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Executive Summary

6G is supposed to address the demands for consumption of mobile networking services in 2030

and beyond. These are characterized by a variety of diverse, often conflicting requirements, from

technical ones such as extremely high data rates, unprecedented sc ale of communicating devices,
high coverage, low communicating latency, flexibility of extension, etc., to non -technical ones such
as enabling sustainable growth of the society as a whole, e.g., through energy efficiency of deployed

networks. Ontheone ha nd, 6G is expectedto fulfil all these individual requirements, extending thus

the limits set by the previous generations of mobile networks (e.g., ten times lower latencies, or a
hundred times higher data rates than in 5G). On the other hand, 6G should also enable use cases
characterized by combinations of these requirements never seen before (e.g., both extremely high

data rates and extremely low communication latency).

In this white paper, we give an overview of the key enabling technologies that constitute the pillars

for the evolution towards 6G. They include: Terahertz frequencies (Section 1, 6G radio access
(Section 2), next-generation MIMO (Section  3), integrated sensing and communication (Section 4),
non -terrestrial networks (Section 5), multimodal sensing, computing, communication and control

for 6G remote operation (Section 6), distributed and federated artificial intelligence (Section 7,
intelligent user plane (Section 8), flexible programmable infrastructures (Section 9), and

sustainability (Section  10). For each enabling technology, we first give the background on how and

why the technology is relevant to 6G, backed up by a number of relevant use cases. After that, we

describe the technology in detail, outline the key problems and difficulties, and giv e a
comprehensive overview of the state of the art in that technology.

6G is, however, not limited to these ten technologies. They merely present our current
understanding of the technological environment in which 6G is being born. Future versions of this

white paper may include other relevant technologies too, as well as dis cuss how these technologies
can be glued together in a coherent system.
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1. THz Frequencies

yt N DZP AAK NWeA?AadeA R e?2c& reQdNar &Ne?daENr QeBB?AdO.
BNAAr R NAt AAQNDZ B? AndBND#HA r NEWdONr R I g dr Ni nNOQANDZ A
AKK D#HBNArdeAr R naeeWw dDHYAF ?2r NANA DZ G¥ RNA Nt NA e PNaEANADQNR  t! &
Ae At N uAANaEAAAdeAAKX YyNANOQeBB?AgOAaAdeA CAdeA uuyCUR At h
DNQADAN AADZ AgAK kN Ot AGAQAN&Ed "  NDZ k' Adft A usNBDA EHBNAKK
reBN AnnAdOAandeAr SdAK ENe?daEN R?AQAdeAAAdAdNr At An Ac
r?20t Ar AQO?®AAN rr NArgAfTR BAnndgAfT R AADZ KeQAKd' ArndeAs

Ni NBnAAacr ?2r N QAr N dA At Adr BENT AeD3 e RABARDREAt AR EEABr «
¢ yknRU At AN At N QAnAkdAdar ae rNArN AtN NAWJgaEe ABNAA
BeWNBNAA 7date?a AAr Ninkdoda RNNDXZAO:t R AADZ NAAKAN AA

tgft DAAA &AAN AADZ Aern KAANAQr OQeBB?AdQdefeAdA&ENRNAYNRD
yknr AcGAAr Bigurerlde Ar U

Figure 1 Tbps transmissions for factory automation.

ye RJQAK aAtdr FTARR Vo' OQeBB?AdOAAdeAr tAWN kNNA dDANAA(
ntrrdOQAK KA " N& dgA T gR t AWgA? At N neaNAAdAA ae NAAKk AN D:
BAnngdgAfT R AADZ Ke QA Aigs'UA md, eat N NJeeWaADX ¢ ADZLe >eBB? AgQOAwdeA >
npns YR uyC t Ar gDNAAJRGNDZnet go' R rnNOA&E?B kNAZNNA
QeBB?AJOAngBNef NAt Ne& Aadgat At N AAERADBZZ NNAA ¢ ©AN RDDZ R ND A e
eR nlin go' dr Aen AWAd ABKMNNSE AU M NN iRk At N u MMM ¢ n N De Et
At N Rdgaer A AdaENANrr rAAADAEDZ Read QAcacdNaE R@WNB WNMAWENr A

1.1 Use cases for THz communications

ne OAANfeacdNr R ?2r N QArNr Reac Vo' uQeRBIEXNDDA MEENA rQ el diIN
RU AADZ AnnAdQAAre ANAMmA NeeANN NADZ e Rs Au/N A% A dderA RB eAk dpAt Ng,
WNEgAF ?2r MNe@QAANQeRedDANcArde A 2R Qe BB? AdQAXNdBANR A2 QAL
nst WA At N ReAAen dAchsks Anat NN rkNe AN RN N DR rND e, k N D2
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1.1.1 Fixed Point -to-Point Applications

