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Executive summary

Thisreport makes & analysis of capacity and required spectrum $onart manufacturingradio
network deployment optionssuggestedin [5GS2€D14. Evaluations are performed through
performance evaluationf link-level and systemlevel simulationsThe Key Performance Indicator
(KP) framework fromDL1.1 (latency, reliability, coverage, caftgcthroughput, etc.) will be used as an
input [5GS20D11] Other radio network characteristicspnfigurations,and models, such as the
duplex mode (TDD/FDD), air interface characteristics-¢suber spacing, radio frame structure,
repetitions, etc.),antenna models/configurations, traffic models and propagation modalg
considered in alignment with the radio network deployment options developd8@52eD14.

The analysis presented in this report suggests that the various radio network deplogptemts and
features can significantly impact the performance of a4paoiblic factory network supporting ultra
reliable lowlatency communication (URLLC) servic@ise applied Time Division DuplexTDD
downlinkuplink pattern defines a lower bound for tlechievabldatency andhas a clear impaain

the maximum system capaciti?acket size alsoasimpact on the performance of the system, which
marks that a proper selection of the payload is of interest for the improvement of system
performance Finally for latency critical URLLC servities downlink isnore sensitive tanterference
increase ahighloaddue to intercell interference as comparedo the uplink

A complete tradeoff analysishas been made for different bands, bandwidths, density of siserd
allocation of resources in TDD modée system limits of capacity can come from the limitation of
resources and in some cases due to interference or propagation conditions. For each of the different
configurations a capacity analy$is uplink anddownlinkis provided.

In addition,we haveempiricallyinvestigated thecoexistence between wide-area outdoometwork
and an indoor nofpublicnetwork (NPN)oth operating in the samehannel.Under some conitions
the transmission inthe outdoor network can create interference to the indodbiPNand thereby
increase theransmissionatency of the indoor NPN. Such interference can in particular appear in a
(practically uncommasituation, when an outdootUser EquipmentUB is locatedright outside an
unshielded windowof a factory. This can lead to an increasBiiPN atency, whichmay bevery small
for the medianvaluesbut canimpact the 99' and 99.9' percentile of the latency distribution
especiallyif the two networks useun-synchronizedTDD configurations with strong crosslink
interference over very short distanc@/e show thasuchcrosslinkinterferencecan beavoidedby an
indoor TDD configuratiothat avoidsDownlink DL) transmission slots duringplink (L) transmission
slots of the outdoor networkwhile still allowing for aeparate TDD configuratidar the NPNWhen
the outdoor UHSs located furtheraway from the factory wall, the interferencen the indoor NPN
becomes negligiblexdependentfrom theused TDD pattern

Finally a realistic performance evaluation in the Bosch factory digital twin has shown the feasibility of
defining micro-exclusion zones via the usage of a proper planning plus the use of selective
beamforming. Results show that it is possible to isolate a certain area while maintaimisngerage

good levels of serviceHowever, URLLC type of service cannot be deployedhegevith micro
exclusion zone solutiodue to significantsignal qualitydegradation.Careful planning of the radio
network deployments and agreeing on appropriate emission limits, should be applied to control the
level of the interference.
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1 Introduction

In a first step, the project identified the main use cases and their design objectives. From there, the
evaluation work cosisted of setting the performance, designing the optimisation of the system and,
ultimately in this report, assessing the extent to which the various parameters affect the performance
of the systemntaking into account that some requiremerisish in oppos# directions. The boundaries

and interactions between latency, reliability and capacity are the subject of this report, which builds
on previous project work to further characterise industrial §Rsystem.

1.1  Objective of theeport

The objective of this deliverable is to evaluate thdio network deployment optionslentified in the
project, density of theradio site/antenna placementduplexing mode, TDD pattern, bandwidth
amount of availablespectrum quality characteristics of ifferent industrial service as well as
properties of the services themselves, egacket sizeandbitrate per user

An analysis of capacity and required spectrum for these radio network deployment oticarsied

out by performance evaluations thrgh systerdevel simulations. The KPI framewatéfined in the
project (latency, reliability, coverage, cagity, throughput, etc.) isised as an input. Other radio
network characteristics, configurations and models, such as the duplex mode (TDD/FDiXyfaaa
characteristics (subarrier spacing, radio frame structure, repetitions, etc.), antenna
models/configurations, traffic models and propagation models, will be considered in alignment with
the radio network deployment options developed in this waityi.

The tradeoff between decreasing latency, improving reliability and reducing spectral efficiency/
control signalingoverhead will also be addressed.

This report also presents the results ofaage empirical measurement campaigich investigates

the cachannel coexistence between an outdoor and an indoor 5G network that use the same channel.
The evaluation was conducted in the 5G Industry Campus Europe in Aachen in the 5G N78 TDD band
in a spectrum allocation between 338 GHz.

Finally, this repdrprovidessome relevant conclusions on the planning impact for the definition of
indoor micro-exclusion zones in a real scenario, as tlosdd factory in Reutlingen. Results show
promising capacities of 5G to allocate beams in such a way that signal is minimized in an interest area

The overall goal of this report is womplete the radio network deployment analysis initiated in
[6GS28D14 andto concludethe detailed analysis of the radio latency and reliability as well as the
trade-off analysis between the low latendyigh-reliability and spectral/contrasignalingefficiency for

the identified deployment options.

1.2 Relation to othedocuments

The radio network deployment and coexistence analggsle in 5GSMART Deliverable 1.4 [5GS20

D14] will serve as basis for the radio network evaluations tlsatarried out also in thiseport.

Moreover, his report is closely related to the other workri@ermed within 5GSMART Work Package

1(WP)-* Use Cases, Business Model s anrS#ARTOelivemablk De s i
1.1 [5GS24D11] discussing the forwafldoking smart manufacturing use cases, requirements and key
performance indicatorsand the work on the common 5G terminology [5GS20m].
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This report is also related to the work performed withitSAMART WP5 (“5G Opti mi zat
for Manufacturing”) when it comes tpobliccnatworlsdi f f er e
and the descriptions of the different operation models (i.e., roles and stakeholders). In particular,

some of the definitions presented in B&MART Deliverable 5.2 [5GE282] discussing 5G network
architecture options and assessments are reused withis teport. However, any lowdevel details

regarding the network architecture and the operation model are omitted from this report and can be

found in [5GS2MD52].

1.3  Structureof thereport

Therest of the report is organized as follows. Chapter 2 providesimmary of the use cases and
scenarios defined in 56MART that are of use in the deliverabl&e relationto the other similar
documents fromBGPP and 5&CIA is also highlighted.

Chapter 3 higlights some functions which allow 5G NR standard to support low latency, considering
air-interface latency reduction features and mobility enhancements from layer 1 to layer 3 of the NR
protocol stackAlsomeans to maintain reliability in mobility situahs are discussed.

Chapter 4 discussesthe detailed performance tradeoff analysis for various industrial URLLC
deployments and serviceShe mpact on latency, reliability, throughput, system capacity and spectral
efficiency isinvestigatedfor various fequency bands, duplexing modes, numerologies, network
configurations,Quality of ServiceQo§ targets and network loadsSeveral industrial use cases are
also considered.

Then, Chaptes on the one handfocuses on theco-channel coexistence behavior, hlgyhting
performance evaluated with empirical measurement campaiganoindoornon-public networkin a
factory and corresponding impadtie to a coexisting outdodpublic) network operating in the same
spectrum.On the other hand, a possibility to hasemicraexclusion zonevith an optimum planning
and a subsequent use of digitalgmoders for the isolation of a certain ar@athin the indoor industrial
facility are presented in the second part of ChapteFihally, conelsions are drawn in Chaptér

857008 5cGSMART 6
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2 Industrialuse cases

In order to be able to evaluate radio network deployment options and their performance and
capabilities, certain industrial use cases need to be considered. WithBMMIRT several use cases
have been definefbGS28D11} some of then are being implemented and validated in the-SGIART

trial activities. 3GPP has defined industrial use cases and their requirements in [TS22.104], which has
been largely influenced by the work in 8&IA. Higievel descriptions of use cases by-BGIA ca

be found in e.g[5GA191] [5GA192] [5GA20.

2.1 QoS KPIs and translations between them

In this deliverable we follow th@uality of Servicefog KPI definitions in timeliness, such as latency,
jitter, etc., and dependabilityCommunication Service Avaiiity (CSA), survival time, network
reliability, communication service reliabilitfCSR)TS22.10)[TS22.261]5GS28Term][5GS2eD11]

| Source Device | | Target Device |

Logical comm.  Communication ~ Application
Start of link status service status status

transmission \ |
| DOWN UP DOWN UP DOWN UP
' ' | i i
I | I I
1 1

status UP
messages

I

Correctly received

Logical comm. link

T m—_—

Up time interval
p time interval

Deadline for
expected message

|

Operational interval

—

Survival Time
Survival Time

Lost messages

7 17 1771717
|
|

status DOWN

S

Logical comm. link

Down time
interval
Failure

.

Down time interval

messages
Application
recovery
time

/

time

Correctly received

Figurel. Relation between logical communication link, communication service and application statuses
(example with lost message§ource [TS22.104], Figure-C3

1 Thesurvival timeindicates the maximum time period the communication service may not
meet the applation's requirements before there is a failure on the application layer, such
that the communication service is deemed to be in an unavailable state. Such a situation
occurs when the communication with the network is lastthe network performance is
degradedandthe applicationstops as a resulind an alarm is raised.

1 In the context of network layer packet transmissio@etwork) reliability is the percentage
value of the amount of sent network layer packets successdidlivered to a given system
entity within the time constraint required by the targeted service, divided by the total number
of sent network layer packets [TS 22.261]. In order to well differentiate reliability from
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communication service reliability (deéd below), we will use the termmetwork packet
transmission reliability

1 Thecommunication service availabilityelates to the ability to allow correct operation of the
application. It is defined as the ‘topeedrcent ag
communication service is delivered according to an agreed QoS, divided by the amount of
time the system is expected to deliver the ettdend service according to the specification in
a specific area” [TS 22. 104 pesredelverd atshetarget ce i s
are impaired and/or untimely (e.gatency > stipulated maximum), resulting in survival time
being exceeded.

» The communication service reliabilityrelates to the ability to continuously operate as
required by the applicationwithout failure, for a given time interval and under given
conditions (e.g.mode of operation, stress levels, and environment). It can be quantified using
metrics such amean time between failure{MTBF) or the probability of no failure within a
specifie period of time. MTBF is the mean value of how long the communication service is
available before it becomes unavailable. For instance, a mean time between failures of one
month indicates that a communication service runs without any failure for one mamtie
average before a failure makes the communication service unavailable. Note thagtierk
transmissiorfailures shorter than the survival time remain unnoticed by the application. This
KPl is an entb-end reliability metric comprising the relidity of several sulsegments, such
as the equipment (including hardware and software) reliability as well as the network packet
transmission reliability

Even though mean time between failures (MTBF) is suggested as a measure of communication service
reliability, this metricmay be misleadingn the context of telecommunications, especially when the
target reliability values are expressed in long periods of time, yegws. MTBF is not a conventional
measure of reliability of communication servicdge@use state of each communication link is an
individual statistical variable defined by the conditiongath particulatink. Therefore we consider

the following way to quantify reliable communication for an industrial servitde perform a
translation of the industrial communication service requirements to radiress network
requirements on the basis of CSA, cycle time and survival time, following the methodology described
in [TS22.104]According to this methodology, for example, if thequired comnunication service
availability is 99.9999%- 99.999999%and a survival time equivalent to onecycle time, the
corresponding requirement afetwork reliability for message transmission is approx. 99.9%99%

(see [TS22.1(4section 5.).

2.2  Considered indstrial use cases

Theindustrial scenariosvaluated in this report focus on use cases that are defined i8M&RT and

in 3GPP and which are listedTiablel. Use casesiar ked wi t h “ 22 . [822.104]lar e de
The use cases from BE&8MART cover UC1, UC4 and UC7 as desamnifigeS20D11] Those 56MART

use cases are also implemented in the-SRART trials and are further described in [5GB2Q]

[5GS26D32] [6GS21D33][5GS21D43]. The selected use cases comprise a range of industrial use

cases, from mobile robotics, different types of clogedp control, reattime monitoring of workpieces

and machining processes. One commonality is that all of these uss a&s in need of timeritical
communication, which requires guaranteed performance with bounded low latency according to the

5G URLLC capabilities. The use cases cover a range of service requirements in terms of message sizes,

857008 5cGSMART 8
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cycle times of the contrdbops, required data rates, latency bounds and the needed communication
service availabilityCSA)

Tablel Industrial use cases and their requirements.

Use case Message cycle time rate Communic survival Latency Network
size [ms] [Mb/s] ation time bound reliability
[byte] Servtce [cycle [ms] [%]
Availability times]
(CSA)
[# of nines]

3GPP URLLC target
modified 22.104 32 1 0.256 5 0 1 99.999%
motion control (2)
22.104 motion

control (2) 40 1 0.32 6to8 1 1 99.99%
UC1(robotics

motion planning) 500 S 0.8 4 0 5 99.99%
UC4 (process

monitoring) 1024 5 1.6384 5 1 10 99.9%
UC7 (controlletto-

controller) 500 10 0.4 3t05 2 10 99%
22.104 mobile 40t

robots (1)- precise (0)

cooperative robotic 250 1 >6 1 1 >99.9%
motion control

22.104 mobile

robots (1)- 250 10 0.2 6 1 10 99.9%
machine control

22.104 mobile 40 to

robots (1)- co- 10 to 50 > 6 1 10t0 50 >99.9%
operative driving 250

22.104 (controller

to-controller) (1) 1000 10 0.8 6or8 1 10 99.99%
zz104(contoler 1000 50 016  6or8 1 50 | 99.99%

to-controller) (2)

857008 5cGSMART 9
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3 5G NRcapabilities inatency reduction and mobilifpr URLLC
services

3.1  Achievabl&G NR atinterfacelatencies

As can be seen from requirement definitions, evaluations to estimaterork performance can focus

on latency distributions and checking a likelihood of reaching target latency bound. In order to simplify
evaluations even more the worsase packet arrival delay can be alternatively tested.

5G NR has been standardizedsigpport low latency and high reliability from day one (Release 15).
Later in Release 16 and 17 the functionality has been extended to better support extreme latency
from 0.5 ms to 1 ms and reliability from 99.989 99.9999%, as well as to enhance systapacity.

NR base station scheduler has full control on radio resources which allows to perform careful resource
management, admission control, resource slicing for different servtesin addition, the scheduler

can choose the most efficient stratetgyallocate resources to useby knowinghe link quality, traffic
characteristics and required QoS.

To support stringent requirements there are numerous of toolthimradio interface supported by
the NR standard. When latency requirements are extrensdlprt, allocation granularity in time
becomes important. For a typical NR ridnd spectrum around 3.5H&, the slot duration is 0.5 ms;
and for mmWave spectrunit is even shorter, i.e0.125ms. This granularity can be shortened even
more by subslot ganularity scheduling from 0.5ms ©0.071ms for mieband, or from 0.125 ms to
D0.02 ms for mmWave.

Furthermore, 5G NR devices can do very fast processing of transmissions takibg.@nigs when
encoding or decoding data. There are also numerous toolmitomize alignment delay and other
delay components introduced by scheduling mechanisms, such as more frequent downlink control
monitoring, prescheduling in UL (configured grant) instead of scheduling recheestd method,
frequent HARQ feedback transmims etc.

For reliability, 5G NR has morabust Modulation and Coding Schenf®ICS tables, multiantenna
techniques, reliable control formats and possibility of repeating transmissions to maximize
robustness.

3.1.1 Performance analysis
We estimatepotential 5G NRatencies through evaluation of th@orst-case data arrival latency far
user in a system which employs the following assumptions:

1 Adata packet comes atthe mo&st n ¢ o n v e ni ethescheduler, nealigiment delay
isthe longest possible

1 Resource blocking is not taken into accquneaning there is no queuing delay.

91 All latency/delay values are oseay and between gNRNodeBRand theuser equipment
(UB (User Equipment) i.eadio interface only

9 UE is considered in connected mode and haroms handover interruption timgor no
mobility at all, i.e.no handovers

857008 5cGSMART 10
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In addition tothe assumptions above, there is an agreed methodology to evaluate latency in 5G with
a list of delays which needs to be considered TR 37.BR037.91D The evéuation is based on the
procedure illustrated irFigure2.

rSS..‘.T + IFA_ DL > "':f-.:s _duration > r{'_E.-".T
s > )
BS HARQRTT | | UE
- <
Tss,r < Lica_diwaaton heo T lmu

Figure2 - User plane procedure for evaluation

The figure represents an exchange of data and feedback between base station andth téay
componentswhere:

1 tespandtssxare BS processing delays

1 teapds DUiransmission alignmerdelay

9 tdata_duraiioniS @ transmission time in radio interface

1 tuexand tuexare UE processing delays

1 teauds Ultransmission alignmerdelay.
As explained ifSKA18]any downlink transmission toldEstarts from resource allocation signaling
over the physical downlink control channel (PDCCH). If it is successfully received, the UE will know
aboutthe scheduled transmission and may receive data over the physical adwsilared channel
(PDSCH). If retransmission is required according to the hybrid automatic repeat request (HARQ)
scheme, a signaling anegative acknowledgement (NACK) on the physical uplink control channel
(PUCCH) is involved and PDCCH together wi8CPDransmissions (possibly with new redundancy
information) are transmitted and softombined with previous data. Otherwise, if no valid control
signaling for scheduling data is received, nothing is transmitted on PUCCH (discontinuous
transmission DTX)and the base station upon detecting DTX will retransmit the initial data.

