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Abstract—In a 5G Radio Access Network (RAN), different
features are offered as solutions to serve traffic with diverse
characteristics and requirements, including flexible numerology,
(non-)pre-emptive mini-slot based scheduling and network slic-
ing. In this paper, we present an extensive simulation-based
assessment of the relative merit of these distinct 5G features in
the context of a smart city environment. We further derive the
optimal feature combination and associated configuration which
best handles the services related to the smart city environment
given their performance requirements. The obtained insights
confirm the commonly argued potential of slicing, emphasizing
that the optimal configuration of the slice-specific numerology
depends not only on the nature of the handled services but
also on the selected RAN features. Among these features, non-
preemptive mini-slot based scheduling and idle resource sharing
reveal significant performance potential.

Index Terms—S5G, RAN features, RAN slicing, flexible nu-
merology, bandwidth parts, mini-slots, smart cities

I. INTRODUCTION

In smart cities, people, objects and machines are connected
via wireless technologies to exchange data and collectively
improve sustainability, traffic and safety, among others [1].
The cellular network will support services like Virtual Reality
(VR), video surveillance and environment monitoring and thus
the network should be designed to simultaneously support
services of the Ultra-Reliable Low-Latency Communications
(URLLC), enhanced Mobile Broadband (eMBB) and massive
Machine Type Communication (mMTC) categories.

The RAN should be properly configured to best support the
performance requirements associated with the mix of handled
services. Flexible numerology has been introduced in 5G to
allow for shorter Orthogonal Frequency Division Multiplex
(OFDM) symbol times and thus for a shorter Transmission
Time Interval (TTI) at the cost of a lower number of Physical
Resource Blocks (PRBs) for a given carrier bandwidth [2].
The newly introduced concept of BandWidth Parts (BWPs)
allows to configure multiple distinct numerologies on a given
carrier, enabling the use of a tailored numerology for different
service categories [3]. However, the split or radio resources
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among the BWPs leads to trunking losses which can be (partly)
compensated by inter-BWP idle radio resource sharing.

Furthermore, on Time Division Duplexing (TDD) based
carriers, the resource split between the DownLink (DL) and
UpLink (UL) channels can be flexibly configured thus allow-
ing for a better adaptation to the actual DL and UL traffic [3].
Also, packet scheduling i.e. the assignment of the available
radio resources to the active Quality of Service (QoS) flows
in the network, can be performed using mini-slots, which are
contiguous sets of either 2, 4 or 7 OFDM symbols within
a normal time slot, enabling latency-optimised and resource-
efficient scheduling for e.g. URLLC-type services [4].

To support services with diverse requirements, network
slicing has been introduced in 5G, which allows to configure
the network with multiple independent virtual networks or
slices that share the same physical infrastructure. Each slice
is configured to serve traffic with a specific Service Level
Agreement (SLA) [5] and thus, in the RAN, each slice can
have its own numerology (or multiple ones) as well as packet
scheduler such that it best serves the intended traffic. Similarly
to BWPs, there are inherent trunking losses due to the radio
resource split [6] which can be (partially) compensated by
inter-slice idle radio resource sharing.

Several papers study the multi-numerology networks [7], the
use of mini-slots [8], [9] or combinations of them [10], [11]
to serve traffic with diverse QoS requirements. Most papers
on RAN slicing focus on the resource assignment problem
[12]-[14], neglecting the possibility that sliced networks may
be outperformed by non-sliced networks due to the trunking
losses which may be caused by slicing [6]. The purpose
of this paper is to evaluate the merit of the various RAN
features as well as combinations of these features in a smart
city environment. In addition, the feature combination which
best handles the services from all three service categories
(eMBB, URLLC, mMTC) of the smart city environment
simultaneously in regards to their QoS requirements, is found.

The remainder of the paper is organised as follows. In
Section II the different RAN features are discussed in more
detail. The modelling aspects, traffic characteristics and RAN
configurations considered for the smart city environment are
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presented in Section III. The simulation results are analysed in
Section IV and finally, the conclusions and recommendations
for future work are given in Section V.

II. RAN FEATURES

This section discusses the RAN features considered.

