR/non-GBR) and the packet delay
10
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Fig. 7. Packet delay CDFs for Rural-eMBB study case.

budget, as well as to consider additional design options for the calculation of the scheduling weight in case of multi-QoS flows
per user with flow differentiation. In this last case it would be really interesting to include also a comparison of the 1x1 and Mx1
architectures.
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Fig. 8. E2E Throughput for Rural-eMBB study case.
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