An uplink transmission normally starts from a scheduling request{&Rignaling message from the

UE to the base statioimdicating that the UE has data to transnmfiince thescheduler knows about

buffered data in the UE, it sends a sighaling message in the form of an UL grant through PDCCH to
inform the UE about allocated resources. If the UL grant is successfully received, the UE transmits a

data packet on the physical upliskared channel (PUSCH). The transmission of SR can be omitted in

UL i fperseimitent scheduling” (SPS) is activated i
pre-scheduled resources in UL.

In uplink and downlink, aotal oneway user plane lateryis calculated according to the formula:
Tur=T1 + NXTharo

wheren is the number of rdransmissionsrz 0and Tuarg= T + . Moreover, Tand T calculation
is different for uplink and downlink:
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1 Indownlink,T1 = {es,x* trap) +toL durationt tue,x@nd T2 = Guext tea,ud) + tul_durationt tes,
T Inuplink,T1 = ue,xt teau) +tuL_durationt tes,n@Nd T2 = @as it trap) +ioL durationt LUE

All components are summarized and well explained in Talfld.1.11 and Table5.7.1.1.21 of TR
37.910[TR37.91Q]In general, there are several factors impacting size of each componenasiad
result, the total latency:

9 Periodicity ofdownlinkcontrol channe(PDCCHp send resource assignment/granthe
more often thescheduler has an opportunity to send assignment/grituet less
assignment/grants awaiting to be sent in ainterface, thus, the smallghe total delay.

1 Duration of a transmission (PUSCH, PDSCH, PDCCH, PUC@t#®rifacer: the shorter
transmissionthe smaller total delay.

9 Signal processing delay in user equipment and base station: for UE there are two processing
capabilities defined in standardbaseline capability 1 and more advanced capability 2. UEs
supporting processing capability 2 can perfqurocessing approximately two times faster.
Base station processing is assumed to be as fast as UE processing.

1 How often HARQ feedback can be setfie more often the less HARQ feedback is awaiting
to be sent in akinterface, thus, the smaller total delay

In Figure3, one can get an impression of how fast NR can deliver data over the air, with and without
retransmissions and for different configurations. The results are based on typical processing delay
values, while actual product performance may differ dependingngmiementation.Widely-used in
5Gnetworks time-division duplex (TDD) split of 4DL:1UL (DDDSU) slots is assumed for the resources
into downlink (DL) and uplink (UL) in these spectrum ranges.

5G NR - One way air-interface delay in milliseconds (worst case data
arrival)

mInitial Tx m1streTx m2ndreTx 3rd reTx

Downlink, mid-band, TDD 4:1, baseline
Downlink, mid-band, TDD 4:1, potential

Downlink, mmWave, TDD 4:1, baseline
Downlink, nmWave, TDD 4:1, potential
Uplink, mid-band, TDD 4:1, baseline
Uplink, mid-band, TDD 4:1, potential
Uplink, nmWave, TDD 4:1, baseline
Uplink, mmWave, TDD 4:1, potential ‘

0 1 2 3 4 ] 6 7 8 9 10 11 12 13 14 15

Figure3—5G NR oneavay airinterfacedelay

Delays orFFigure3 have been derived with the following assumptions on the 5G NR system:
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0 Processing Capability 1;
0 Full slotbased scheduling (1@FDMsymbols);
0 UL Scheduling request (SR) based scheduling, one SR opportunity per slot;
0o DL one PDCCH per slot and two SR/HARR) opportunities per slot;
0 Scheduling delay is 0.5 ms.
1 Potential:
0 Processing Capability 2 (rdiéind only);
0 Subslot-based (20FDM symbols resulting in 7 salots per slot) scheduling;
0 UL configured grant scheduling;
0 DL seven PDCCHs per slot and seven HRQopportunities per slot;
0 Scheduling delay is 0.17ms for aflidnd and 0.08ms for mmWave.

Below we listseveral evaluatiorstudies done to make sure 5G NR is compliant with stringent high

reliability and low latency requirement. he f i r st ¢ o mp r eStudymrsselevaluatioh udy c a
towards IMF2020 submissioh has been done i n 3GPP [TR3®0].documer
Study shows that 5G NR can achieve sub milliseconavagdatency at 99.999% reliabilitylore E2E
system performance studies have been held in 3GP
The awtcome is documented in TR 38.82R 38.824]Seeral use cases have been evaluated including

industrial use casese.g. motioncontrol. It confirms that 1 ms onway latency can be achieved at

99.9999% reliabilityFinally, 5GACIA asked 3GPP to evaluate industry use cases considering E2E
application peformance metrics, i.e.availability. It has beeshownthat 5G NR can support more

than 200 industry devices on a factory floor 120x50m having 1 ms @99.9999% reliability requirements
[RR210884.

3.2  URLLC Mobility

Some URLLC use casasyrequire nmobility while stillfulfilling URLLC QoS requirements. The critical
moment during mobility is when the current serving cell or transmission/reception point {TRP)
guality becomes bad and the neighboring cell/TRP becomes better than the current one.

Duringmobility, when the UE needs to change its serving point, cell or TRP, to another one, this may
cause critical interruption to an ongoing URLLC service. Thus, it is important to identify scenarios when
this interruption is acceptable, when it is not andatltan be done to reduce the interruption caused

by this mobility.

Different layer 2 and layer 3 mobility mechanisms were considered alongside with different
deployment scenarios and use cases. Three deployment scenarios that were considered: Local area
deployment, confined wide area deployment and wide area deployment.

1 Typical to local area deployment is that the TRPs can be planned and controlleidveyy
and the network is mostly isolated from other networks.

1 Wide area deployment consists of genanacro cell deployment over e,girban/rural area
with no densified areas.

ITRP is a general term for a network node with an antenna array located at a specific geographical location
able to transmit in downlink and receive in uplink user data to serve UEs in the network e.g. macro cell, pico
cell, femtocell, relay node etc. A cell can consist of multiple TRPs or each TRP may form its own cell.
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1 Confined wide area deployment is a mix of the two above, with macro cell deployment and
additional densified areas e,@ver a certain path or hotspot with smaller TRPs.

Many URLC deployment environments resemble the local area deployment, where the network is
dense and can be planned according to the use case, and there are no major reductions in channel
quality. This deployment also typically hosts the URLLC use cases vdtér strierruption and
reliability requirements.

It is worth noting that'interruptionf r ee mobi |l ity” does not mean 0 ms
use cases, as the delay tolerance is use case dependerfgrisome use cases we need 0 ms user

plane interruption at mobility to meet end user service requirements, but for others 10s of
milliseconds can be acceptable without having a negatimpact on end user servicequality.

[TS22.104] lists many examples of industrial use cases where the latency rege ment i s sevel
to more than 100ms, further including a survival time in a similar order. This inchxaasples from
controlto-control communication, or mobile robots in factory automation, as well as, chssal

control or process and asset mitoring in process automation.

By studying the 3GPP specifications on mobility, it was noted that the handover interruption time
caused by NR Releaé L3 handover is in the order of 40 m60 ms for both FDD and TDD. Here,
NR Releas&5 L3 handover fflersto a L3 handover without specific mobility optimizations. A majority

of this interruption time is caused by the random access procedure, during which the time is spent for
message processing either on gNB or UE side and message transmission. Eheanetam access
delay during handover according to 3GPP specifications (J®3B.881[TR36.881]and 3GPP TS
38.331[TS38.331{assuming 20 ms periodicity for Synchronization Signal Block (SSB)) is as follows:

UE processing time for handover commah@ms
Retune and synchronize to target cell: 20 ms

Wait for RACKRandom Access Channgt: 0—10ms
RA(Random Accesgyocedure: 6 ms

PwnNPE

This equals to a minimum of 42 ms until RA is completed. In actual implementation this delay is higher
and varies a b Simplified depiction of L3 handover procedure signaling can be sdegure4.
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UE gNB
Measurement source /:\
latency | _ _ _
RRC: 1.3 measurement : Handover ?I'nggermg'lime.
Ireport | (Data traffic still ongoing)
\ |
HO
RRC: HO }'r_ .
W evaluation
W_’ A
HO { |
preparation Preamble :
I
| MAC: MSG2 !
: Traffic Interruption Time:
Random _J RRC: HO confirm 1 (No data traffic)
Access (may MSG3) I
be repeated \(\. I
until success) I
11: MSG4 :
e %
target

Figured NR Releas#&5 L3 handover procedure wittontention based random access

For URLLC use cases that require very low latency (lower than the L3 handover interruption time of 40
ms — 60 ms), possibly even down to zero interruption time during mobility, there is a need for
improved latency performare during mobility in order to address these use cases.

The mobility mechanisms considered here include layer 2 M&® framework with intraell mobility
(L2 MTRP intercell mobility is planned to be standardized in 3GPP Relt@seNR Releasks L3
handover, L3 DAPS (Dual Active Protocol Stack) handover and L3 conditional handover.

Generally, L3 solutions are bound to have higher interruption times during mobility due to the two
main sources that contribute to the interruption times: Random accessquture and RRRadio
ResourceControl)reconfiguration in the target cell.

Some L3 solutions aim to reduce the delay caused
With L2 intracell solutions there is no need for the randoatcess procedurend also RRC
reconfiguration is less common, which leads to lower interruption times during mobility.

3.2.1 L3 handover solution®APS, CHO)

From the studied L3 handover improvement solutiodsal Active Protocol StacRAP$has been
specified in 3GPP NR &ade16. DAP$ERIMOB]is the most prominent L3 solution in terms of
reduced interruption time. DAPS applies a médedore-break mechanism, where the connection to
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the target gNB s first established before releasing the source gNB. This allows DAPS to reach near O
ms interrupton time.

| UE | | Target node | | UE | |Sourcenode | | Target node |
HO decision
[ HondoverRequest ]

Handover Compjete” + PDCP StatusReport

Handover Request
Handover Request Ad Option 1: Implicit release Perform duplication check and start
Handover Command dncover RequestAck of source connection sending DL datato the UE.
(incl. DAPSindicator)

Option 2: "ReleasqIndication’

Continue UL/DL data SN Status Transfer (DL PDCP SN JHFN) Ontion 5. “Relense Indie Handover Success
transmission/reception with source 1 Dption 3: "Release Indication
Data forwarding of DL data

node whileestablishing connection | | ZEOMCICRG O L Cara )
totargetcell UL/DL data
PRACH preamble transmission/reception Stop sending/receiving Path switch
with targetcell. data to/from UE request

Random ficcess Response

SN Status Transfer (DL/UL PDCP SN, HFN)
3

Switch UL data transmission from e ——
source to target node. UE Context Release

Continue DL data reception from
l Release of UE I

source node.
Figure5 DAPS handover procedure, beginning on left, ending on right side

While offering the lowest interruption times, DAPS has high complexity and a high implementation
cost.

Conditional handover (CH{BRIKMOB]is the other L3 solution that was studied. The aim of
conditional handover is to improve the reliability of the handover rather than reducing the
interruption time. Thus, the interruption time of conditional handover is the same as for NR Release
15 L3 handver. However, improved handover robustness is useful for various URLLC scenarios,
especially when the UE experiences poor radio conditionailsliftransmission of the handover
command is a common reason for unsuccessful handovers.

The reliability of tle conditional handover is increased by preparing the UE in advance for handover
by sending the RRC message with handover command earlier, possibly including conditions for when
the UE should execute the handover and configuring it with potential targes ghlBo, the potential

target gNBs may be prepared in advance, exchanging the configuration information between the
source and target gNB%hus, sending the handover command message earlier in better radio

conditions can increase the robustness of thethamv er procedure. Additionall
need to send the measurement report in order to trigger the handover command but rather
determines handover triggering by its preconfigu

lost, further increasig the robustness of the conditional handover.

3.2.2 L1AL2 Mobility(multi-TRP)

In local or confined areas, a less complex alternative to DAPS with equally low interruption time is

L1/L2 intracell mobility, known also as the mullRP solution, which offers ceoto 0 ms interruption

time in good channel quality. With L1/L2 intcall mobility, there is no need to perform
reconfiguration or random access on the UE every time when the UE changes its serving TRP, which
greatly improves the performance during motyiliwith larger cells however, the UE still may need to

be eventually reconfigured with the list of @S$ to be measured. This reconfiguration can be done in
parall el to the wuser pl ane transmissions howevVeé
fet ures, thus It doesn’t have negative I mpact on
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Onelimitation of L1/L2 intracell mobility solution is that when the serving area is larger than what
can be covered with a single cell, a cell change mechanism becomes a necessity. Origypiossibi
address this issue is the L1/L2 int=il mobility. However, L1/L2 inteell mobility is still in early
phases and planned to be standardized in 3GPP Reléhdbus it has not yet been defined or
specified in detail. The other option for inteell mobility is to apply one of the3handover

solutions discussed above
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4 Performance trad®ff analysis for various industrial URLLC

deployments and services

In smart manufacturing environments, simplicity and flexibility for any reconfiguration of the factory

is dramatically increased by replacing cables with dependable wireless connections. Sensors and
machines, like robots, may then be operated by the cdrdoatroller in a server room of the factory.
Dynamic response to changes in the environment, and therefore rely on interaction between the
wirelessly connected entities with short rowtidp times, which for the use cases listed in D1.1, lie in

the tens d millisecond to one millisecond rang.isimportant to reach these latencies with a very

high probability (reliability) for the systems to operate propddgeFiguret below).

% of packets 99.9% reliability (likelihood)

|
|
| 0.1% late or lost packets
» Latency
I
Xms

Figure6 Guaranteeing latency at defined reliability.

A simple way to define reliability (see 3GPP TS 22.261) in the context of network layer packet
transmissionsjs the percentage value of the amount of sent network layer packets successfully
delivered to a given system entity within the time constraint required by the targeted service, divided
by the total number of sent network layer packets.

In wireless communicatiorgne of the mairreliability bottlenecls is traditionally the radio interface

due to stochastic nature dhis communication typeOverthe-air transmission reliability is limited by

the available bandwidth and sigri-noise rato at the receiver, which is impacted by signal pathloss
and link stability of the wireless transmissi@location of ample spectrum to make the transmission

of the same information wider in frequency can keep the latency bound lower to meet the
transmission reliability requirements. Alternatively, you could make the transmission longer in time
or repeat the same information when needed, as is achieved with hywridmated repeat request
(HARQ) retransmissions, which would, however, increase the latencgllular systems, spectrum
resources are scarce and are shared among all connected devices in the cell. Devices require more or
less time and spectrum resources to keep the connection up, depending on application requirements
and on their current radi@onditions. So, to improve reliability, the system needs to be organized so
that the right amount of spectrum is used by the right device at the right tifence, we study the
tradeoff analysis to understand and map the latency, capatigughput, spetral efficiencyand
reliability requirements tapplication requirements of different industrial services

4.1  Latency, reliability, and throughput trad# analysis

The planning and deployment of URLLC networks depends mainly on the use caserequairisl
KPIs. If these KPlIs are very stringent, then the deployment will require more robust configurations and
denser deploymentsmore radio resources oconfigurations with more complex antenna type
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solutiong5GS20D14] Thewide range of use cases @rhe requirements of the industrial sector
makeit possible to relax some KPIs. For example, in today's market, AGVs are able to operate with
latencies higher than 1 ms and/or lower data rates, which are less demanding KPIs than those defined
by 3GPPInthis sense, there is a need to evaluate different use cases in the industrial sector, relaxing
the KPIs defined by 3GPP in order to find a more realistic network configuration that allows, on the
one hand, tooptimizeradio resources and, on the other hanie optimize the operator's network
deployment to meet real user requirements in terms of reliability, latency and throughput

1 [Gbps]

ghput relaxation

t‘hrou
© 9|

99.5%

10 [ms]

99.99999% 0 [ms]
Figure7 Tradeoff representation between latency, reliability, and throughput.