A. Flexible Numerology

The numerology v defines the SubCarrier Spacing (SCS)
of the OFDM symbols, which is fixed to 15 kHz in 4G
networks, and the corresponding symbol duration, as shown
in Table I. The decrease of the OFDM symbol duration, due
to the increase of the SCS, leads to shorter slot duration
and thus shorter TTIs. The shortened TTIs allow for faster
transmissions and thus URLLC services benefit from higher
numerologies. Considering that a PRB comprises twelve sub-
carriers regardless of the numerology, the number of PRBs
within a given carrier bandwidth reduces with an increase of
the SCS. This reduction in the number of PRBs, can lead
to lower throughput as the gains obtained from frequency-
domain channel-adaptive scheduling are reduced. Therefore,
eMBB/mMTC services are best served with lower numerolo-
gies and thus there is a trade-off between delay and throughput
[6]. Furthermore, the choice of numerology is also limited by
whether the carrier frequency is in Frequency Range 1 (FR1)
(< 6 GHz) or in FR2 (> 6 GHz), as also shown in Table 1.

B. Bandwidth Parts

A BWP is a sub-band of a given carrier that is configured
with its own numerology [3]. Thus, multiple numerologies
can be configured on a single carrier to support multi-service
traffic e.g. by configuring BWPs with both low and high
numerologies to serve eMBB and URLLC traffic, respectively.

Unless appropriate measures are taken, the multiplexing of
numerologies on the same carrier introduces Inter-Numerology
Interference (INI) because the subcarriers of distinct nu-
merologies are not orthogonal to each other. INI can be elimi-
nated by using windowing, filtering and guard bands between
the numerologies, whose size depends on the adjacently used
numerologies [15]. Additionally, edge guard bands are used
at either edge of the carrier, whose size depends on the
numerology used at the carrier’s edge [16].

C. Duplexing

In 5G, the TDD configuration, defining the frequency of
the DL and UL channels, can be flexibly configured to adapt
to the traffic intensity of the DL and UL channels. Note that
the same TDD configuration should apply in all cells to avoid
interference and that the regulator may impose a fixed TDD
configuration [17]. To switch from the DL to the UL resources,
a Guard Time (GT) is necessary and we denote as a Special
Slot (SS), the slot that contains the GT. The remaining OFDM
symbols within the given TDD periodicity can be assigned
to the DL and UL channels based on the expected DL and
UL traffic [18]. Fig. 1 shows the derived TDD configuration,
assuming a network where the DL to UL traffic ratio is 2:1.

TABLE I
5G NUMEROLOGIES [2].

OFDM Symbol Slot Frequenc,
K SCS (kHz) Durationy(,us) Duration (ms) Rgmge g
0 15 71.35 1 FR1
1 30 35.68 0.5 FR1
2 60 17.84 0.25 FR1 and FR2
3 120 8.92 0.125 FR2
4 240 4.46 0.0625 FR2

TDD configuration

i
< >

DL| DL|DL| SS | UL

DL|DL|DL|GT|GT|UL|UL|UL|UL|UL|UL|UL|UL | UL

A
Y

Special slot

Fig. 1. TDD configuration example with a periodicity of five slots.

The DL channel consists of 66% of the resources and a
periodicity of five slots and a GT of two symbols is assumed.

D. Packet Scheduling

The packet scheduler S determines at every TTI ¢ and for
every PRB f, which packets of the active QoS flows will be
served based on the metric Mg ,(¢, f), calculated for every
QoS flow ¢. Assigning the resources on a per-PRB level
exploits frequency-selective fading and interference, and thus
achieves frequency diversity gains. In general, for a network
with N flows, at a given TTI ¢, with a queue of packets
maintained for each flow, the deployed scheduler S assigns
PRB f to QoS flow ¢* which has the highest Mg ,(t, f) value:

i* = argmax Mg 4(¢, f).
1<q<N
Finally, the packet scheduler can decide to not serve (and
hence drop) a head-of-line packet if it determines that it cannot
be delivered within an imposed delay constraint.