QeBB?AdQAAdeAr tA¥N AtN neaNAAdAK are NAAKAN NiAcNB

y o

ABe? An ©R «AD#e «&Nre?acQONr AWAJQAAKAN dA At Nr N kAADZs o
r?kYNQA Are r N¥NeEN naeenAf ArndeA Qe ADAmrdre AK/RDZGB\OAN QZAA E t All
NRRNOAR 7t 40Ot AdBda At N QeBB?AdOAAdeAN EAAF Ns Ve BdnAdi An
eR B?AAdNAN AAANAAAr AADZ k NABReaEBdAF ANQtAde?Nr At Aa

{4

>-
zZ
>
w
n

e
gt AN Ni ANADZAF rtANMT QR B&NA@(B;@/E(BELMH &Ne?da&ENr A
ENONGW NeEr aAe AAJQFA At Nde kNABr kNReaEeN At N AQaA?AA QeBB?
Ot AKANAF AT R NrnNOGQAAAr 47t NA AeDNr AN BeWdgAfs feac At (
KkNNA OeAr DA ®RNDZwepk WdAAr AnnAdOAndeArs uA nAcwWdORKAEB uM
DANRGANT Re?@& AnnAdQAndeA rONAAcderR &t d@grf{t ARRAM 4
AEAArBdrrdeArs Yyt N AceN Ot Awedi@aMad " AYPXs k' SR QIENDZA f AN Mae
ANNNAANAT dr s Aes AR BAt dAF DANWJON DZr QeWifNK' RAA®RZ kNAB] QA
r QNAAcd g AnNDBAING ON QeBB? AdQAndeAR QAer N nacei ¢Bda' QeBB?A
ONAARENAANDENANr r KAOst A? ATRIER ANt A? A KQAL

Intra -device communication [7] is targeting a wireless communication link within a device
like a computer, camera, or video projector, making the use of cables inside devices obsolete.

In this context, THz communications have the potential to make devices cheaper, lighter,
more compact and efficient. Also, the absence of wired connections improves their
reconfigurability and repair ability, since components can be easily replaced.

Close proximity point -to-point communication [8][9], like kiosk downloading, is targeting
wireless exchanges of large amount of data between two electronic devices such as
smartphones, tablets, or hard disks. This use case enables the realization of Wireless Personal
Area Networks (WPANS), where personal d evices, such as smartphones, PCs, and monitors,
can automatically interconnect without user intervention.

Complementary  wireless links in data centres  [10][11]12] enable a faster reconfiguration of
data centres, avoiding the deployment of large amount of fibre links and reducing the
installation costs.

Wireless backhaul and front haul links [13]14] in cellular networks enable the wireless
connection of backhaul or front haul links to base stations, where fibre links are not available
or too expensive.

1.1.2 Use cases where at least one end of the link is mobile

CrN QAr Nr S5t Na&N AA ANArA eAN NADZ eR A tDENWAGOWN DIP? GRaiNgst N
KAt Nr A Ak KtRktiNEABRe eBIQNAV DZNAB A cAQSSUIMPDANDR At ce?ft NR
k NABRe&aBgAFf rr Qt NBNrR nerrdgkAr ArrcrdraNDZ kr KeaNaE& R&Ne? N
QeBB?AdQAndeAr AAre dA na&NrNAQON eR ?2rNe BekdAdarsv fi? Ot
A"nMN ugdaENANrr -eQAA AxcddNR VNREeacNUABNRAR]QaEelW DHAF 2 N
ceeBr eaE tearnear dA NP EAYLODAENAEARYNnSs PHEYGEAR? AQrdeAAK
P2 NWelREA? AKX e A?F BNAANDZRcENAAGR AN fADDAxd NAW  ce ABNAA ¢
l AreR R?2A?2cEN AQWRAGOANGMEAJRe aNAANEGAAYRBNARA AAcEi N A? Bk N
ENe?daEM PTAA &7 F &€NP AANDZ DAAA A rkNAGE (VA INK gAVE A ARV adNfoNP dAPNPr ce
AR YW NEedAF ?2r Ner gA AuNyYBAY QAN eRBiFQEOMEA A EAAN AnnAdQA
Qe AnN¥N| fOWIN Qe BB? Ad OAMaed\&Nr QAnAkdAdAdNr NAAKkAJAFT At N
k NAGNNA QAcrR ec kNASNNA QAN MROZAQNN Qg BB EAd QBHR Quik N
rnAQNsr(IB?W\DZRN@A&NNWA/AIDZNDZNNOmt rnNNDZ DAAA KdAt OAAN AAre
uA QeBnAcdreNr AN eRMeNJNDA AKX uf AAU QeBB?AdQAAdeAR At N §
ArnBernt N&dQ AAANA? Ande AlmitediAa dkeArAM o, e MA BRMDE, AN r ¢

www.one6g.org




one6G white paper , 6G technology overview V4™ Edition, September 2024 (OHEBG)