To better understandhe impact of relaxing some KPlIs in different use cases, several simulations have
been performed asystem level simulatioSL$ The evaluations have taken into account different
types of radio network deployment option§he question we want to answaenr this studyis whether

a relationship can be established between the impact of relaxing the KPIs in terms of users satisfying
the requirements and the impact on spectral efficiency.

41.1 Scenario

The SLS have been conducted in an area of 120 m by 50 m, fgjld®i 8.901 [TR8.901], which
consists of a factory network, as showrFigure8Error! Reference source not foundBy default, the
factory network contains twelve ceilingnounted omnidirectional gNBs that provide URLLC service to
the UEs. The gNBs are 8 sidht and the intersite distance is equal to 20 m. All UEs are randomly
distributed within the service area with a height of 1.5 meters. The clutter distribution corresponds to
an InNFSH[TR3.901],environment with a density of 0.60 and with an average heidl& meters and

an average clutter size of 2 meters. For the simulations, no interference from surrounding-cetlsro

is considered because it is assumed that the attenuatibthe factory walls ishigh enough to make
the interference negligibleTo sinplify, the results are presented in terms of service areas according
to the 5GACIA recommendation described in [TS22.104].
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Figure8. Indoor Factory Scenario Layout with 1283N

The use cases evaluated with these scenarios aescribed in Section 2Mobile robot
communications are timeritical, so the network configuration is focused on low latency and high
reliability communications Additionally, in some cases a high data rate is also required because the
robot needs to inteact and navigate with cameras. With these criteria in mind, the following
subsections describe the simulation methodology.

4.1.2 Simulation Parameters

The mainSLS parameter@re listed inTable2. Sweeps of some of the parameters listed in the table
have been performed to obtain the tradsf between the KPIs. Regarding the spectrum options, two
operating bands have been consideredidMBand 4 GHz andHighband 30 GHz with different
bandwidths. Up tdLOO users per service area haveenpositioned, which are randomly distributed.

In terms of mobility, for the sake of simplicity of the simulation, a linear movement of the UE with a
constant speed of 3 km/h has been choséime URLLC traffic consists of packets with a variable size.
Furthermore the performance of three TDD patternBDDU}, DUDUand UUUDIs also evaluated.

Table2 Main systerdevel simulation panaeters

Parameters Values Comments
Factory hall size 120x50m TS 38.901
Room height 10m
BS/TRP antenna height 8m INFDH[TS38901]
TX Antenna type Omnidirectional
Layout—-BS/TRP deployment| Depending on the number of TRP| See layout options
Channel model InFDH TS 38.901
Carrier frequency and TDD a sweep of
simulation bandwidth 4.0 GHz: (26L00)MHz Bandwidth and TDD
30 GHz: (10a400) MHz patterns is
performed
2l n Time Division Duplexing pattern notation “D” stan
slot, “S” is a specmdownlinkloaplink iassengsion direction or mige sersd.i on f r o
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TDD DIUL configuration DDDU, bUuDU and UUUD
Number of UEs per service | Up to100 per service area
area
UE distribution All UEs randomly distributed withi
the respective service area.
Message size 48,100,250, 500 and 1000 bytes
DL traffic model DL traffic arrival with option-B 5G-AClAassumption
[TS22.104].
UL traffic model UL traffic is symmetric with DL, anf 5G-ACIA assumption
DL-UL traffic arrival time [TS22.104].
relationship with options 2
Reliability 99.99%, 99.9%, 99%
Latency requirements 1,2,3,510ms Simulation targets
Data rate Different data rates

4.1.3 Performance evaluationmmachine control for mobile robots

4.1.3.1 Analysis of the impact of the TDD pattern antcarrier spacingn latency andhe
percentage of UE satisfying requirements
One of the critical parametegffecting latency is the TDD pattern used. Moreover, as thegdiBrn
defines the amount of resources available for the UL and DLaitkjmits the datarate offered to
users.Furthermore there is a direct relationship between latency and reliability. For example, if the
latency obtained with the network configuration is lower than the target latency, more
retransmissions can be made or more robust encodings can be used, which makesmtherdcation
more reliable.

In Figue 9 to Figure12, the impact of the TDD patte on the number of users satisfying the
requirements for a given reliability is shovor a high and mid-bands, using differensubcarrier
spacing (SCS) and a packet size of 48 biytemsn be seen that for use cases where symmetric latencies
for UL andDL are neededhe DUDU pattern will be the best candidateaddition, it can be observed
that if the latency is relaxethaintaining reliability two optionsare availableto support more users
that satisfy the requirements or to increase the reliahilby making more retransmissions. In this
sense,Table3to Table6 show theworst casdatencies considering up to 5 retransmissions for 10, 20
and 30UE/Serving Area (SA) for different TDD patterns and for botkoanidl and higkband
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fc = 30 GHz, SCS = 120 kHz, BW = 400 MHz, direction: DL 10 fc =30 GHz, SCS = 120 kHz, BW = 400 MHz, direction: UL
pattern: DDDU pattern: DDDU
9 pattern: DUDU b 9r pattern: DUDU
pattern: UUUD pattern: UUUD

Maximum latency [ms]
w

Maximum latency [ms]
[9)]

10 20 30 40 50 60 70 80 90 100 10 20 30 40 50 60 70 80 90 100
UE/serving area UE/serving area

Figue 9 Impact of the TDD pattern omorst-case latency anthe percentage of UE satisfying requirements
SCS = 1Z&kHz(high-band)

Table3 Downlink and uplinkvorst-caselatencies assuming different TDD patterns fransmission attempts,
and aSCS= 120 kHz

Tx DDDU DUDU UuuD
attempts | DL[ms] UL[ms] DL[ms] UL[ms] DL[ms] UL[ms]

i 0.64 0.84 0.67 0.67 0.84 0.62
G B 1.38 1.88 1.42 1.46 1.91 1.39
UE/SA e 2.17 2.96 2.20 2.23 3.08 2.26
4t 2.95 4.05 2.99 3.00 4.10 2.99
s 3.86 5.26 3.89 3.88 5.31 3.89
1st 0.75 1.21 0.95 0.99 1.14 0.77
20 2nd 1.53 2.29 1.73 1.75 2.14 1.47
UE/SA 3 2.42 3.49 2.63 2.57 3.35 2.38
4th 3.14 4.50 3.34 3.37 4.45 3.18
5t 4.09 5.75 4.29 4.28 5.72 4.15
i 0.86 1.62 1.38 1.31 1.80 0.90
30 2nd 1.73 2.79 2.25 2.19 2.95 1.74
UE/SA 3 2.56 3.91 3.07 3.05 4.07 2.56
4 3.57 5.22 4.08 3.97 5.29 3.48
5l 4.56 6.52 5.08 4.99 6.69 4.59
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10 fc = 30 GHz, SCS = 60 kHz, BW = 400 MHz, direction: DL 10 fc =30 GHz, SCS = 60 kHz, BW = 400 MHz, direction: UL
pattern: DDDU pattern: DDDU
9r pattern: DUDU 7 9r pattern: DUDU
pattern: UUUD pattern: UUUD
8 8

Maximum latency [ms]
o

Maximum latency [ms]
[9)]

1f 1F
0 L s s L L L L . 0 L L s s L

10 20 30 40 50 60 70 80 90 100 10 20 30 40 50 60 70 80 90 100
UE/serving area UE/serving area

Figurel0. Impact of the TDD pattern oworst-case latency anthe percentage of UE satisfying requirements
SCS = 60 kHligh-band).

Table4 Downlink and uplinkvorst-caselatencies assuming different TDD patterns fransmission attempts,
and aSCS: 60 kHhigh-band).

Tx DDDU DUDU UuuD
attempts | DL[ms] UL[ms] DL[ms] UL[ms] DL[ms] UL[ms]

i 1.27 1.47 1.38 1.35 1.64 1.22
G B 2.25 2.73 2.35 2.32 3.01 2.29
UE/SA e 3.21 4.05 3.36 3.33 4.27 3.26
4t 4.26 5.37 4.39 4.36 5.59 4.27
s 5.29 6.69 5.41 5.38 6.86 5.25
1st 1.47 2.21 1.84 1.80 2.15 1.46
20 2nd 2.56 3.61 2.94 2.86 3.56 2.56
UE/SA 3 3.60 4.94 3.97 3.91 4.88 3.58
4t 4.73 6.38 5.11 5.03 6.23 4.64
5t 5.89 7.84 6.27 6.11 7.61 5.72
i 1.64 2.91 2.31 2.51 2.62 1.74
30 e 2.78 4.35 3.45 3.64 4.09 2.91
UE/SA 3 4.08 5.95 4.75 4.84 5.61 4.12
4h 5.30 7.47 5.97 5.98 7.10 5.31
5l 6.53 9.00 7.20 7.15 8.67 6.59
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fc = 4 GHz, SCS = 30 kHz, BW = 100 MHz, direction: DL fc = 4 GHz, SCS = 30 kHz, BW = 100 MHz, direction: UL

pattern: DDDU
pattern: DUDU
pattern: UUUD

pattern: DDDU
pattern: DUDU
pattern: UUUD

Maximum latency [ms]
(9]

Maximum latency [ms]
(&)

5 10 15 20 25 30 35 40 45 50 5 10 15 20 25 30 35 40 45 50
UE/serving area UE/serving area

Figurell Impact of the TDD pattern athe worstcase latency anthe percentage of UE satisfying
requirements SCS = 30 Kiinid-band).

Table5 Downlink and uplinkvorst-caselatencies assuming different TDD patterns fransmission attempts,
andSCS: 30 kHmid-band)

Tx DDDU DUDU UuuD
attempts | DL[ms] UL[ms] DL[ms] UL[ms] DL[ms] UL[ms]

i 1.48 1.57 1.53 1.52 1.79 1.45
G B 281 3.37 2.78 2.77 357 2.89
UE/SA e 3.84 4.93 3.90 3.89 5.16 3.88
4t 5.06 6.62 5.13 5.12 6.93 5.11
s 6.30 8.29 6.36 6.34 8.71 6.32
1st 2.00 2.91 2.40 2.46 2.78 2.00
20 2nd 342 485 3.82 3.99 4.74 3.40
UE/SA 3 4.69 6.43 5.09 5.11 6.50 4.67
4t 5.93 8.24 6.33 6.42 8.45 6.05
5th 7.12 10.00 751 7.69 10.23 7.34
i 2.59 4.42 3.34 3.68 4.8 2.65
30 e 4.00 6.24 5.25 5.01 6.66 3.94
UE/SA 5 5.42 8.23 6.67 6.42 8.40 5.26
4t 6.83 10.10 8.08 7.82 10.42 6.76
i 8.15 11.88 9.40 9.19 12.39 8.23
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fc =4 GHz, SCS = 15 kHz, BW = 100 MHz, direction: DL fc = 4 GHz, SCS = 15 kHz, BW = 100 MHz, direction: UL

pattern: DDDU
pattern: DUDU
pattern: UUUD

pattern: DDDU
pattern: DUDU
pattern: UUUD

Maximum latency [ms]
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Maximum latency [ms]
o

1t 1t
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Figurel2 Impact of the TDD pattern athe worstcase latency anthe percentage of UE satisfying
requirements SCS = 1l6Hz (mid-band)

Table6 Downlink and uplinkvorst-caselatencies assuming different TDD patterns fransmission attempts,
anda SCS: 15 kHmid-band)

Tx DDDU DUDU UuuD

attempts | DL[ms] UL[ms] DL[ms] UL[ms] DL[ms] UL[ms]
i 1.93 2.24 2.10 2.06 2.50 1.86
G B 3.39 4.34 3.67 3.62 4.72 3.34
UE/SA e 5.14 6.55 5.32 5.27 6.96 5.07
4t 6.91 8.92 7.09 7.04 9.39 6.82
s 8.68 11.30 8.85 8.81 11.64 8.52
1st 2.919 4.39 3.672 3.592 4.29 2.89
20 2nd 4.36 6.34 5.41 5.47 6.66 4.59
UE/SA 3 6.13 8.67 6.98 6.84 8.99 6.16
4t 7.84 10.96 8.89 8.91 11.46 7.99
5 9.59 13.47 10.94 10.71 13.90 0.88
i 3.954 7.018 5.59 6.07 6.34 4.21
30 e 5.69 9.48 7.42 8.00 8.81 6.07
UE/SA 3 7.61 12.06 9.25 9.85 11.46 8.04
4h 9.52 14.76 11.16 11.83 14.20 9.99

5t 11.49 17.47 13.13 13.84 16.90 12.05

As stated above, these results are useful to see the impact of relaxing latency as a function of the
number of usersi-or example, if 10 UE are consideeadl the latency boundary is relaxed to 5ms, up

to 3 transmission attemptsan be maddor high-band with SCS = 12ZHzand two transmission
attemptswith SCS = 6kHz While, using midbandstwo transmission attempts are supporteging

DUDU pattern for SCS= 30 andktx

4.1.3.2 Supported number of users and achievable lateradigbility characteristics

To evaluate the impact of the TDD pattern and the relaxation of latency bofupdto 10 ms)n

reliability, a simulation campaign has been performed in bothrtiie and high-bands with different
SCS for different numbers of useger service aredhe results for higivand and mieband are shown
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in Table7 and Table 8 respectively.Three levels of reliability have been defined, A = 99.999%,
B=99.9%and C=99.9%.

Table7 Downlink and uplink reliability for different latency levels assuming different TDD patterns, ane a sub
carrier spaing equal to 120 kHz (highand), where A=99.999¢green) B = 99.99%blue)and C = 99.9%

(yellow).

Latency DDDU DUDU Uuub

Frequency SCS UE/SA| target [Reliability] [Reliability] [Reliability]
[ms] DL UL DL UL DL UL

1 A A A A A A

10 2 A A A A A A

5 A A A A A A

10 A A A A A A

1 A C B B C A

2 A B A A B A

120 kHz 20 c A A A A A A
10 A A A A A A

1 A C C C C A

30 2 A B B B B A

5 A A A A A A

10 A A A A A A

30 GHz 1 B B B B B B
10 2 A B A A B A

A A A A A A

10 A A A A A A

1 B C B B C B

2 B B B B B B

60 kHz 20 s A A A A A A
10 A A A A A A

1 B C C C C B

30 2 B C B B C B

5 A A A A A A

10 A A A A A A

Reliability levels correspond when users meet the lataeguirements for UL and DEor instanceit

can be observed that for the highand, if the latency is relaxed to 5 ms it is possible to support up to
30 users per service area with a reliability of 99.999% for botr $2Fand 60 kHz. It is further
obsewed that if the reliability is relaxed to 99.99%, it is possible to achieve latencies of 2 ms for both
numerologies using the DUDU pattern.
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Table8 Downlink and uplink reliability for different latency levels assuming diffef@i patterns, and a sub
carrier spacing equal to 15 kHz (Afidnd), where A=99.999%, B = 99.99% and C = 99.9%

Latency DDDU DUDU uuubD
Frequency SCS UE/SA| target [Reliability] [Reliability] [Reliability]
[ms] DL UL DL UL DL UL
1 C C C C C C
10 2 A B A A B A
5 A A A A A A
10 A A A A A A
1 C C C C C C
2 B C B B C B
30 kHz 20 A A A A A A
10 A A A A A A
1 C C C C C C
30 B C C C C B
A A A A A A
10 A A A A A A
4 GHz 1 C C C C C C
10 2 A B A A B A
5 A A A A A A
10 A A A A A A
1 C C C C C C
2 C C C C C C
15 kHz 20 s A A A A A A
10 A A A A A A
1 C C C C C C
30 2 C C C C C C
A B A A B A
10 A A A A A A

It can be observed that for the migland, if thelatency is relaxed to 5 ms, up to 30 users per service
area can be supported with a reliability of 99.999% using the DUDU pattern. For the case of SCS = 30
kHz, if the reliability is relaxed to 99.99%, latencies of up to 2 ms can be achieved for 26 bs#hns i

UL and DL.

4.1.3.3 Impact of the available bandwidth on system latency

As the bandwidth is a limited and valuable resouiités important to assess the impact it has on
system KPlIs in order to optimize spectrum usage planning. For this purpose, aismcaatpaign

has been performed in thhigh-band considering two bandwidths: 100 and 400 MHz, TDD pattern:
DUDU and packet sizes of B@tes. Figure 13howsthe worst latencies obtained for a number of
users satisfying the requirements per serving ared. 999 of reliability). In the results, we can
observe an expected impact when we reduce the bandwidth (less bandwidth, less users and vice
versa). To broaden the understanding of this study, the figures show the latency CDFs for 10 and 30
users for both U and DL.
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Figurel3Impact of available bandwidth on systemorst-caselatency, highband,SCS = 120 kH2W 100 and
400 MHz.