E. Mini-slots

While a regular scheduling slot comprises 14 OFDM sym-
bols, a mini-slot consist of 2, 4 or 7 OFDM symbols, and the
selected mini-slot size depends on the transport block size and
the channel quality. Thus, the transmission of a small transport
block may be shorter than a full slot duration and thus lead
to delay improvements and lower inter-cell interference. Also,
because of the shorter transmission times, multiple transport
blocks can be transmitted within a single slot, rather than
wasting otherwise unused symbols, which enhances resource
efficiency and, consequently traffic handling capacity and ser-
vice performance. The only limitation is that a mini-slot should
not span over two adjacent slots, i.e. it should be aligned

Authorized licensed use limited to: TU Delft Library. Downloaded on NBmber 17,2022 at 13:59:54 UTC from IEEE Xplore. Restrictions apply.



to the symbol boundaries of the slots [10]. Furthermore, a
transport block can be transmitted at any time within a slot
which improves the delay. In this study, we consider three
different mini-slots based scheduling approaches:

e Default: At the start of a regular slot, the scheduler
decides which packets from the buffer are served in the
upcoming slot, based on the Mg , metric, and determines
the minimum number of symbols needed per packet.

e Non-pre-emptive: There are two distinct types of schedul-
ing moments: (i) at the start of a regular slot, transmis-
sions are scheduled as under the default scheme; (ii) dur-
ing a regular slot, and given on-going transmissions, the
scheduler continuously checks for new URLLC packet
arrivals, which are then transmitted using a mini-slot,
assuming sufficient unused resources.

e Pre-emptive: This approach is largely the same as the
non-pre-emptive scheme. However, in case of insufficient
unused resources for a new URLLC packet, the scheduler
pre-empts an ongoing eMBB or mMTC transmission to
schedule the URLLC packet. The transmission to be pre-
empted is the one whose resources maximize the Mg 4
metric of the new URLLC packet, as this minimizes
the used resources and, consequently, the degree of pre-
emption of the ongoing transmissions. We assume that
the pre-empted transmission has failed.

F. RAN Slicing

RAN slicing is introduced in 5G to support services with di-
verse requirements, e.g. by configuring each slice with its own
numerology and packet scheduler, to best serve the intended
traffic. Each RAN slice can be dedicated to a particular service
category, e.g. eMBB, URLLC and mMTC or to a vertical cus-
tomer with specific QoS requirements [5]. The use of BWPs
in non-sliced networks allows for a similar configuration to
sliced networks with the key difference that BWPs cannot have
their own packet scheduler. Because there are no advantages of
BWPs over slicing when configuring different numerologies,
we only consider slicing in our analysis.

Assigning the radio resources to each slice in such a way
that the QoS requirements for each slice are guaranteed is
a non-trivial task as the traffic can be very dynamic, the
QoS requirements may be very demanding and the amount of
available radio resources in the network is limited. This can
be resolved by dynamically assigning the resources to each
slice. In this study, the average traffic demand is constant;
with variations only at finer timescale, which are handled by
the scheduling mechanism and/or by inter-slice idle resource
sharing, as explained in the following subsection. Thus, dy-
namic slice resource assignment is out of focus for this study.
Additionally, splitting the radio resources among the slices
leads to trunking losses compared to non-sliced networks [6]
and it can be compensated by inter-slice idle resource sharing.

G. Idle Radio Resource Sharing

Idle radio resource sharing allows slices (denoted as source
slices) to use idle resources of other slices (denoted as target

slices), and thus it improves the performance and the spectral
efficiency of the network. However, there are limitations when
sharing the radio resources, based on the configuration of the
source and target slices [18]. In particular, a source slice with a
different numerology compared to the target slice can only use
the resources of the target slice when the scheduling times at
both slices are aligned. This drawback is mitigated with mini-
slots which allow scheduling of data at any time.

III. MODELS AND SCENARIOS

This section describes the modeling aspects, provides the
scenario configurations and defines the Key Performance In-
dicators (KPIs).

A. System Model

An urban macro-cellular environment is considered with
19 three-sectorised sites in a hexagonal layout with an inter-
site distance of 500 m [19]. Three types of User Equipments
(UEs) are uniformly distributed in space, with each type of
UE having one data session related to either eMBB or mMTC
or URLLC traffic. Table II shows the configuration of the base
stations (gNBs) and the UEs while the antenna diagram used
at the gNB is shown in [20].