1.1.3 Integrated Sensing and Communication  (ISAC) at THz frequencies

I'g dr NAWdrdeANDZAe Nin&Akeda AtN rnNQOdRJGOQO naeenAf AndeA Ot
eaNAAD" N ONAA? KA ANAReaEtr Aadat UAANF cANUNBZUFNAr  ANRARDNA
QAN dBnaEeW N At N r?2nneacean ae BAAT NAWdrdqeANDZ?2r N QOAr Nr R n
dAReaEBAAdeAs uA nAcEadOR RACERAY o ANBRZAQBAR dfARCKiA NCeW doONDZ e A
AANDZ NAcat cNBwAR Ut NA G QAN saURDZOE (N B g OA Au NRNIMNA rmrhgrr W Nr DA A
ueRUAADZ Bedr A? &N OQeeSalN/fence NeAANATR yro'  gfF AAAr QAA kN ?2r ND:
NANOAGEeAdOQ r BNAAGAT AADZmreX AR aa el BRAMNR &GGAT ecr DANBeAr
At N RNArdkdAdar ©R 2rdAf A yo' QeBB?AJdOAAdeA AdAL are d
fArNrs ytN rABN Annae&eAOQt OAA kN AnnAdNDZ ne BeAdaeac At KN
NAAQONr R r?20t Ar RA®HNgNr eaE AAke EcAa

yo' rdqf NANAKr OAAN AAre kN ?2rNDZ Rec BNDZ QAA (BAF Af AADZ B
BAANEgAA OQeBnerdgadeA R A ONa&raAdA ekYNOA kAr NDZ eA dna
ANOt AeKefr e RRN¥NAANT n AqmRAEPA d ey Ared\ N A 4 rurNARIAADA AT r
BNAr 2 aNBNAA R 7 A? Qeu NR Qo N KEBANIRN\RA N R A QAK  ©kre - DZ Be A
AADZ r A ®@NNA ruP@WNGAAAAQON

TfeacNeWNaER Vo' rrdf AAKr AceN raceAf A1 E&NRANOQANDZ kr BNaAAK
r NO? @a@aener Nr R Reac Ni ABnAN aAe DANANOA At N n&eNr NAON eR =&
untweNR Ur 2 0t Ar A Adanecar s

f JAAKAT R A';N D, eNOAde AAK AAA? &N eR yo' AdKeQAXKAL Mn dretANE
BAnndAf r NeR@OQMr NAAKAGAF ANR ArlrlAq,QAAq,e/\rmmmmmmm&e@mw
BAnndAf R BArrd¥N ANRGAANGAFR dBBNar dW teKef €Ant ¢dO ANANR
cekemd@es Ufece Ni ABRANR At N mcﬁbﬁB/NrRB@dgﬂliﬁQAfeRtmfﬂé\d&czABr B A
A AAN AKeQAAd' AndeA r NeE¥WdONrR dgA r?20t A SAr aAe OQKAer N,
t

Yt AANLr Ae t N ?Ade?N RNAA?&Nr ©R yo' rdf NAAArR dA RdAA |
"kde?dne?r «ADZe r NArdAf AADZ ?AnacNQNDANAANDZ QeBB?AdOQAA
neeBeaN A BeacN NRRJGOINAA ?2r AF N eRAZXNKNR ANOZ &VBEDRAANARNI
Amre r NnNAEAAN " rANBrRuR®MUr &ND2 QdAF OQer Ar

gt N un!> ?2¢r N QAr Nr DZr Q?2rr NDZAkeW N AcN ReQ?r NDZeA Ater |
fee A keeADN&E rNaA eR ?2r N QArNr AAre AnnAqdOQOAKAN aAe eAt N

Table 1 THz use cases

Use case group Use cases Reference

Intra -device communication [7]

Close proximity point  -to -point

Fixed Point -to -Point communication [8109]
Applications
Wireless links in data centres [10][11]12]
ereless backhaul and fronthaul [13[14]
links
Ultra -high data rate local area
[18]
networks
Use cases where at least one Virtual and augmented reality [18]
end of the link is mobile
In-flight / in -train entertainment [19]20]
Backhauling for moving vehicles [20]

www.one6g.org
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Use case group Use cases Reference