In that sense, it is necessary to evaluate the use of bandwidth by relaxing the latgyuinementfor

the targetedreliability. For better understandingTablel4 showsthe latency CDFs for 10 and 30 users

for both UL and DL. The difference is that & mlax the latencyequirement more retransmissions

can be made if we use 400 MHz bandwidth and thus increase the reliability of the system, as studied

in the previous section.
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Figurel4 Latency CDfer 10 and 30 UE, BW 100 and 400 MHz

4.1.3.4 Impact of a packet size on system throughput

This section analyzes the impact of packet sizeperformance in terms of throughput. For this
purpose, simulations have been performed in the naiddhigh-bands, using dferent SCS and varying

the packet size. Table 9 shows the different network configurations, where the throughput for DL and
UL is evaluated. Note that for this evaluation, the latency target is 5 ms and the reliability target is

99.999%.
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Table9 Simulated configurations

Configuration
number
Carrier Frequency

[GHz] 4.0 30.0 4.0 30.0
Bandwidth [MHZ] 100 400 100 400
TDD pattern DUDU

scs 15 | 30 | 60 | 120 | 15 | 30 | 60 | 120
Packet Size jBeq 250 500

Packet arrival 1/4000 1/2000
interval [s]
Number of users 10

1 2 3 4 5 6 7 8

It is observed that théact that sincehe TDD pattern is symmetrical, the capacity values obtained

the 50" percentilefor UL arealmost the same as fdDL.On the other hand, it is observed that by
increasinghe packet size from 250 to 500 bytes, the average throughput is maintained. This can be
explained by the fact that the network is not overload@®d% load)Therefore it can be concluded

that if the traffic volume is the same and the network is not ovaded, similathroughputvalues will

be obtained.

1
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Figurel5 CDF ofttroughputfor different configurations teatisfyUErequirements(downlink). Configurations
given in Table 9.
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Figurel6 CDF oftiroughputfor different configurations tsatisfyUErequirements(uplink). Configurations
given in Table 9.

4.1.3.5 Impact of packet size on system latency

As we discussed in the previous sections, there is a predictable effect, the higher the numerology, the
lower the latency. This section extends the analyse regarding with the impact of packet size on latency.
For this purpose, simulations have been perfedrin thehigh-bandfor 10 randomly distributed UEs.
Simulations have been performed with SCS =120 kHz, for both DL and UL considering a TDD: DUDU
pattern, and packet sizes of 48, 100, 500 and 1000 bytes have been used.

By reducing the packet size and pé®y the volume of traffic, users can be expected to have more
resources and always have available slots in both uplink and downlink and achieve latencies close to
1 ms. In fact, as shown Figure 16 50% afsers achieve latencies of around 1 ms and ctosE00%
achieve latencies of less than 5 @ the other hand, when the packet size decreases, due to spatial
diversity in frequency and channel encoders, there is a direct cost in latency performance. For
example, it can be observed that for packetd000 bytes only 10% of users achieve latencies greater
than 1 ms and that this percentage increases with smaller packets, up to 50% for packets of 48 bytes.
This behavior can be explained by the spatial diversity in the frequency domain and the divexsity t
occurs in the channel encoder (LDCP). This means that the more resources to allocate, the higher the
probability of failure, which results in higher latency with smaller packets. Therefore, it should be
noted that this behavior is to be expected onlhen the network is not overloaded.

Therefore, we can conclude that, in order to develop and set the gNB parameters, it is essential to
take into account thenetwork load, number of URer sening cell and to define the packet size to
achieve the desiredhtencies.
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Figurel7 The impact of packet size on system lateimcgiownlink.

4.2  Capacity obGlloTdeployments

42.1 Overview

This section continudhe analysis of an independent standalone factory network presented in Section
5 of[6GS28D14, considering@nisolated scenaripwithout impact of external radio interferenc&he

use of the same evaluation methodology makes it possible to underdtamdelative differences
between results shown if5GS2€D14 and those presented inthis report System level 5G NR
performance evaluations are extended along several dimensibmstead of focusing on a
combination of the extremely low latency bound and high reliability target, in this deliverable a wider
set of industrial applications i®nsidered, where latency bounds range from 5 to 50 ms and network
reliability targets are within 99% 99.99%.This includes industrial applications presented in Section

2. Itis important to note that applications with packet sizes of 250, 500 and 1000 bytes are considered,
and this kind of analysis was not performed%GS26D14] Also,investigations orFDDband at 2.1

GHz carrier frequency is introduced in comparison with the other TDD spectrum bands. Additionally,
amore elaborate evaluation of benefits for different antenna types and impact of the number of gNBs
is presented.

4.2.2 Spectrum options

The configuations of the spectrum bandss listed inTablel0are employed in the analysis
presented in this sectiorWithin NR slot there could beertain number of scheduling opptunities,
which enable data transmissions wittsaveral OFDM symboils in a row. Length of pleisod is
denoted asTransmission Time Interv@l Tl)
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Tablel0 Spectrum band$or capacity evaluation.

Duplexing TDD pattern Carrier Bandwidth | Subcarrier spacing  TTI length
mode frequency (MHz) (kHz) (OFDM
(GH2) symbols)
FDD N/A 2.1 20x2 30 14
TDD DUDU and 3.8 100 30 7 and 14
DDDSU
TDD DUDU and 26 400 120 14
DDDSU

Portions of spectrum in FDD bands could be provided byvtbiile Network Operatos (MNOS9 and
therefore it is beneficial to understand how much capacity this NR system configuration could provide
for industrial servicesTDD migband spectrum can be provided by the MN@sdin some countries
access to TDD nyohnd spetrum can be obtained bindustrial players through local licensirgg.,

in Germany 3.7 3.8 GHz and in France 252620 MHz frequency band¥DD frequency bands in
millimeter wave spectrunprovide much larger system bandwidtithese bandsan beaccesed
through local licensingn countries where this is supported or via MNOs

4.2.3 Simulation tool and industrial scenario

The @pacity evaluations of 5G NR industrial networks presented in this section are performed using
the same methodology and simulatiguiatform as described in Section & [5GS2eD14. It is
important to note that insimulationsused to generate results presented in this sectawwnlink

control channel and shared channels have realistic models. Other channels use simplistic modeling.
We do not take into account overhead introduced by broadcast information (SSB blocks), RRC
(re)configurations, random access messages, channel uneragnts and reporting (CRIS/IM,
PUCCH). Ideal channel estimation is ugettlitionally,we areusing a simplified version stheduér.

Results with different implementations of scheduler may differ significantly.

The onsidereddeploymentscenario is ecording to 3GPP factory layoot 120 x 50 x 10 mwith 3

and 12 gNBsas shown irFigurel8. The propagation model is based on the 3GPP model for Indoor
Factory with Dense clutter and High base station heightQHIf [3GPP138901]. Configurations of

the industrial 5G NR network deployments with omnidirectional, distributed antenna system (DAS)
with 12 antennas and advanced antenna system (AAS) withl @entenna array with beamforming

are shown inTablell, Tablel2, Tablel3.
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Figurel8: Simulation scenario of thmdoor factory with3 (a) andlL2 (b) gNBs.

Tablel15G NR system configuration with orrdirectional antenna.

Parameter Mid-band Mid-band High-band
Frequency [GHz] 2.1 3.6 26
Channel bandwidth [MHZz] 20 100 400
gNodeB transmission power 30 30 30
[dBm]
UE transmission power [dBm 23 23 23
gNodeB antenna gain (omni) 2 2 2
[dBi]
UE antenna gain [dBi] 0 0 9
gNodeB receiver noise figure 7 5 7
[dB]
UEreceiver noise figure [dB] 6 9 10
Uplink power control setup SNR target = 10 df SNR target = 10 df SNR target = 10 df
a=0.8 a=0.8 a=0.8
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Tablel25G NR system configuration with distributed antenna system (12 antennas).

Parameter Mid-band Mid-Band High-Band

Frequency [GHZ] 2.1 3.6 26

Channel bandwidth [MHZz] 20 100 400

gNodeB transmission power 30 30 30

[dBm]

UE transmission power [dBm 23 23 23

UE antenna gain [dBi] 0 0 9

gNodeB receiver noise figure 19 19 19

[dB]

UE receiver noise figure [dB] 6 9 10

Uplink power control setup SNR target = 10 df SNR target = 10 df SNR target = 10 d¥f
a=0.8 a=0.8 a=0.8

Tablel35G NR system configuration with AAS and beamforming antenna.

Parameter Mid-band Mid-Band High-Band*
Frequency [GHZ] 2.1 3.6 26
Channel bandwidth [MHZz] 20 100 400
gNodeB transmission power 30 30 30
[dBm]

UE transmission power [dBm] 23 23 23

gNodeB antenna element gain 5 5 5

[dBi]

gNodeB antenna panel AX4AX2 AX4AX2 Ax4Ax2/8x8x2

UE antenna gain [dBi] 0 0 9

gNodeB receiver noise figure 7 5 7

[dB]

UE receiver noise figure [dB] 6 9 10

Uplink power control setup SNR target = 10 d| SNR target = 10 df SNR target = 10 dE
a=0.8 a=0.8 a=0.8

*note that full digital beamforming is assumed faigh-band i.e. when the radio can form sufficient
number of beamsPractical deployments may apg@galogor hybridbeamforming which would
result in lower capacity values

4.2.4 URLLGervice based System Capacity analysis

We have analyzetthe performance ofa 5G NR wireless network in several industimaloor use cases
from 5GSMART and thoseommonly used by 3GPP and-BGIA in system level evaluatioithe
capacity in terms of maxium number of served UEs is calculated using the bitrate of a single user
and a maximum bitrate achievable wigfspecific network deployment, given that 100% coverege

be provided The most essential aspects of the analysis are relatetheéccomparism of spectral
efficiency and the maximum number of served users in different frequency bands, network setups,
transmission directions and gNB deployment densiflesillustrate the performance fauch darge
variety of options we focus particularon a single use case this sectionWeselectedthe 5GSMART

UC1 robotics motion planningse cas¢5GS28D11] which is characterized 500 Byte packetseing
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periodically transmitted in DL and ULG8 Mbps bitrate per userAlatency boundof 5 msneeds to

be met at99.99% network reliabilityrigure19 and Figure20 show the DL and UL spectral efficiency

in terms of bits/second/Hz/cell, ahFigure21 and Figure22 depict the system capdty for this use
case in terms of the maximum number of served uséhss section idedicatedto the analysis of the
results presented in tlese figures as well agerification of these results by looking into radio
performance characteristicBeyond tle 5GSMART UC1, five more use cases have been investigated.
Section2 provides an overview of the achievable capacity for these use casadifoited number of
deployment options. Furthermore, in this section we provide adépthanalysifor 5GSMARTCL1,

but many of thegeneralobservations holalso forthe other use cased he results on capacity and
spectral efficiency results for alke cases and deployment options can be founthenAppendix of

this report
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Figurel9: Downlink spectral efficiendpr 5GSMART UCkr different deployment options of a 5G NR
network in a faobry.
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Figure20: Uplink spectral efficienclpor 5GSMART UCHbr different deployment options of a 5G NR network
in a factory.
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Number of connected users in UL
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Figure22: Maximum number of UL user connectidios 5GSMART UGh 5G NRietwork in a factory

4.2.4.1 Frequency band, duplexing mode and TDD pattern

In a first step, we look at the capacity of TDD vs. FDD spectrum balmdsspectral efficency in FDD

with 14 OS TTIs is on par with TDD DUDU at 3.8 GHz with 7 OS TTIs and TDD 26 GHz Witk 14 OS.
UL spectral efficiency of FDD is lower because control channel overhead compared to the amount of
data resource blocks is slightly larger than DT

The major difference in capacity of FDD, +b&hd and higtband TDD is originating from the large
differences in the amount of available bandwidth. FDD has 2xB0 MHz for downlink and uplink
compared to 100 MHz in 3.8 GHz band and 400 MHz in 2@, for uplink and downlink together.

Another important aspect is numerology used in fhahd and higkband, this influences the number

of achievable transmission attempts, and as a result gives access to higher spectral efficiency even at
lower latenges. For instance, in higand it is possible to have more transmission attempts due to
shorter slot duration of 12%is compared to 0.5 ms in miohnd. The latter point is visible especially

well from comparison of TDpattern DDDSU uplink performance, shown with the yellow and green
bars inFigure20 and Figure22. We can clearly see a drop for UL spectral efficiency and capacity for
DDDSU in 3.8 GHz band where only 1 transmission can be performed within 5 ms latency bound, while
at 26 GHz t her e’ -Strammigsions depemdiny ontcynfigurationdAs a desult, it is
possible to use less robust and more spectrally efficient MCS and still guaranteeltsigtity.

On the other handa DDDSU pattern is more beneficial for downlink performance, compared to
latencyoriented DUDU pattersuitable for balanced uplindownlink traffic This is well seen when
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comparing the grey and yellow, as well as blue and greenrbapectivelyin Figure21. In case of
mid-bandDLand e.g, AAS 4x4 antenna with 3 gNBs in the network, the number of connected UEs
with DUDU TDD pattern is 2338, while for DDDSU it is 3738, which is about 60% more. This advantage
of 60% higher D capacity for DDDSU compared to DUDU holds for all compared configurations and
deployment optionsOneexcepton isfor AAS 4x4 with 12 gNBs, but this is only bec#fusenaximum

system capacity fathe DDDSl¢onfigurationhas not been within the range of simulated load points,

so it is simply not possible to calculate the exact percentage of the difference, see thmaoghgreen

bar inFigure21. In the end, the traffic profile and service requirements define the traffic requirements

of the service and thereby the capacity. All the services listed in ch@giave a symmetric traffic

pattern and service requirements in UL and DL. The achievable capacity thus needs to be supported
in both UL and DL directions. As a consequence, the lower of the UL and DL capaestyn¥Fadjure

21 and Figure22 determine the achévable capacity. For example, for siidnd TDD with AAS and 3

gNBs, a TDD configuration of DDDSU can support 950 users of UC1 in DL and 163 users in UL. In
consequence, only 163 users can be supported, as the UL constitutes the capacity bottleneck. For a
TDD configuration of DUDU with 14 OFDM symbols, the corresponding DL and UL capacity figures are
587 users and 538, which means that 538 users can really be supported in both DL and UL. Even if the
DL capacity of DUDU seems almost half as low for DL th@DIDSU, the overall capacity that can be
supported with DUDU is more than 3 times higher than with DDDSU.

When it comes tdhe selection of TDD pattern it is interesting to compare the cost of more or less
latency oriented TDD pattern, such as e.g. DUDU with 7 OS and 14-6l8tsabeduling opportunity.

As it is shown ifrigure21, advantage of the configuration with 14 OS TTI length over 7 Qst&irhs

of DL capacitys on averagd 6% andt can vary between 6.6%45% depending on the antenna type
and number of gNBs. Ehdifference comesdm the necessity to send Downlink Control Information
(DCI) more frequently whethe TTI length is shorter. On the other hand, there is no UL capacity
difference for 7 and 14 OS TTI configurations as it is shofigume22. Thus, it is beneficial to choose
aTDD pattern considering latency requirements of the industrial service, and not to opt by default for
the most latencyoriented configuration.

4.2.4.2 Antenna type and gdoyment density

Let us first consider the impact tfe antenna type, in terms of spectral efficiency in bits/s/Hz/cell.
Thedownlink DAS scheme is demonstrating the highest spectral efficiency, regardless of the frequency
band and TDD pattern as it cha seen fronfFigurel9. This is achieved mainly since there is only one
cell in configuration with DAS, and as a resindtre is alack of intercell inteference and hence very

high SINR values, as it is showrrigure23. Therefore, higher order MCSs are used, and this gives
higher spectral efficiency per cell compared to the other deployment and antenna options with 3 or
12 cells. In uplink, a similar situation is observed mainly because SINR in case of DAS setup does no
go below 10 dB, as it can be seen fréigure24, the capacity of a single cell with DAS is limited by

the total amount of timefrequency resources,éd. the total number of schedulable resource blocks
(RBs), rather than low SINR, as it is the case with the-diretdtional or AAS antennal$.is important

to note that SINRCDFs shown iRigure23 and Figure24, and SINR heatmaps kigure 25, Figure26,
Figure27 and Figure28 for each system correspond to the highest capacity this system can fulfil
guaranteeing 5 ms latency at 99.99% reliability for 100% of locations within factory network.