The propagation environment has been generated with
the QuadRiGa 3GPP Urban Macro-cell Non-Line-of-Sight
(NLoS) model, including lognormal shadowing with standard
deviation ogr = 6 dB and Rayleigh multipath fading [21].

We assume that each cell is assigned a 15 MHz wide carrier
in the 3.5 GHz band (FR1) and we consider both DL and
UL transmissions [18]. In each cell, the packet scheduler
determines, in both the DL and UL, which time-frequency
resources are assigned to each of the active UEs, based on
channel quality estimates/reports. The DL channel quality of
the UEs is reported to the gNB via sub-band Channel Quality
Indicators (CQIs), while the UL channel quality of the UEs is
measured at the gNB based on the Sounding Reference Signal
(SRS), both applying a 5 ms periodicity. [22].

Based on the scheduling decisions, the gNB selects for
the DL or UL transmission the highest attainable Modula-
tion and Coding Scheme (MCS) (up to 64-QAM) with an
estimated BLock Error Rate (BLER) not exceeding 0.001%
and 10% for URLLC and eMBB/mMTC services, respectively.
MCS-specific BLER-vs-Signal-to-Interference-plus-Noise Ra-
tio (SINR) curves have been derived using the Vienna 5G Link
Level Simulator [23]. To map a set of PRB specific SINRs to
a single effective SINR value for the full set of PRBs, we use
the Mutual Information Effective SINR Mapping (MIESM)
method [24]. Finally, an Outer-Loop Link Adaptation (OLLA)
scheme is used to modify the mapping of the SINR to an MCS
due to imperfections in channel quality reporting [25].

B. Traffic Model

The services in smart cities are BroadBand access every-
where (BB), Virtual Reality (VR) relating to gaming sessions,
Video Surveillance (VS) used by security officials to improve
the safety of the city and Sensors for Monitoring (SM) e.g.
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TABLE 11
CONFIGURATION OF THE GNB AND THE UE [19], [20].

Parameter gNB UE
Height 25 m 1.5 m
Maximum Antenna Gain 17 dBi 0 dBi
Transmit Power 49 dBm 23 dBm
Noise Figure 3 dB 9 dB
Electrical Tilt 10° N/A

environmental conditions and smoke in public buildings and
houses [26]. The QoS requirements for each service are shown
in Table III based on [18], [26]-[28], with reliability defined
as the fraction of packets delivered within the delay budget.

The BB and VR sessions follow a spatially uniform Poisson
process with arrival rates Agpp pr (for DL) and Agpur
(for UL) and Ay g (for both DL and UL) sessions per sec,
respectively. The BB sessions are active until the file of size
Spp is fully transferred. The VR sessions are modeled to be
active for a relatively short period of 5 seconds yet with an
increased VR session arrival rate, to ensure both a realistic
VR traffic load as well as a sufficient number of handled VR
sessions to allow reliable performance assessment within a
reasonable simulation time. For the other two services i.e.
VS and SM, there are a total of V; persistent sessions per
service, where ¢ denotes the service name, which are spatially
uniformly distributed. The packets of each session have size
Sij, where j denotes the channel direction, and they arrive
with a constant period of T;; seconds. For the persistent
flows, the arrival time of the first packet is randomly chosen at
[0, T; ;]. Table IIT shows all of the modeling parameters based
on [18], [26], [29]-[32].

C. Scenario Configurations

Each RAN configuration consists of a number of the previ-
ously explained features i.e. numerology, duplexing, scheduler,
mini-slots, slicing and resource sharing. The TDD configu-
ration is derived based on the expected DL to UL traffic
ratio network-wide. Based on the previously discussed traffic
model, the TDD configuration consists of two DL slots,
followed by a special slot and then by two UL slots, thus
considering a TDD periodicity of five slots. The special slot
consists of ten DL symbols, followed by two symbols for the
GT and then by two UL symbols [18].