Thus, in terms of spectral efficienagingle cell with DAS is the most beneficial choice. However, when
it comes to the system capacitthe situation is verydifferent. Looking at the maximum number of
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connected UEs, DAS demonstrates the lowest capacity,dberesa network with omnidirectional
antenna and the highest capacity is achieved when AAS system is used.
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——26 GHz, TDD DUDU, 14 OS TTI, DAS 12 antennas, 738 Mbps max capacity
3.8GHz, TDD DUDU, 7 OS TTI, 3 gNBs, Omni, 30@ Mbps max capacity
26 GHz, TDD DUDU, 14 OS TTI, 3 gNBs, Omni, 1260 Mbps max capacity
= =38GHz TDDDUDU,7 OS TTI, 12 gNBs, Omni, 42@ Mbps max capacity
=26 GHz, TDDDUDU, 14 OS TTI, 12 gNBs, Omni, 177@ Mbps max capacity
= =38GHz, TDDDUDU, 7 OS TTI, 3 gNBs, AAS 4x4, 430 Mbps max capacity
—26 GHz, TDDDUDU, 14 OS TTI, 3 gNBs, AAS 4x4, 1870 Mbps max capacity
= =3.8GHz, TDDDUDU, 7 OS TTI, 12 gNBs, AAS 4x4, 1470 Mbps max capacity
=26 GHz, TDDDUDU, 14 OS TTI, 12 gNBs, AAS 4x4, 6308 Mbps max capacity

80

Figure23. Downlirk SINRf TDD 3.8 GHz, DUDU, 7 OS TTl and TDD 26 GHz, DUDldr Us®6ase 1.
Robotics Motion Planning (latency bound = 5 ms, reliability target = 99.99%)
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——26 GHz, TDDDUDU, 14 OS TTIL, 3 gNBs, AAS 4x4, 167@ Mbps max capacity
= =3.8GHz TDD DUDU,7 OS TTI, 12 gNBs, AAS 4x4, 1520 Mbps max capacity
=26 GHz, TDDDUDU, 14 OS TTI, 12 gNBs, AAS 4x4, 5900 Mbps max capacity

Figure24. Uplink SINRf TDD 3.8 GHz, DUDU, 7 OS TTIl and TDD 2b\@Pi4, 14 Ofer Use Case 1: Robotics
Motion Planning (latency bound = 5 ms, reliability target = 99.99%)

Densification helps to increase system capacity. As discussed above, DAS demonstrates the lowest
capacity both in DL and UL and can be seen as a bemkhAn increase from 3 to 12 omdirectional
antennas helps to boost downlink capacity by on average 55% and by about 90% for DDDSU
configuration in 3.8 GHz TDD. In uplink adding more @anténnas helps to improve capacity from

37% to 100%, but UL perfaance with DDDSU TDD configuration is very poor and cannot be improved
with a denser deployment.

Network deployments with AAS in general demonstrate the best performance compared to other
antennas both in absolute values and in terms of positive gainheght¢hrough densification. The
reason is that with AAS, the 5G RAN is capable to much better suppress interference, resulting in a
much better SINR contribution compared to ontiectional antennas, as can be seerFigure 25

and Figure26. The average growth of DL and UL capacity is 230% and 250% respectively when the
number of cells is increased from 3 to 12.

It is worth mentioning that mieband deployment with 12 omsdirectional antennas is either on par

or marginally better in DL than a network with 3 AAS antennas. And irbligth 3 AAS cells already
have higher DL capacity than 12 cells with owlinectional antennas. In uplink 12 cells with omni are
better than 3 cells vith AAS in all setups, except for 3.8 GHz TDD with DDDSU, where uplink is nearly
non-functional for omniantenna deployments.
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Below one can find DL and UL SINR heatmaps as an illustration of the coverage inside the factory with
different antenna options irior 3.8 GHz DUDU 7 Og(ire 25 and Figure26) and 26 GHz DUDU 14

OS Figure27 andFigure28). We can clearly see the differences between different antenna opfions
terms of SINR levels apotential with the deployments of certain types, e.g. deployment with omni
directional antennas is showing poorer coveraged thismatches well resultdiscussed earlier in this
section.Thesecoverage maps are presented here to demonstrate not only statistical, but also spatial
distribution of the SINR- as a key characteristic, which affects URLLC system perfornzamte
capacity
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Figure25. DL SINR in 3.8 GHz frequency band, TDD DUDU, 7 OS TTI (a) DAS 12 antennas, (b) Omni 3 gNBs, (c)
AAS 4x4 3 gNBs (d) Omni 12 gNBs, (e) AAS 4x4 12 gNBs.
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Figure26. UL SINR in 3.8 GHizquency band, TDD DUDU, 7 OS TTI (a) DAS 12 antennas, (b) Omni 3 gNBs, (c)
AAS 4x4 3 gNBs (d) Omni 12 gNBs, (e) AAS 4x4 12 gNBs.
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Figure27. DL SINR in 26 GHz frequency band, TDD DUDU, 14 OS TTI (a) DAS 12 antennas, (b) Omni 3 gNBs, (c)
AAS 4x4 3 gNBs (d) Omni 12 gNBs, (e) AAS 4x4 12 gNBs.
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Figure28. UL SINR in 26 GHz frequency band, TDD DUDU, 14 OS TTI (a) DAS 12 antennas, (b) Omni 3 gNBs, (c)
AAS 4x4 3 gNBs (d) Omni 12 gNBs, (e) AAS 4x4 12 gNBs
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4.2.5 Summary

Earlier inthis section we have shown the spectral efficiency and capacity numifoerdifferent
industrial servicerom those discussed in Chapt2rconsideringthe impact ofdeploymentoption,
network setup e.g. antenna type, number atlls and TDD configuratioNext, in Sectior.2.4.2a
more detailed comparisorof statistical and spatial characteristics of radioality for different
network configuration optionss presentedBelow one can find a discussion abeapacity numbers
and network configuration impact.

4.2.5.1 Capacity for different industrial services

The number of users that can be supported in a 5G deployment depends erak&actors, as will be
explained at the achievable capacityTiable14. Different use cases from Secti@mre investigated.

The use cases differ in their traffic characteristics, expressed as the message size and the cycle time.
In general, it can be seen that the capacity in number of servedsudex use case category depends

on the data rate of the traffic: the higher the data rate required for a service, the lower the number

of users that can be served.

The capacity also depends on the spectrum band and the deploymenablel4 we only look at a
deployment of twelve 5G gNBs in the shopfloor (other options are included in Appendix). As expected,
the capacity increases significantly if adaptive antennaesyst(AAS) with beamforming are used,
instead of omnidirectional antennas. In mi@nd capacity in the FDD band with 2x 20 MHz of
spectrum, is almost the same as for the 100 MHz of-lbaidd TDD spectrum with a DDDSU TDD
pattern. The reason is that the serei has a symmetric data rate requirement for UL and DL, but the
TDD pattern has most resources allocated to downlink. The number of served users is thus limited by
the UL capacity of the TDD band, which is similar to the FDD band. If a balanced DUDUeEFDI3 pa
used, the capacity of the TDD band more than doubles, as the amount of radio resources that are
provided to UL increase by approximately a factor of 2.5. Inhilge-band spectrum, a significant
amount of spectrum is available which can serve mawoye users than in the miland allocations.

This high capacity imgh-bandis assuming that digital beamforming is applied; for practiggit-band
deployments analog or hybrid beamforming may be used which would result in lower capacity values.
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Tablel45G system capacity in number of served uses for the different use cases, depending on the spectrum
band and RAN deployment option.

UC7 22.104 uca 22.104 22.104 uctL
(controlle mobile (controlle (controlle botics
Use cases r-to- robots (1) (process e e (@
controller - machine monttoring controller controller Imo Ll
) control ) ) (@) ) (2) planning)
Message size [byte] 500 250 1024 1000 1000 500
cycle time [ms] 10 10 5 10 50 5
Data rate [Mb/s] 0.4 0.2 1.6384 0.8 0.16 0.8
Latency bound [ms] 10 10 10 10 50 5
Communication Service Availability
[# of 9's] 5) 6 5 6t08 6t08 4
Survival time [cycle times] 2 1 1 1 1 0
Network reliability (# of nines) 2 3 3 4 4 4
SIS a-lt-tl:;? Antenn Number . .
o i a of Maximum number of served users (in UL and DL) €
or FDD f= gles
FDD 2.1 j
GHz Omni 12 550 1000 24 21 106 137
(2x 20 MHz _
B AAS
SCS 30 12 1300 2550 317 288 1438 638
KN (4x4)
2)
Omni 12 1750 3000 391 587 2937 700
TDD 3.7 - bui4
AAS
3.8 GHz 12 3850 7600 940 1900 9500 1900
(100 MHz (4x4)
BW,
SCS 30 Omni 12 700 1200 24 19 94 38
Khz) DDDSU
AAS
12 1525 3000 372 737 3687 538
(4x4)
TDD 26 GHz
(400 MHz AAS
BW, DU14 axd 12 15000 13200 3632 7375 36875 7375
SCS 120 (4x4)
kHz)

4.2.5.2 Discussion othe networkconfigurationimpact

Thischaptercapacity analysis for three relevant spectrum bands: an FDD at 2.1 GHz with 2x 20 MHz
bandwidth, a TDD band at 3.8 GHz with 100 MHz bandwidth, and a TDD band at 26 GHz with 400 MHz
bandwidth. This includes evaluation ofd@fferent TDDconfigurationsfor the TDDfrequency bands

The capacity has been conducted for three different deployments in the factory: a single gNB with a
distributed antenna system, three gNBs and 12 gNBs. The latter two deployments have been
investigated with two dferent antenna configurations: with omnidirectional antennas and with
beamformed transmission based on adaptive antenna systems.

Results show that adaptiveantenna systems can improve the capacity significantly over
omnidirectional antennas by providingpetter link performance and reducing the inteell
interference in the network. Network densification brings further capacity gainsdirisonstrated

that the TDD pattern malimit the capacity if it does not match the symmetric traffic load of the
industrial use cases. For example, it is shown that the FDD band with 2x 20 MHz can provide a similar
capacity as a 100 MHz rdhind TDD system that uses the typical DDDSU TDD pattern.

3 Maximum number of served users may also be affected by specific scheduler implementation.
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Also, it has been shown thattiis beneficial to choosdhe TDD patternconsidering latency
requirementsand capacity needsf the industrial service, and not to opt by default for the most
latencyoriented configuration especially if service allows fatarger latency bound

In networks with omndirectional antennas uplinkapacity for 3.8 GHz with TDD DDDSU pattern is
extremely poor. This can be fixed with the use of denser deployment with AAS Netisork
deployments with AAS in general demonstrate the best performance compared to other antennas
both in absolute valueand in terms of positive gain reached through densification. Average growth

of DL and UL capacity is 230% and 250% respectively when the number of cells is increased from 3 to
12.

In generalresults presented in this chapter show thadt use cases can Isepported with sufficient
capacity.
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5 Caxistence Solutions

5Gradiotransmissiorisbased @ electromagnetiavavesthat arecreated at the transmitter and are
then propagating through the transmission medium ligy.air. It is desirable that a stronggnal is
received atreceiverto achieve reliableommunication at high date rates$lowever, the signal also
propagates to other locationsvhere other equipmentmay be located andmay there create
interference.Co-existence describes the impawftsuchinterference oranother system, or thenutual
interference among multiple systems on &aather. In this chapter we investigate twdifferent co-
existencescenarios It builds onour earlier work iN5GS26D14].

If a 5G norpublic network is deployed locally ifactory,another widearea 5G network in the same
channelmay be used outside the factory for e.g. public network servitbese two separate 5G
networks may create mutual interference on each othate have evaluatedhe impact that a wide
area 5G network has dndustrial 5Gservices in the local nepublic network, as presented in section
5.1

In a factory, somequipment may be used for e.g. higlacuracy measurements, alis operation
may bepotentiallyinterfered byemitted radio signals of a 5G netwoikhe impact of the radio signal
on the equipmenbperation is also denoted as electromagnetic compatib{lEMC)In section5.2we
investigate if it is generally possible, to shape thefa@smission by means of beamforming, in order
to ensure that the received signak a predefinedlocation (nicro-exclusion zonehave very low
energy The investigation is made for the 5G downlink transmissidmere the isolation from an
operating networkwithin a micreexclusion zone will bachievedvia radio network deployment
planning and a proper design of the codebook of precoders.

5.1 Empirical coexistence measuremebétween a local and a widee 5G

network
In this section, we describleow the performance ofin indoor non-public networkin a factory is
impacteddue to a coexisting outdodpublic) network operating in the same spectruin.thissection,
we only focus on theochannel scenarios wheoeexisting networks use the sampectrum. Adjacent
channel coexistence aspects are not covered in this sectidfe describe our measurement
methodology and present the key findings of our detailed empirical study on the cochannel
coexistence behavior.

5.1.1 Coexistencé&cenarios

Nonpublic networks (NPNs) deployed locally for indoor industrial applications may receive
interference from other networks operatingn the same spectrunin the neighborhood There are
different coexistence scenarios for a local industrial 5G network, aglesgribed and investigated in
[5GS26eD14]. In this evaluation we focus on coexistence lestwa local industrial 5G network and a
neighboring outdoor network, for which we provide an evaluation based on measurements in a
corresponding trial setup. Furthermore, we focus onrcb@annel coexistence, which means that the
local network and the intedfring outdoor network use the sanfieequency bandPractical coexistence
situations depend on the way networks are deployed, which in turn depends on how access to the
spectrum is regulated for local deployments.
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The scenarios that are addressed with our measurentasted coexistence study are depicted in
Figure29. A mobile network operator (MNO) may have a national or regib@alicense and use this
license to provide public 5G services in the wédea; in addition, the MNO may provide npunblic
network services to industries locally. This scenario is depicted in the optionKijuoé29, indicating

the potential interference between the public network and local NPN by a red arrow. In several
countries, certainfrequencybands have been reserved for npablic 5G deployments via local
licensing. In this case, there are no public wiglea 5G networks using the same channel and creating
interference to the local NPN that has the dedicated local license. However, other local NPNs may
exist in vicinity to the NPN with their own separatedblicenses, all using the same spectrum. This
scenario is depicted in option (B)kigure29. In contrast to the scenario (A) on the leftkifure29,

the likelihood of an interfering neighboring network is significantly lower. For example, 184 local
spectrum licenses at 3:3.8 GHz have been assigned in Germany between 2019 anbeéd@02%,

which cover only a marginal fraction of the approximate 357.000 square kilometer area of Germany.
Hence, when deploying a local 5G network, the likelihood fect@nnel interference may appear to

be small. However, it can be expected that l&@ectrum licenses are clustered, around e.g., industrial
areas, which may still lead to neighboring local NPNs with the corresponding coexistence scenarios.

Some countries combine the allocation of a spectrum band to an MNO for public use via a national
spectrum license with the possibility for local industries to obtain spectrum usage rights for building
their own local networks. This can be done by an obligation to the national spectrum license to locally
lease spectrum to industries who want to deplayocal NPN (e.g., in Denmark). In other countries,
the regulator provides a secondary local license for a local area to the industry, in alignment with the
primary licensee (e.gin UK). Such cases correspond to option (Ajgunire29.

However, coexistence scenarios can also occur internally within a local campus network, as depicted
in option (C) irFigure29. For example, a local spectrum license may include multiple factory buildings
but also an outdoor section on the industry premises. The outdoor network requires close
coordination with other outdoor networks on the same or adjacent channels, which meansds

to apply a TDD configuration that is aligned with the public 5G networks in the fsaquencybands

on the same or adjacent channels. However, for the indoor deployment in the factory another 5G
network configuration may be desirable that is opithed to the indoor use cases. An example of such

a local campus network with indoor and outdoor deployments is the 5G Industry Campus Europe in
Aacheni, which includes the 5GMART trial network where our coexistence measurements were
performed.

Our coexitence measurements are made in the TDD spectrum band &8.8.GHz, which is part of
the European harmonized 5G band at-3.8 GHz. In other countries also other bands in the b
bandrange from 2 to 6 GHz are in focus for local spectrum allocafienisl]. Our coexistence studies
should be generally relevant for local 5G usage in the midEbandspectrum.

4
https://www.bundesnetzagentur.de/DE/Sachgebiete/Telekommunikation/Unternehmen _Institei/Frequ

enzen/OeffentlicheNetze/LokaleNetze/lokalenetmede.html
5 https://5g-industry-campus.com/
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Figure29: Coexistence scenarios for local Rpublic network with other networks operating in the same
spectrum. e red arrow indicates the investigated interference situations.

5.1.2 Interference Situations

Figure30 shows the various interference situations that arise due to the spectrum coexistence issue
in TDD spectrum. The indoor ngublic network basstation may receive interference from the base
station as well as the UEs of the outdoor networks. The indoormblic network UEs may also
receive interference from the outdoor bastation as well as the UEs of the outdoor Aaublic
network. The coexistence problemétso bidirectionalthe indoor norpublic network UEs and base
station may also inflict inteerence to outdoor network UEs and potentially to the outdoor network
basestation.Figure30illustrates the different interference situations with red arrowghen different

TDD patters, i.e., downlink (DL) and uplink (UL) transmissstots, are configured the indoor non
public network and the outdoor networlthis can create additional mutual interferencgnis is shown

by the dotted red arrows ifrigure30and is known as crosik interference. The case when DL slots
in one network interfere with the DL slots in the other network or when the UL slots of two networks
interfere,is known as neafar interference, represented by solid red arrowd-igure30.
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Figure30: Interference situation among the basgations and UEs difie indoor nonpublic network and the
outdoor network. When a different TDD pattern is used in the-pablic network indoors, besides the near
far interference, cross link interference also exists.

5.1.3 5G Industry Campus Europe Deployment

The 5GSMART empirical cochannel coexistence study has been carriedtbat Industry Campus
Europe in Aachemwhere 100 MHz of system bandwidth has been allocated by German Spectrum
Regulatory Authority for industrial use in the local 3.3.8 GHz 5@I78 TDD banfAUCGALLQO]The
outdoor network deployment covers an areaajproximatelyl sg. km and uses four outdoor sites
shown by yellowish dots with an arrow kigure31. The arrow pointsn the direction ofthe macro
radio antenna panel deployment. The indoor Rpublic network involved in the coexistence studies
is the network deployed at the 56MART trial site, inside the Fraunhafer [nstitute for Productio
Technologyshown as a green rectanglefigure31with an area ofipproximately2700 sqg. m. All the
outdoor sites are configured to usetransmit power level of 3, while the indoor network in the
Fraunhofer IPT shopfloor usasransmit powver level of 900 mWw.

235G Industry Car] Qu E-fgropq
g > X sy

Fraunhofer IPT
(Indoor test factory)

Figure31: 5G Industry Campus Europe in Aachen where the coexistence measurements have been carried
out. The network uses 100 MHz system bandwidth in the 5G N78 TDD band.
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5.1.4 Measurement Methodology and SetDetails
In the empirical study, we analyzed the following:

1 Effects due to the test UEs location for the indoor and outdoor networks

M The amount of traffic load in the indoor network in UL, DL and both UL/DL directions

1 The level of interference coming tbe indoor network from the outdoor network in UL, DL
and both UL/DL

1 The impact of different TDD patterns (DL/UL split) selected indoors. Please note that we did
not change the TDD pattern (DDDBId)the outdoor network as it was kept harmonized
accordingto the regulations with the rest of the MNOs in Germany.

The above combinations lead to several different study scenarios. For each scenario, we have first
established a baseline indoor network performance when the outdoor network is made inactive. For
each baseline test and coexistence performance test, we have obtained a large measurement sample
trace. Our overall empirical data gathering amounts to a duration of multiple days. In these
measurements, we have used large packet sizeshbufut 1400 bytes UDP payloads with high
transmission rates compared to our other studies focusing on pure latency measurements from the
industrial automation traffic perspective. As a result, exgpect tosee queuing and processing effects

both in the device side and in¢émetwork leading to slightly increased latency values.

In the empirical study, we had the opportunity to use both the indoor and outdoor networks
dedicatedly and exclusively for coexistence measurements, and we could configure the networks as
desired. Fothe duration of the testing, we further ensured that no other devieese active in the

network besides the devices used in the empirical stddigon-premise setup allowed us to use the

local breakout connection. We udene test UE for the indoor netwk and one test UE for the

outdoor network. The test UBsere based onthe Qualcomm x55 modem chipset. We restricted
handover of the UEs for the measur e meéatactedts o t hat
their respective cellsThe measurementetup isshownin Figure32 and Figure33.

8 TDD configurations typically havespecial slo{S) when the DL transmission changes to UL transmissig.
a common TDD pattern is DDDSU. However, since most OFDM symbols in the special slot considered here are
assigned to DL transmission, we simplify this in our description as a downlink slot, in this case as DDDDU.
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Figure33: Map of UE locations for coexistence measurements.

As per the 3GPP Technical Specifications 38.401, Sectidii®38.401]the indoor and outdoor
networks have a@mmon clock reference. We usasynchronized TDD pattern start for the indoor
and outdoor networks in our measuremenighe indoor and outdoor networks are configured to use
the same subcarrier spacing of 30 kHz angelthe same slot boundaries and dut.

In order to systematically carry out coexistence measurements, we have developed a tool for traffic
generation andor carrying out accurate onway (DL/UL) latency and throughput measurements. In
the cochannel coexistence measurements, we &ddhe impact on the performance of the indoor
network in the presence of the coexisting outdoor network using the same spectrum. In other words,
our study quantifies the baseline performance of the indoor network and compare it with
performance in the presenagf the coexisting outdoor network.
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An exampleof a measurement configuration is shownRigure34. In thisscenario the two networks

use the same TDD pattern DDDDU. The interference in the outdoor netwednoigured to be
presentonly in the DL direction, i.e., only the DL slots are occupied in the outdoor network. The
example scenario depicts a situation evhthe indoor network generates traffic load only in the DL
direction. In this case, only nefar interference is presentaind all DL slots of the indoor network can

be interfered by the outdoor networkn another setup, it is possible to configure th&door network

to create interference only in UL direction and measure the impact of the interference. Similarly, for
indoor UL transmissions the setup can be configured in order to measure relative impacts from the
different transmisgn directions of theoutdoor network.

J
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\ <+— : Near-far interference
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Figure34: An example scenario where the same TDD pattern is used in the indoor and outdoor networks. In
this measurement configuration, only DL transmission is carried out in the indoor network in the gregenc
only DL interference from the outdoor network.

5.1.5 Coexistence Study Results

In the following, we present our key results. In particular, we analyze the impact on the throughput
and latency of the indoor network due to the coexisting cochannel outdoawort. Besides the mean
value for latency, we considéine 99" percentile andthe 99.9" percentile values because the typical
industrial application scenariaonsideredin 5GSMART have higher reliability targets for the given
low latency requirements.

5.1.5.1 Scenario with Strong Interference

In order to study the case for an extremely strong interference from the outdoor public network, we
placed the outdoor public network UE just outside the shopfloor while the indoowpudnic network

UE was placed insidae shopfloor such that the inteddE distancevasl m, as shown in the left two
pictures ofFigure32, and the red and yellow dots Figure33. In order tocreate a worstcase scenario

that maximizesthe impact of interference on the nepublic indoor network, the two UEs were merely
separated by a normal double glassndow inducinga signal loss odibout 8 dB as observed from
Reference Signal Received Power (RSRP) measurements. Moreover, depending on the case, the
outdoor network UE and/or outdoor network basgation may generate as much as possible
interfering transmissions in th scenaridoy configuring high traffic loads
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We observed that with high interference in DL and UL directfoms the outdoor network the
throughput and latency are affected for the indoor npoblic network UE.The throughput
degradation in the heawjlinterfered scenario is n@pronouncedwe observed a degradation in the
baseline throughput of ca. 5% in medium traffic load conditions for both DL anbh ldantrastthe
impact on the latency is visible compared to the baseline latency performance.

Figure35 shows that wherthe outdoor networkcreates interference to the indoor network andes

the same TDD pattern, there is almost ingpact onthe median lateng values for both UL and DL
transmissions of the nopublic indoor network.However, ve observe an increase dhe 99"
percentile andthe 99.9" percentile values for DL latency by 1 ms and 5.2 ms respectively in the
presence of heavy DL interference. Having the two UEs in close proximity naturally caiBes DL
interference. We also observed an increase in the UL latency for theulolic indoometwork by5.3

ms and7.6 ms forthe 99" andthe 99.9" percentile values in the presence of heavy UL interference.
Part of the UtUL interference is attributed to the poor beamforming capability at the.&JEs

Increase indoor UL latency [ms] Increase indoor DL latency [ms]
Indoor TDD: DDDDU Indoor TDD: DDDDU

=
'~

o m— 8 [ |
median 99th percentile 99 9th percentile median 99th percentile 99 9th percentile
m UL interference m DL interference

Figure35: Increag in UL and DL latency of the indoor Raublic network when adding heavily
interfering transmissions in the outdoor public network at very close distance. Both the networks
are using the same TDD pattern, DDDDU.

The increase in latency is becausesomeHARQ retransmissions caused by interference compared
to the baseline caswithout any outdoor transmission$n general, the impact of outdoor network
interference on the indoor network latency performance is small but can lead to some latency increase
in rare cases. We expect that lmpnfiguing Radio Access Network (RANith more robust link
adaptionparameter settings for the indoor networthe impact due toa coexisting outdoor network

can be reducedThis aspeds left for further studies

5.1.5.2 Effectof the TDD Patterns

Outdoor networksusing TDD spectrum bandee generallyrequired to use the same harmonized TDD
pattern to avoid interference to/from other outdoor networks, including public 5G netwothks
Germanythe fixed TDD pattern of DDDOId.u®din outdoor5Gnetworksin the 3.43.8 GHz spectrum
band, which is also used in the outdoor component of our trial netwodt. ifRdoor nonpublic
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networks different TDD patterns are possible, amel configured the same and different TDD patterns
as in tre outdoor network Using the same TDD pattern for the indoor fpublic network inflicts only
the nearfar interference whilerestricting the indoor network configuration tihe exact DL/UL split
of the outdoor network. Vith a different TDD patternsed inthe NPN not onlynearfar interference
but alsocrosslink interference is present (crigure30). The ratioand locationof the DL slots versus
the UL slots inthe TDD patters determine how much neafar or crosdink interference is present
from the outdoor public network using the TDD pattern DDDDWur studies we have investigated
two TDD patterns for the indoor ngoublic network: DDDDUDDDUU and DDDU.

Whenthe TDD pattern in the outdoor network is DDDDU #émelindoor TDD patternfor the non-
public network is DDDDUDDDUU, for UL transmission in the indoor nethewtetically up to 34%

of the slotshave crossink interference while up to 66%f the symbolshave neasfar interferenceas

can be seen ifrigure36 below. One specific characteristic of this indoor TDD pattern is that there is
never an UL slot of the outdoor nebrk during a DL slot of thiedoor network As a consequence,
crosslink interference from the outdoor UE to the indoor UE can be avoidedng indoor DL
transmissionsinstead, the NPN is only experiencing cross link interference at the base statiba for
UL transmissions, in addition to the normal néar interference, seéigure36.
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Figure36: Scenario where different TDD patterruised in the indoor and outdoor networks. Only UL
transmission is carried out in the indoor network in the presence of DL and UL interference from the outdoor
network.

Figure37 showshow the latency in the indoor NPN is impacted by an outdoor UE with high traffic
load. We assume the outdoor UE to be located directly at the window of the factory shopfloor (see
options (A) and (B) iRigure32, and the yellow point ifrigure33) and observe the performance of an
NPN UE on the inside of the window atiastdnce of around 1 m from the outdoor UE. It can be seen
that the median latency of the NPN UE is not affected in DL, but an increase of arotih8 ing of

the median UL latency can be seen. For g9¥ percentile and 99.9 percentilg the UL latency
increasedy 4.65.4 ms and 5.77.3ms respectivelylue to the close by interfering UE, depending on

if the interference is caused by the outdoor DL or UL transmisskorsthe DL performance of the

NPN UE, th@9" and 99.9" percentiles of the DL latencincreaseby 3.6 msand 5.9 msompared to
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the baselinesituation without outdoor network trafficrespectively Moreover, for the TDD pattern
DDDDUDDDUU, one can see that the -pablic indoor DL latency performance in case of UL
interference does not sufferThis can be explained by that the outdoor UE is not creating any
interference on the indoor DL transmission as explained above.

Increase indoor UL latency [ms] Increase indoor DL latency [ms]
Indoor TDD: DDDDUDDDUU Indoor TDD: DDDDUDDDUU
B B
& &
4 4
2 2
- | 1
B 8
median 99th percentile 99 9th percentile median 99th percentile 99 9th percentile
m DL interference  m UL interference m DL interference  m UL interference

Figure37: Increase in UL and DL latency of the indoor-pablic network vihen adding heavily interfering
transmissions in the outdoor public network at very close distance. The indoegputdit network is
configured to use the TDD pattern DDDDUDDDUU while the outdoor public network uses the TDD pattern
DDDDU.

Whenapplying theTDD patterrDDDUo the indoor NPN with the outdoor TDD pattern DDDDig

indoor NPNrransmissios arearbitrarily exposed to alfour constellationsof the nearfar and cross

link interference as depicted figure30. While the interference constellations asemilarfor the two
unsynchronized’DD patterns DDDU and DDDDUDDDUU, there is one significant difference. For the
DDDU pattern, the outdoor UL trangssion can interfere with the DL transmission of the indoor NPN.

In Figure30 we see thatfor indoor DL transmissions with DDD&0% of the DL slots hawnearfar
interference (during outdoor downlink transmissions) and the remainig@% have crosknk
interference (diring outdoor uplink transmissions)he result of this crosknk interference on the
indoor DL can be seen froRigure38. Even if the median value of the indoor DL transmission in the
NPN is barely affected, very large latency increases of more than 300 ms can occur in rare events due
to UL transmission in the outdooretwork. A clear difference can be seen to the DDDDUDDDUU
pattern inFigure37, where no DL latency impact of outdoor UL transmissions is noticed. As a result,
there isa clear benefit to select wisely an indoor TDD pattern that is aligned to the outdoor TDD
pattern so that outdoor UL interference to the indoor device downlink transmissions can be avoided.
In order to help mitigate such impact from UL interfereniteis also useful to findune the RAN
parameterg(for instance, link robustnessy use different already existing techniques to leverage the
indoor DL slots suffering from nefar interference (DL interference).
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Figure38: Increase in DL latency of the indoor npuablic networkUEwhen adding heavily interfering
transmissions in the outdoor public network at very close distance. The indoegputdit network is
configured to use the TDD pattern DDDU while the outdoor pulelizork uses the TDD pattern DDDDU.

5.1.5.3 Effect of the Test UEs Deployment Locations

Our experiments so far have been focused on device locations where a) the outdoor UE-E)anhy
away from the window of the factory shopfloor, and b) the interfered NPNsUiicated at the inside
wall of the factory right at the window. This setup creaims extreme case example of what
interference the communication in the outdoor network can create on a 5G davittee shopfloor.
However, these assumptions atess likdy to exist inpractical deployment scenariasLocations
outside the window of factories araypically not the hotspots for mobile broadband users
Furthermore, the area around a factoryall is typicallyonly accessiblefor personnel Also, the
production equipment— robots, AGVs, machines, production lireare typically not placed at the
outer wall at the window. In this section we consider how the location of either the outdoor UE or the
indoor NPN UE impact the interference between the networks. Tdhd, we have considered four
different scenarios of placement of the UEs:

1. Worstcase interference with both UEs at the wind@ess likely)

1 The interfering outdoor UE is located soiDB0 cm away from the factory shopfloor, just
outside the window. This corresponds to the yellow doFigure33 and can be seen in
options (A) and (B) iRigure32.

1 The interfered indoor NPN UE is located at the edge of the shopfloor at the outer wall,
someD50 cm away from window anB1 m away from the interfering outdoor UE. This
corresponds to the red dot iRigure33 and can be seen in option (B)Rigure32.

This scenario has been used in the measuremen®adtions5.1.5.1and5.1.5.2 It provides

an unlikely worst case scenario of what impact the interference may have.

2. Indoor NPN UE on the shopfloor with outdoor UE at the window, (ierst case location)
1 The interfering outdoor UE is located solm8&0 cm away from the factory shopfloor, just
outside the window. This corresponds to the yellow doFigure33 and can be seen in
options (A) and (B) iRigure32.
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1 The interfered indoor NPN UE is locatadaarobot cell on the shopfloor at some 10 m
distance to the window where the outdoor interfering UE is located. This corresponds to
the blue dot inFigure33 and can beseen in option (C) iRigure32.

3. Indoor NPN UE at the window (i.&orst case location) and the outdoor UE is at a parking
area.
1 The interfering outdoor UE is located at a parking area next to the factory building which
is some 15n away from the factory wall. This corresponds to the green d&igare33.
9 The interfered indoor NPN UE is located at the edge of the shopfloor at the outer wall,
someD50 cm away from window. This corresponds to the red d&tigure33and can be
seen in option (B) ikigure32.

4. Indoor NPN UE on the shopfloor and the outdoor UE is at a parking area.
1 The interfering outdoor UE is located at akiag area next to the factory building which
is some 15n away from the factory wall. This corresponds to the green dbigare33.
1 The interfered indoor NPN UE isdted at a robot cell located on the shopfloor at some
10 m distance to the window where the outdoor interfering UE is located. This
corresponds to the blue dot iRigure33and can be seen in option (C)Rigure32.
This scenario corresponds to the most realistic interference scenario in a practical situation.
The impact of thenterference from the outdoor network on the indoor NPN communication
is the lowest of all the four scenarios. We have not investigated this scenario explicitly, since
already in scenario 3 the impact of the interference becomes negligible, as shdvigure
39.