Additionally, for all considered RAN configurations, the
chosen packet scheduler is the Modified-Largest Weighted De-
lay First (M-LWDF) scheduler which aims to serve URLLC,
eMBB and mMTC flows simultaneously, featuring both
channel-adaptive and delay-oriented aspects [6]. The applied
scheduling metric is given by:

_ Wy(t)log(8q) Rq(t,f)

Ms’q(t7 f) _ Rq(tﬁf)rq Ry(t—1)
Ra(t-1)

¢ € URLLC,
q € eMBB, mMTC,
where 7, denotes the latency constraint of flow ¢, d, € [0,1] is

the maximum allowed packet drop rate for flow g, W,(t) and
Ry(t) = (1= 1) Ry(t—1)+4- Ry(t—1) denote the head-of-line

packet latency and the exponentially smoothed experienced bit
rate, respectively, of flow ¢ up to and including TTI ¢ and ¢,
is the smoothing parameter [6].

For the configurations using slices, the radio resources are
distributed among the slices. This resource assignment is
based on the resource utilisation of each service, which is
derived via simulations, as shown in [18]. Also, when multiple
numerologies are configured, the relevant guard bands are
applied. Fig. 2 shows an example with two slices configured
with numerologies 0 and 1, respectively. The size of the edge
guard bands as well as the inter-numerology guard band are
dependent on the applied numerologies. Finally, we consider
two slicing options: (i) slicing per numerology i.e. a slice
for each distinct numerology used and (i) slicing per service
category i.e. a total of three slices, with each slice related to
eMBB, URLLC and mMTC services, respectively.

In this paper we analyse the respective (dis)advantages
of the flexible numerology, mini-slots, slicing and resource
sharing features, as well as sensible combinations of these
5G features in mixed-traffic scenarios. For example, one
potential way of handling a mix of URLLC and eMBB/mMTC
traffic, which is intrinsically best served with higher and
lower numerologies, respectively [6], is to configure a single
slice with numerology (in support of eMBB/mMTC services)
in combination with mini-slot based scheduling to ensure
good URLLC performance. An alternative approach could be
to configure distinct URLLC and eMBB/mMTC slices with
tailored numerologies, noting however the resource inefficien-
cies due to the required inter-numerology guard bands and
(potentially) trunking losses.

D. Key Performance Indicator Definitions

Distinct KPIs are defined for the eMBB, URLLC and
mMTC services. For the eMBB services the KPI of relevance
is the Sth throughput percentile and its target level per service
is shown in Table III under the QoS requirements. For the
URLLC services, the KPI of relevance is the fraction of
URLLC sessions per service experiencing the required degree
of reliability shown in Table III. We define reliability for a
URLLC session as the fraction of packets that are successfully
received within the given delay budget. The target level for this
KPI is 90% for all URLLC services. Finally, the KPI related
to the mMTC services is the 95th delay percentile. Because
the delay budget for mMTC services varies between seconds
and minutes, a specific target value is not set.

IV. SIMULATION RESULTS

The above-described models and KPIs have been imple-
mented in a Python-based dynamic system-level simulator
which has been used to conduct a series of scenario-based
assessments. This section presents the evaluation of the flexible
numerology, mini-slot based scheduling, slicing and resource
sharing features, as well as combinations of these features.
To describe each RAN configuration, we adapt a notation,
consisting of the features, combined with an underscore as:

{NS,S}_(pa/ -~ /py) ANMM(0)}_{NRR},
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TABLE III
SUMMARY OF TRAFFIC MODELING AND THEIR RESPECTIVE QOS REQUIREMENTS.

. Service QoS . . . File/Packet
Service Category Channel Requirements Session Arrival Packet Arrival Size (KB)
BroadBand Non-persistent -
Access cMBB DL and UL 5 011(\)41[3}[’; (:)(LJL")“d with Ap . pr, = 100 Full Buffer ® (if B aigo&)
Everywhere (BB) P and App L = 40
90% of sessions with Non-persistent Poisson Process with Svr DL =1.25
Virtual URLLC DL and UL 96% reliability with Ay g = 40 AvepL =200 and
Reality (VR) (delay budget: 10ms) (both DL and UL) and Periodic with s —05
(both DL and UL) Tvr,ur = 0.004s VR,UL =Y
Video Persistent Periodic with
Surveillance (VS) cMBB UL 25 Mbps with Ny g = 676 Tys.ur = 0.036s Svsur =45
Sensors for delay budget: Persistent Periodic with _
Monitoring (SM) mMTC UL seconds to minutes  with Ngp; = 675600 Tsrrur = 60s SsmurL =02
due to the shortened TTIs while the eMBB and the mMTC
Edge services benefit from lower numerologies i.e. . = 0 due to the
guard band

Inter-numerology
guard band

Edge
guard band

freq. |

time

Fig. 2. Edge and inter-numerology guard bands for a carrier bandwidth with
two slices.

to indicate no slicing (NS) or slicing (S), the use of Y
numerologies and their respective values p1, - - - , iy, N0 mini-
slot based scheduling (NM) or mini-slot based scheduling
with approach x (M(x)), where x € {D, NP, P} denotes the
default, non-pre-emptive and pre-emptive approaches, respec-
tively, and no resource sharing (NR) or resource sharing (R).
The abbreviations of the considered services are shown in
Table III. Fig. 3 illustrates, for each feature combination, the
results obtained for each service and their corresponding KPIs
separated in three sub-figures, one for each service category
(eMBB, URLLC, mMTC). All scenarios have been simulated
with a range of distinct random seeds and the correspondingly
obtained 95%-confidence intervals are shown in the sub-
figures, revealing a reasonable degree of attained statistical
accuracy. Furthermore, the dashed lines indicate the target KPI
level for the URLLC and eMBB services.

A. Feature Evaluation

The impact of numerology on the performance of the ser-
vices is shown in Fig. 3 under configurations 1-3. As expected
based on the qualitative arguments given above, URLLC
services benefit from higher numerologies, in particular p = 2,

higher frequency-domain channel-adaptive scheduling gains.

Because eMBB and mMTC services benefit from numerol-
ogy 0, configurations 4-6, in Fig. 3, consider the use of
numerology O in combination with the three approaches of
mini-slot based scheduling, respectively, to enhance the per-
formance of the URLLC service. All sub-figures show that
configuration 4, which uses the default approach for mini-
slots, performs better compared to normal slot-based schedul-
ing with numerology O (configuration 1). All services benefit
from the faster, more resource-efficient and less interfering
transmissions enabled by the mini-slots, as qualitatively argued
above. In particular, multiple packets can be transmitted in
distinct mini-slots within a given slot, whereas under configu-
ration 1 each of those packet transmissions would utilise a full
slot by themselves. However, the URLLC sub-figure shows
that configuration 4 performs worse than when numerology
2 is used (configuration 3), illustrating the importance of
configuring the appropriate numerology.

Configuration 5 considers the use of the non-pre-emptive
mini-slot based scheduling and the URLLC sub-figure illus-
trates the gains for the URLLC services compared to the
default mini-slot base scheduling (configuration 4). Specif-
ically, the performance is improved because the URLLC
packets are immediately transmitted after their arrival in the
buffer, assuming that there are enough available resources.
Consequently, the performance of the eMBB and mMTC
services, which are scheduled only at the start of each slot,
is also improved because the buffer is kept short, as shown
in the respective sub-figures. Note that the performance of
the URLLC service is almost the same compared to only
using numerology 2 (configuration 3) while the performance
of the eMBB and mMTC services is better than only using
numerology 0 (configuration 1).

The use of pre-emptive mini-slot based scheduling is con-
sidered in configuration 6. The URLLC sub-figure shows that
the pre-emptive approach provides further gains compared to
the non-pre-emptive approach (configuration 5) because the
URLLC packets are transmitted immediately upon arrival, pre-
empting an on-going transmission if there are no available
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Fig. 3. Performance of the considered services for configurations related to the numerology, mini-slot based scheduling, slicing and resource sharing features
and combinations of these features. The dashed lines indicate the target KPI level for each URLLC and eMBB service.

resources. For the same reason, the eMBB and mMTC sub-
figures show a significant performance degradation, which is
also reflected by the number of eMBB and mMTC packet re-
transmissions which is increased by 49% compared to the non-
pre-emptive approach. Therefore, among the three mini-slot
based scheduling approaches, the non-pre-emptive approach
is considered best when taking all services into consideration.