Figure39 shows the increase in UL latency in the indoor NPN caused mutheor interference on

the left. The strongest UL latency increase in Secttohs.1and5.1.5.2occurred with the indoor

TDD configurations DDDDU and DDDDUDDDUU, where the former had a slightly stronger impact on
the high percentile values. When the outdoor UE remains next to the factory window and the indoor
UE is moved soenmeters into the shopfloor area, the outdoor UE still creates interference to the
indoor NPN base station which increases the UL delay for the NPN UE. When the outdoor UE is moved
away from the factory window to the parking area, the impact of interfeezo the UL transmissions

on the shopfloor disappears.

The increase in DL latency for the indoor NPN transmissions due to the interference of the outdoor
network can be seen iRigure39 on the right. The largest latency increaseSctions5.1.5.1and
5.1.5.2occurred for an indoor DDDU TDD configuration. The main source of interference in tipis set

is the UL transmission of the outdoor UE interfering the DL transmission at the indoor NPN UE. It can
be seen that if either of the two UEs is moved away from the window (the indoor NPN UE to the robot
cell, or the outdoor UE to the parking area), tmepact on DL latency in the factory in principle
disappears. When we moved the indoor NPN UE some 10 m away from the window to a robot cell,
the interference power from the outdoor UE at the window decreased by approximatdBy 5
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Figure39: Increase ofJLand DUatency compared t@n interferencefree baseline scenario, for the three
different deployment options: (1. left bathie indoor nonpublic network UEand the outdoor UE are placed
next to the window (2. middle baythe indoor nonpublic network UE is placed in a robot @eild the outdoor
UE is at the window; (3. right bar) tiredoor nonpublicUE is located at the window and the outdoor UE is in a
parking area. The performance is evaluated for the indoor TDD coatfiigng which caused the largest latency
increase for worst case deployment (1.), which is DDDU for UL and DDDDU for DL

5.1.6 Conclusions

Our empirical results give quantitative insight into the performance impact @hamnel coexisting
networks. We evaluated the performance ah indoor nonpublic network using different TDD
patterns, different UE locations in the outdoocand nonpublic retworks, different co-channel
interference levels from the outdoor network in UL, DL and both directions. Our main conclusions are
the following.

There can be scenarios when the transmission in an outdoor network in close proximity to an indoor
NPN can @ate interference to the indoor network that increases the latency of the indoor NPN.
Latency increases are very small for the median transmidaiency butmay impact the 99 and

99.9" percentile of the latency distribution.

Such interference can iparticular appear in a practically uncommon situation: when an outdoor UE

is located directly next to the factory, like just outside an unshielded factory window. For the NPN UL
this creates increased transmission latencies for both the cases that therntdD pattern is
synchronized or unsynchronized to the outdoor network. As the outdoor UE moves away from the
factory wall, the UL interference becomes negligible. For the NPN DL, the latency increase appears
only when both the outdoor UE and the indooElare in close proximity, like the outside and the
inside of a window in the factory wall. In case of a UbBynchronized indoor NPN, the short distance

to the interfering outdoor UE can create very large increase for tiea@® 99.9' percentile of the

DL latency. However, this latency increase can be avoided, if the unsynchronized TDD pattern in the
indoor network has only UL transmission slots when the outdoor network has UL slots, for instance a
DDDDUDDDUU pattern indoors for an outdoor pattern oDDD. If either of the outdoor or indoor
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UEs move away from the window and the distance between them increases, the impact on UL latency
in the NPN disappeatrs.

5.2  Micro-exclusion zone analysis

5.2.1 Motivation

For the deployment of 5G networks in industry, in addition to ensuring full coverage, some constraints
could arise depending on the characteristics of the scenario @hdhe manufacturing work
undertaken.For example, if the production environment is siine to radiation, electromagnetic
compatibility (EMC) levels must be assessed to ensure that they do not interfere with the production
processThis is the case dfie Bosch semiconductor factory in Reutlingdm this factorythere is an

area dedicatedo the injection oftracksto the wafers being fabricated. This procedure requires
adequate electromagnetic isolation, since if an electromagnetic signal with sufficient power reaches
the area, it could dope the PN junctions and affect the final functipnaf the product.Therefore
oneoption isto create amicro-exclusion zone within the factorwhere power levels are maintained
below a set threshold

As it is well known, the radio channel affects any wireless transmission. In order to efflertian to
the aforementioned problem, the first action is to know the channel as precisely as possible in the
scenario in consideration.

5.2.2 Channel modeling

5.2.2.1 Deterministic Channel modeling

Deterministic models are based on a detailed description of the gmapon environment and
antenna configuration. The purpose of deterministic models is to recreate the geometry and
electromagnetic parameters of propagation environments such as streets, buildings, trees, offices,
desks, etc. It is for this reason that deministic models are geometrically and computationally
complex, however, they are the most accurate models. For examplraeing is a pure deterministic
model that considers the electromagnetic properties of materials, the geometry and positiorétig of
the elements of the scenario. It is an accurate model with detailed angular information and is suitable
for the exhaustive estimation of channel variables for btdahge scale L(§ and small scale (SS)
parameters.

5.2.2.2 Raytracing based channel modeling

UPVs raytracing tool has been developed by iTEAM group to provide a highly accurate channel
model. Its processing is based on both GPU and CPU units and optimizes threads to improve
computational cost and processing time. This tool is calibrated for the6sSBblz and up to 72 GHz
bands for both indoor and outdoor scenarios. One of the most important points of the tool is the
capability to reproduce an accurate model of the scenario, which allows to calculate propagation
phenomena more accurately and reliabBue to the fact that in industrial scenarios there are a large
number of obstacles, mostly metal and also moving objects such as AGVs or operators, calibration
campaigns have been carried out and are described below.

5.2.2.3 DiffuseScattering Calibration for e surfaces

For the measurement campaign, the scenario shown irFilgere43 has been implemented. TX and

RX were equipped with a horn antenna, model 22280 operatng on frequencies from 26 to 40 GHz,
with a nominal gain of 20 dBi. The beamwidth at 3 dB is 18 degrees for both the vertical and horizontal
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planes. They are connected to ports 1 and 2 of the VNA model E8363A. 18 positions have been
considered for the TXnal 18 positions for the RX, from 0 to 90 degrees for the TX and from 90 to 180
degrees for the RX. Adjacent positions are separated by 5 dedteesnechoic chamber is used and

this could be a source of errofo minimize that error, potential sources flected rays were far

from the material under test. The nearest surface was the floor, which was at 50 cm from the
antennas. In addition, the directivity of the antennas and the ugaitlimiter-wave (hnmw) minimizes

the probability of having reflectecays with significant power coming from materials different to the
material under test.

@ Tx positions Material

@ Rx positions

h=05m

Floor level

Figured0 Setup and calibration procedure

For the measuring process, the TX is set at the first measuring point (0 degrees) pointingeotére

of the material, at a height of 0.50 m. Then, a sweep is made with the RX in the positions of the
semicircle, from 90 to 18@egrees. This procedure is repeated until all the combinations between TX
RX are obtained
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Figure41 Calibration results for different diffuse scattering models. In (a) the TX is placed at 35° and in (b) TX is
placed at 65°
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Thescattering models defined in [SHDFF] have been implemented. After an exhaustive iteration,
the scattering coefficient (S) that best fits the results has been obtained. It can be noted from the
Figure41 that for metal, specular components are the most dominant. In fact, since this material is
very reflective, the value of the parameter S that best fits the measurements is between 0 and 0.1
with the directive Def. 5 mael. Based on the results obtained, it can be indicated that values of
relative received power from the measurement campaign are valid to be used in the industrial
scenarios.

5.2.2.4 Body blockage calibration

The blockage effect at mmW band has been a reason of concern due to the difficulty to transmit
effectively in NLoS conditions at these frequencies. One of the elements that blocks the mmW signals
is the human body. In fact, in opapace indoor environmest typically with high human density, it

can be the most important blocker. Indeed, it is important to model accurately each blocker but also
to consider appropriately the presence of multiple blockers.

Inthis sense, UPV's rdsacing tool considers thenodel proposed in [PRBODY]. This body blockage
model is based in the 3GPP body blockage model but, additionally, it is complemented with a set of
modifications to obtain more realistic results.dimodel is validated with real measurements.

5.2.3 Coverage optnization for micreexclusion zone

The proposed solution aims fixed maximum power levels in the exclusion zone, based on the design
and optimization of the precoder3o do this, we first need to have a set of test points appropriately
located in the eglusion zone. These points wikkrmit us to know the power reaching the zon&éhe
optimization problem to be solved isnaax minproblem wherethe spectral efficiency of the user with
lower spectral efficiency is maximized considering power constraigtsAP and ensurinthat the
power received in the exclusion zone is below a certain thresidédhematically, it is expressed as

follows:
o 17 B O T
B B » Q¢ &
i)
i Ad EIT™NO
B H
s pha  pMB R

where is the number of usetd is the number of ARSYO is the spectral efficiency for the us€)

" is the power coefficientQ is thehe channel between the usé® and all the APs and is
the covariance channel matrix associated to Ui€er. 0 is the number of channel estimator located in
the exclusion zon€Qis the channel between the usér and/ is thenormalizedmaximum power
allowed in the exclusion zone.
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In order to obtain more realistic results in solving the optimization problem described above, a
deterministic channel matrix has been used as infite elements of the channel matrix obtained
from a ray tracing based simulatohave the following form:

Ok 0Q1 t

where0 is the amplitude of the th ray,n is the total number of rays} is the time delay of the th
ray, and is the carrier frequency.

5.2.3.1 Evaluation setup

To evaluate this scenario, the Bossdmiconductorfactory in Reutlingen has been geometrically
reproduced to make channel measurements using atraging tool considering various aspects that
interfere with radio propagation as shown kigure42. The propagation environment consists of a
semiconductor production plant with several corridors formed by metallic machinery. This type of
environment is characterized by higlispersion, specular and diffuse components that enrich the
radio channel.

Figure42 Bosch semiconductor factory in Reutlingen

For this study, a section of the scenario has been selected and within this section it is required t
create an electromagnetic exclusion zofiée dimensions of the selected section are 1% 80 m.

The scenario height is 5ihe exclusion zone is delimited by a volume of 1 and the top of the volume
is at 1.5 m of height. For more details, $égure43.
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Figure43 Scenario dimensions

The deployment consists @R singleantenna APs mounted on the ceiling, uniformly distributed on
the scenario with a spacing of 2B and connected to a single processing unit, which allows the
coordination of the APAdditionally, there are 8 testing points, each one allocated in each vertex of
the exclusion zone volumdote that this deployment is fasimulationpurposes only andaks not
represent the actual factory deployment.

The selected values for the simulation parameters are desciib@dblel5.

Tablel5. Simulation parameters.

Parameter Value
Number of APsX) 72
Number of testing points) 8
Measurement pointsi() 112
Inter-site distance 25m
Scenario dimensions 30 mx15m
AP height 4 m
Exclusion zone dimensions Imx1mx1.5m
Frequency 30 GHz
Transmitted power per AR)() 200 mW
Power threshold in the exclusion zorig ( -120 dBm
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5.2.3.2 Results and analysis
In order to know the starting point, the received power level at each testing point have been obtained
considering all comibutions (signal coming from the 72 APs) in azimuth and elevation.

120

180

210 330

240 300
270

Figure45 shows the numbering of the pointsvhile Figure45 show the received power results for
testing point 6as an example of the results of the ray tracing process.

Figure44 Restriction points Exclusion Zone
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Figure45 Receivegower for testing point 6.

The results in terms dINRand power levelat the testing points arshown inFigure46 and Figure

47. In both figures, the curve in blue is obtained when all APs transmit with maxipower and
considering the channel conditions; the curve in red is obtained when considering the optimization
problem solution without taking into account the exclusion zone constraint; and finally, the curve in
yellow is obtained from the solution of the optimian problem when the exclusion zone constraint

is considered.

Figure45 shows the power levels for the 8 testing points. The graph smmivenly the effect of the
optimization but also othe power restriction in the exclusion zoneThe power level deeases
considerably, abous0 dB from the no optimized to the optimized solution and about 40 dB from the
optimized solution to the optimized solution considering the exclusion zone restridtioorder to

have a measure of the costs of maintaining cerf@ower levels in the exclusion zomiégure47 shows

the SINRvalues. As it can be seen tHeINR obtained in each point of the scenario varies fbmdB

to 7 dB whemo optimization is considered. This means that the quality of the service perceived by
the users will depend on their position within the scenario. However, when the optimization problem
is solved, the fairness among users can be guaranteed, i. e.eedlwil experiment similar levels of
SINR. Additionally, when the power constraint for the exclusion zone is considered, the SINR decreases
as part of the tradeoff between the SINR levels and power levels in the exclusion zone.

857008 5cGSMART 68



Document: D1.5 Evaluation of radio network deployment options
Version:1.0 Dissemination levePublic
Date: 202112-21 Status:Fnal

0 T T T T T T
-20 1
— Not opt.
a Opt. no constraint
— 40 Opt. constraint 1
)
>
Ko}
g
: o0 T
a
©
1]
=
g 80r :
o)
©
-100 8
120 . . . . . .
1 2 3 4 5 6 7 8
Testing points
Figure46 Exclusion zone interference level.
1 T T T T
Not opt.
09 Opt. no constraint 7
Opt. constraint
0.8 N
0.7 4
0.6 /_/ |
L
O o05r b
(@]
0.4 1
0.3 1
0.2 [ 1
0.1 il
O Il Il 1 1 1
-20 -15 -10 -5 0 5 10
SINR [dB]

Figure47 CDF oSINR.

In order to get a clearer understanding of the results before discussed, the heatmaps for the 3D
scenario have been obtained. The heatmaps represent the powetl ile the highlighted regioaf the
scenario Figure48 shows the heatmap when all APs transmit with maximum power videre49

and Figure 50 show the heatmaps when the power coefficients are adjusted satisfying the
optimization prdlem described in Section 6.3 without and with the exclusion zone constraint.
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Figure49 Max-min power control, no exclusion zone power constraint, heatmap of SINR
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Figure50 Max-min power control with exclusion zone power constraint, heatmap of SINR.
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6 Conclusion

Thisdeliverable presentgvaluatiors of radio network deployment optionsf 5G NRn a factory to
enable smart manufacturing use cas8everal apects of the 5@dio access network are considered
like the capabilities of 5G NR regarding latency reduction and mobility enhancemeamabgsis of
performance tradeoffs for different KPIs of the industrial network, and coexistence aspdédtealy
deployed 5Gon-public networkswith surrounding networks

In Section3.1 an overview obG NR featurefor latencyreductionis provided. Alspthe achievable
latencies for different 5G NR configurations are shoMainly, delay reduction is achieved using the
UL configured grant decreaseof UE/gNB processing timess well aglensea control signalinghat

is used togethemwith subslot scheduling. The analysis tife air-interface delays fothe 3GPP
standard baseline as well asthe technology potential with latency optimization features
demonstrates that sulmillisecond delay can be achieveden when data for specific transmission
direction arrives at the most inconvenient moment, j.@ith the worst-case alignment delaylhe
latency calculatiormodel employed for akinterface latencycalculationconsidersone userin the
network andtherefore does nottake intoaccountscheduling delays nor doesaitcountfor inter- and
intra-cell interference The impact of such effects wowdtsoneed to be considered at higher network
loads withmanyusers in the system.

Some of the industrial use cases may require UE mobility to be combined with URLLC communication
which demand€QoS requirements both in terms of latency and reliabilltge analysis presented in
Section3.2is performed to understand theommonly used mobility mechanisms in 5G netwakd
describe mobilitysolutions for URLLS&rvices. First, it islentified thataccording tc3GPP Releasks
specificationsNR handover causes interruptitime in the rangeof 40-60 milliseconds, for botfDD
and TDDmodes. Since for URLLC servieesh large delays are intolerable, several handover
enhancements for reducing the mrruption time were investigatedOne of the enhancements
specified in 3GPR Layer 3 based DAPS (Dual Active Protocol Stack) handover, whédedsona
makebefore-break handover mechanism, allowing to reach dowrzéooms handover interruption
time with the cost of higher complexity. Another mechanism which can prozé&te ms mobility
interruption time is Layer 1/Layer 2 mullRP based intreell mobility, wherethe necessity to have
several cells is eliminated by extensioncefl boundariedor a single cellwith the use ofmultiple
transmissioAreception points (TRPsA further mechanism is Layer 3 based CHO (Conditional
Handove}, whichis not aimed for reduction ohandoverinterruption times but improvesthe
robustness of the handoveiherebre, CHOis a useful mechanism in poor radio conditions when
communicationreliability requirements aredemanding.With the use of handover enhancements
discussed isection3.2chapter, 5G NR can support URLLC industrial seal@esluringnobility.

With help of gstem level simulationswe have quantified the impact of different network
configuration on latencyreliability,and throughput.Results are presented in Sectidri. It has been
observed that the TDD pattern has a direct impact on latency for bathrial UL and that to achieve
latencies below 1ms, it is necessary to usehifghtbands and SC&0kHz andymmetricpattern to
guarantee bidirectional low latencies. However, for the assumption that the latency target is not so
strict, the impact of thidatency relaxation up to 10ms has been evaluated on two parametiaes
number of users satisfying the requirements per service aredlaacktliability achieved as a result of
the relaxation. We have provided anevaluation of the tradeoff between spectrum options,
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numerology,TDDpattern and number of users on latency and reliability. On the other hand, we have
evaluated the impact of reducing the packet sizes winigéntaining a constant traffimadin terms d
systemthroughput and latency. It can be concluded that when the packet size decreases, there is a
direct cost in latency performanc&his behavior can be explained by frequency diversityand the
diversity that occurs in the channel encodevhich @an be better exploited byarger packets
Therefore, it is essential to take into account the network load, number efpgEserving cell and to
define the packet sizeplaying for instance with a higher transmission periodicity, to be able to meet
the desired latencies.

One essential questiofor a 5G deployment in a factoig the achievable capacity to serve industrial
use casein Sction4.2. Wehave investigated a number of different industrial use cdsa® those
discussed in chapt&rand determined thesystem capacitfor a 5G deploymeniThe number of users
that can be servetly thenetwork so that the serice requirements are fulfilled for all users Haeen
evaluated and spectral efficiency values have been derived. This capacity ahalysieen made for
three rekevant spectrum bands: an F&D2.1 GHz with 2x 20 MHz bandwidth, a TDD band at 3.8 GHz
with 100 MHz bandwidth, and a TDD band2&tGHz with 400 MHz bandwidth. For the TDD bands,
different TDD configurations have been evaluatdthe capacity has been camtted for three
different deploymentsin the factory: a singlgNB witha distributed antenna systenthree gNBs and

12 gNBs.The latter two deployments have been investigated witlvo different antenna
configurations with omnidirectional antennas and iitbeamformed transmission based on adaptive
antenna systemdn generalit is shown that all use cases can be supported with sufficient capacity
Adaptive antenna systems can improve the capasignificantly over omnidirectional antennay
providing beter link performance and reducintipe inter-cell interference in the networkiNetwork
densification brings further capacity gaitisis shown that the TDD pattern may restrict the capacity
if it does not match theymmetric traffic load of the industrialkse cased-or example tis shown that

the FDD banavith 2x 20 MHzan providea similar capacity as#0 MHzmid-band TDBystem that
uses the typically DDDSUDD pattern.

When a 5G network is locally deployéd a factory, there mayexist other 5G networksin the
neighboring areas using the same frequency. Tdasls to coexistence situations that may create
interference in between the neighboring network&/e haveperformed coexistencaneasurements
in the 5GSMART trial systemt 3.7-3.8 GHzat the 5GIndustry CampusEurope which are presented
in section5.1 We show under what conditions and to what levelutdoor 5G transmissiain
proximity to a factorycanimpact the5Gtransmissiorwithin the factoryand increase the transmission
latencies. We have investigated different locations of indoor and outdoor dewicdinvestigated
different TDD patterns for the indoor network, hgre the outdoor networkuses theharmonized
outdoor TDD patternDDDSU for that band in Geany. There can be scenarios when tbatdoor
transmissioncan create interference to the indoor network that increases the latency of the indoor
NPN.This is the casehen theoutdoor UE is located at the window to the factofhis can cause
latencyincreasedo the indoor UEdocatedon the other sidenearthe window.While such an increase
is relatively small for the median latency, #9and 99.9' percentile of the latency arenore highly
affectedin relative percentageWhen theindoor network is not TDIBynchronizedo the outdoor
network, strong interference can occur if an outdoor UE transmits in UL in close proxiraityinooor
UE received aa in downlink. This situation can be avoidedabgmart selection of the indoor TDD
pattern, as shown at the example of DDDDUI.When the outdoor UE i @ome distance to the
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factory, like a parkingirea outside the building, no latency increase duoeinterference can be
noticed.

The problem of electromagnetic isolation of a particular zoneadfctory networkis discussed in
Section5.2andan optimization solution is proposedrirst, the scenario and the exclusion zone were
modeled. Subsequently, a célee massive MIMO deployment was proposed for the industrial
scenario in focus. Then, the deterministic channel estimation was perfobyeding a ray-tracing
based simulator. As a final step, the SINR and the received power in the exclusion zone were calculated
for three cases: maximum power transmission by #rd@enna radio power coefficients of each
transmitter areoptimized to maximize th&INR of the scenario point with the lowest SINR {max
fairness optimization problem) and finally, similar to the previous one but adding a power constraint
for the exclusion zone in the optimization problethwasshownthat a good tradeoff is possike
between the achievedSINRand the power levels in the exclusion zone. In particular, for the
configuration evaluated iGection5.2.3 the power is reducetdy around100 dB while the SINR mean
goes from0.93 dB t0-2.84 dB. As it can be intuited, the more restricted power level in the exclusion
zone, the lower SINR level IWbe obtained.It is important to mention that this solutionis not
applicable to factory networks whermguaranteal latency or reliabilityare requiredby the industrial
service
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Appendix

This appendix contains a complete set of capacity results discussed in Se2tibablel6 shows the
maximum number of connected users in downlink and uplink independently. Note that for symmetric
traffic, the minimum value from DL/UL pair should be taken. Correspondingly, pretty much any DL/UL
traffic ratio can be considered, by just applying this proportion to the values presented iFathle

16. Spectral efficiency in bits/second/Hz/cell is showTablel7. Color coding of cells in both tables

is done from red, which corresponds to the lowest values, to green, which is used to represent the
highest values.

Tablel65G system capacity in number of served dgesthe different use cases, depending on the spectrum
band and RAN deployment optio

UC7 (controller-to- | 22.184 mobile robots UC4 (process 22.184 (controller-to-|22.184 (controller-to- | UC1 (robotics motion
controller) [Packet | (1) - machine control | monitoring) [Packet controller) (1) controller) (2) planning) [Packet

size: 588 Bytes, [Packet size: 25@ size: 1824 Bytes, [Packet size: 1000 [Packet size: 1000 size: 588 Bytes,

Latency: 18 ms, Bytes, Latency: 10 Latency: 1@ ms, Bytes, Latency: 18 Bytes, Latency: 58 Latency: 5ms,
Reliability 99%] |ms, Reliability 99.9%]| Reliability 99.9%] ms, Reliability ms, Reliability Reliability 99.99%]

99.99%1 99.99%1
User bitrate 0.4 Mbps 0.2 Mbps 1.6384 Mbps 0.8 Mbps 0.16 Mbps 0.8 Mbps
[U)'[" p;[t)?m Antenna type I::gangg Maximum number of served users (Maximum system capacity/user bitrate)

=| DAS 12 antennas 1 175 350 43 87 437 87
% Omni ] 350 600 79 150 750 150
I oLl FDD  |AAS (4x4) 5] 450 850 110 137 687 213
E [ Omni 12 725 1250 79 10@ 500 200
o f.f AAS (4x4) 12 1525 2950 330 288 1438 750
2 3 DAS 12 antennas 1 138 275 34 69 344 69
E" e Omni 3 275 500 18 19 94 100
o uL| FoD |AAS (4x4) 5] 515 700 92 175 875 175
8 Omni 12 550 1000 24 21 106 137
L AAS (4x4) 12 1300 2550 317 625 3125 638
DAS 12 antennas 1 425 850 le4 213 le63 213
Omni 3 875 15568 201 387 1937 375
pu7  [AAS (4x4) 5] 1100 2150 269 550 2750 538
Omni 12 1825 31ee 269 25@ 1250 525
AAS (4x4) 12 3775 7300 916 1862 9312 1838
DAS 12 antennas 1 475 900 116 237 1187 237
. Omni 3 958 1656 220 425 2125 400
H DL| Dula |AAS (4x4) 5] 1200 2350 293 608 3000 587
é Omni 12 2000 3400 391 587 2937 763
] AAS (4x4) 12 4100 7950 1001 2025 19125 2000
g DAS 12 antennas 1 750 1500 183 375 1875 515
d Omni 3 1550 2700 360 675 3375 650
E DDDSU | AAS (4x4) ] 1925 3750 470 950 4750 958
2 Omni 12 3200 5450 720 1263 6313 1225
= AAS (4x4) 12 6575 12750 1599 3225 16125 3200
E DAS 12 antennas 1 425 850 104 213 1063 213
= Omni 3 850 1500 195 338 1688 363
I Du7  [AAS (4x4) 2 1100 2150 269 538 2688 538
2 Omni 12 1750 3000 250 437 2187 700
" AAS (4x4) 12 3875 7550 934 1900 9500 1900
E DAS 12 antennas 1 425 850 104 213 1063 213
o Omni 3 850 1500 195 375 1875 363
2 UL| Dpuia |AAS (4x4) 2 1100 2150 269 538 2688 538
Omni 12 1750 3000 397 688 3438 700
AAS (4x4) 12 3850 7600 940 1900 9500 1900
DAS 12 antennas 1 150 300 37 75 406 81
Omni 2 325 600 18 25 125 38
DDDSU |AAS (4x4) 3 425 850 104 213 1063 163
Omni 12 700 1200 24 19 94 38
AAS (4x4) 12 1525 3800 372 737 3687 538
DAS 12 antennas 1 1825 3600 452 925 4625 912
Omni 3 3750 1700 867 1637 8187 1575
= DU14 |AAS (4x4) 5] 4750 5550 1160 2363 11813 2338
I Omni 12 7750 2900 1215 2300 11500 2213
S il AAS (4x4) 12 16125 16500 3967 8oae 46000 7875
— DAS 12 antennas 1 2925 5800 720 1475 7375 1463
b Omni 3 6000 2700 1392 2625 13125 2525
o DDDSU | AAS (4x4) Z 7500 8800 1831 3750 18750 3738
E Omni 12 12625 5300 2808 3687 18437 3550
o AAS (4x4) 12 20008 26508 4883 10000 508000 1008@
= DAS 12 antennas 1 1675 1750 409 837 4187 837
S Omni B 3325 1400 763 1437 7187 1388
3 DU14 |AAS (4x4) 5] 4325 3700 1044 2100 10500 2087
s Omni 12 6875 2650 1514 2350 1175@ 2762
g al AAS (4x4) 12 15000 13200 3632 7375 36875 7375
N DAS 12 antennas 1 650 700 159 325 1625 325
8 Omni B 1325 550 128 50 250 55@
= DDDSU | AAS (4x4) 2 1725 1500 415 638 3188 825
Omni 12 2750 la50 183 163 813 863
AAS (4x4) 12 6025 5150 1459 2950 14750 2950

857008 5cGSMART 77



Document: D1.5 Evaluation of radio network deployment options
Dissemination levePublic

Version:1.0

Date: 202112-21
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deployment option.

UC7 (controller-to-
controller) [Packet
size: 500 Bytes,
Latency: 16 ms,
Reliability 99%]

22.184 mobile robots
(1) - machine control
[Packet size: 250
Bytes, Latency: 18
ms, Reliability 99.9%]

UC4 (process
monitoring) [Packet
size: 1024 Bytes,
Latency: 18 ms,
Reliability 99.9%]

22.104 (controller-t
controller) (1)

[Packet size: 1008

Bytes, Latency: 18
ms, Reliability

22.104 1
controller) (2)

[Packet size: 1088

Bytes, Latency: 58
ms, Reliability

ucl ics motion
planning) [Packet
size: 50@ Bytes,
Latency: 5 ms,
Reliability 99.99%]

99.99%]
16384 Mbps 0.8 Mbps

Spectral efficiency [bits/s/Hz/cell]

99.99%]
.16 Mbps

0.4 Mbps 0.2 Mbps 0.8Mbps

BLU p;tlt)(:)m Antenna type
DAS 12 antennas
Omni

AAS (4x4)

Omni

AAS (4x4)
DAS12

Omni

AAS (4x4)

Omni

AAS (4x4)

DAS 12 antennas
Omni

DU7 |AAS (4x4)

Omni

AAS (4x4)

DAS 12 antennas
Omni

AAS (4x4)

Oomni

AAS (4x4)

DAS 12 antennas
Omni

AAS (4x4)

Omni

AAS (4x4)

DAS 12 antennas
Omni

AAS (4x4)

Omni

AAS (4x4)
DAS12
Omni
AAS (4x4)
Omni

AAS (4x4)
DAS 12
Oomni . i

AAS (4x4) [
Oomni . |

AAS (4x4) B | 179
DAS 12 antennas 1.85
Omni 109 | 210
AAS (4x4) 1.58

Omni | .
AAS (4x4) 13 ]263
DAS 12 antennas _
Omni 175 ] 175
250l | 250
i

AAS (4x4)
Omni
AAS (4x4) 1o7 I |
DAS 12 1.67 I |
20960 |
140l |
1

DL FDD

SCS 30 kHz;

uL FDD

DL| Duia

150 | 197 | 1ol | 1collE
250 257 (253 ] 253
@91l | 898 | esal | 1.82]
23 | 218l 25 ] 2.67
170l | 170 ] 170
1e0l | 107l | ool | 1.93]
143 ] 147 ] 1.43 ]

1 1

| | 8.93
1260 | 12300 | 127 ] 253
170l | 170l 170
1000 | 1070 | 100l | 193
1.43 ] 147
i 1

143 .
127 I | 128 |
| |

DDDsU

uL| Duia

TDD 3.7-3.8 GHz (180 MHz BW, SCS 30 Khz,
o
S

0.93
127 | 253

DDDsU 217

Duila

1.58 I |
J
133 |

DL

DDDsU

Omni
AAS (4x4)
Omni
AAS (4x4)
DAS 12
Omni
AAS (4x4)
Omni
AAS (4x4)

UL

TDD 26 GHz (408 MHz BW, SCS 120 kHz
g
g
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List of acronyms

3D ThreeDimensional

3GPP Third Generation Partnership Project
4G FourthGeneration Mobile Network
5G Fifth Generation Mobile Network
5GACIA The 5G Alliance for Connected Industries and Automation
5GSMART 5G for Smart Manufacturing

AGV Automated Guided Vehicle

AP Access Point

BS Base Station

CDF CumulativeDistribution Function

CG Configured Grant

CHO Conditional handover

CPU Central Processing Unit

CSA Communication Service Availability
CSR Communication Servideeliability

CSl Channel State Information

DAPS Dual Active Protocol Stack

DAS Distributed Antenna System

DL Downlink

DTX discontinuous transmission

E2E End to end

eMBB Enhanced Mobile Broadband

EMC electromagnetic compatibility

FDD Frequency Division Duplex

gNB gNodeB (5G NR base station)

GPU Graphic Process Unit

HARQ hybrid-automated repeat request

lloT Industrial Internet of Things

IM Interference Measurement

InFDH Indoor Factory with Dense clutter and High base station height
InNF-SH Indoor Factory with Sparse clutter and High base station height
InH IndoorHotspot

KPI Key Performance Indicator

LDCP low-density paritycheck

LTE 3GPP Long Term Evolution

MCS Modulation and Coding Scheme
MIMO Multiple-Input and MultipleOutput
M-MTC Massive Machindype Communication
mmWave Millimiter wave
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MNO
MNO
MOCN
MTC
NACK
NLoS
NPN
NPNs
NR
NRU
OFDM
PDSCH
PUCCH
QoS
RA
RACH
RAN
RF
RRC
RS
RSRP
RTT
SA
SCS
SINR
SIR
SLS
SNR
SPS
SR
SSB
TDD
TRP
TTI
UE
UL
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Mobile Network Operator
mobile network operator
Multi-Operator Core Network
MachineType Communication
negative acknowledgement
non line of sight

Non-Public Network
Nonpublic networks

3GPP New Radio

3GPP NewRadio for Unlicensed spectrum
Orthogonal Frequency Division Multiplexing

Physical Downlink Shared Channel
Physical Uplink Control Channel
Quality of Service

Random Access

Random Access CHannel

Radio Access Network

Radio Frequency

Radio Resource Control
Reference Signal

Reference Signal Received Power
RoundTrip Time

Service area

SubCarrier Spacing
Signalto-Interferenceplus-Noise Ratio
Signafto-Interference Ratio
System Level Simulation
Signalto-Noise Ratio
semipersistent scheduling
scheduling request
Synchronization Signal Block
Time Division Duplex
transmission/reception point
Transmission Time Interval

User Equipment

Uplink

'
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