Based on the outcome of the numerology comparisons done
in configurations 1-3, configuration 7 assumes two slices,
one with numerology O for the eMBB and mMTC services,
and one with numerology 2 for the URLLC service. Fig.
3 shows that the resource split causes an immense perfor-
mance degradation compared to an unsliced RAN, due to
trunking losses, the reduction of usable resources due to the
needed inter-numerology guard band (further causing higher
interference levels), and the decrease of frequency-domain
channel-adaptive scheduling gains as the eMBB data are only
scheduled on the resources of the assigned slice.

To decrease the effects of the resource split, configuration 8
in Fig. 3 allows the sharing of idle radio resources between the
slices. All sub-figures show performance improvement com-
pared to configuration 7, however, configuration 8 performs
worse than simply configuring the RAN with numerology 0
(configuration 1), which is due to the guard band effects.

B. Optimization of Feature Combinations

Based on the previous results, an evaluation of some
promising candidate feature combinations to find the optimal

configuration is presented. First, similarly to configuration 8§,
we consider configuration 9 but the slice related to the URLLC
service is now configured with numerology 1 instead of 2 to
reduce the size of the middle and edge guard bands by 28%.
In Fig. 3, all sub-figures show that the guard band reduction
brings gains to all services, mainly because more resources
are now available for data transmissions (in both slices)
and secondly because the frequency-selective channel-adaptive
scheduling gains are increased in the slice related to the
URLLC service. The comparison between configurations 8 and
9 also reveals that choosing the numerology per slice solely
based on the service type may not yield optimal performance.
Rather the effects of all features should be taken into account
when choosing the numerologies. Also, the URLLC sub-figure
shows that the performance with configuration 9 is equiva-
lent to that obtained when only numerology 2 is configured
(configuration 3) while the eMBB and mMTC sub-figures
show that the performance with configuration 9 is similar
compared to only configuring numerology O (configuration 1).
Additionally, the performance of configuration 9 is similar to
the performance of configuration 5, with both configurations
achieving the targets for the eMBB services and providing a
similar performance for the URLLC service.

Subsequently, the combination of two slices, with numerol-
ogy 0 and 1, idle resource sharing and non-pre-emptive
mini-slot based scheduling, which was found to be the best
performing mini-slot approach, is considered as configuration
10. Fig. 3 shows that the performance of all services improves,
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compared to configuration 9, because of the gains that mini-
slots bring. Furthermore, with configuration 10, the targets for
all services are achieved.

To evaluate the way of slicing, i.e. per numerology or per
service category, configuration 11 considers the same feature
combination as configuration 10 but with three slices i.e.
eMBB, mMTC and URLLC slices, with numerologies 0, 0 and
1, respectively. Fig. 3 shows that configuration 11 performs
worse compared to configuration 10 because of the additional
trunking losses introduced by the extra slice.

C. Summary

The best overall performance is provided with configura-
tion 10, achieving the KPI target values of all the services.
This result supports the commonly argued potential of RAN
slicing and highlights that its inherent trunking losses can be
compensated by smartly applying available RAN features.

V. CONCLUDING REMARKS

In this study we have assessed the merit of distinct 5G
RAN features to support an integrated services smart city
environment, particularly concentrating on flexible numerol-
ogy, mini-slots, slicing and idle resource sharing. Performance
was shown to be optimised when all RAN features are
appropriately combined and configured. This highlights the
commonly argued potential of RAN slicing, for which it was
shown that the slice-specific numerology should not be solely
based on the service type in the respective slices, but rather
on the combined effects of all involved RAN features.

In this study we considered traffic with variability on a very
fine time scale, which is handled by the scheduler and/or
by the idle resource sharing feature. In the future, traffic
with high variability over time should be considered and the
concept of dynamic resource assignment between slices should
be investigated. Furthermore, the design of a more advanced
differentiating scheduler is recommended to challenge the need
for slicing as a differentiating mechanism.
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