Integrated sensing and
communications

1.2 Characterization of THz

Vehicle -to -X communications
Space communication

Factory automation

Sensing and imaging services

Radio astronomy and earth remote
sensing

Vehicle radars

Chemical analysis
Moisture content analysis
Wireless gas sensing
Electronic smelling

Pollution and greenhouse gases
monitoring

e-health applications
Non -invasive tissue analysis
Medical imaging

Measurement of glucose
concentration

Surveillance and security applications
Crowd monitoring
Street surveillance

Detect the presence of hidden
objects and weapons

Explosive detection

Accurate localization and mapping services

Massive twinning
Immersive telepresence
Interactive and cooperative robotics

High -resolution 3D mapping

[21]22]
[23][24]
[36]

[26]
[27][28]
[29]
[37]
[18]
[18]

[31]

[26] [32]
[38]

[33]

[34]
[34]
[18]126]

[30]

[25]
[25]
[25]
[35]

wireless channels

The characterization of wireless channels is of paramount importance for the design of every
wireless system. This is particularly true for THz bands, since the harsh propagation conditions
experienced at these frequencies may have a strong impact on the system performance if not
properly considered. In the following, we provide an overview of mea
approaches for the characterization of THz wireless channels.

www.one6g.org
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1.2.1 THz channel measurements techniques

yt N BNAr?&NBNAA ©R 5daEeNANrr Ot AAANAr Aan Vo' Ra&Ne?NAOQ(
BAt Nr At N DNrdf A R BNAr?@&NBNAA rrrANBr Bea&cN QeBnANi (
fee Ni ABnANR 7P dWNA At N AAcEf NA kAADZ DAttt MaEMACdr A INMWANN
nNeReaeB BNAr?a&aNBNAAr eWNa& AAcf N R&ENe? NAQr kAADZR nerr
Ot AecAQOANEqd' AndeA R At N Eenn&ANaEc NRRNOA Aan At NrN Ra&Ne? N
us it RAER At &eNN BAJdA ANOt Ade?Nr tAWN KNNA ?2r NDZ RecE At R
D2BAJA rnNOAcEer Qen' R WNOAea&E ANAmeact AAAATursgrUR AADZ k ce Al

ygBmzBAdA rnNQAacer Qen’ dr A qen?AAoe BNAteDZ at An tAr kN
e R BA/\NCEq,AA rlczench/\q,Nr gAN yo k ANDZ s ytq,r /\NQt/\q,e’.JN B
DZJCEA/\q,e/\ At Arn AcN /\GEA/\rBCL/\ANDZ /\enAcEDZL/\mANrrAAdHnN&\NleU\I% At N
ANAK  t Nt ABnAda? DN AADZ nt Ar N DZRRN&ENAQN a&Nr ? AndAF ARAN
r ABNnANR =45t dOt QA/\ kN NinAedAaNDZ ne DNEdWN At N Ot AAANA
AAWNraAdf AAN AtN NRBQOZ AeRr AvnBegmpt Na& df AAKr R AADZ ae Ot
neenNae&ArdNr eR DIHRRN&ENAA BAANEdAArs

GNOAeax ANAReact AAAAKT rdr dr AAenat NE nen? KA Annaee AQt R ~t
Ra&Ne ? DANQINADNAA  AADE ARBNENI QAAANEgAF nAcABNANaEr ¢A e cDZR
dBn?Ar N &NrneArNs ytdr ANOt Ade? N arr AMAN AKNVEN  OrteA AB\NAKr ?
ENAAAGWNAT rtecean DHrAAAONrR P dWNA AtAa At N BNAr?2@NBNAA
f JAAAKAT R ke ADXKAADZ Qt AANANA re? ADFHZAFT AxQt gANOA? &Nr t AWN
QeBner NDZ eR A AcGAArBdAANGR At dOtveA/D®N\B BikdAA A nrNNesy % NDA| O
aNONGW NER 7t d0Ot &ENONJdW Nr ArtAN OreNesrNM/MAQ@ N, e AN DZe n Wd ReErdBAB A At |
&NrneArNs JqnrtRiat dr BBAt gBAN ne nNeReaB dAr AAAANAANe?r B
k ANDZ dDAt R AADZ ne BNAr?2&N AtN naeenAf AndeA NRRNOaAr N N/
AgBNs

Yyt N ReAAendAf AAKAN OQeAnAdAr A Kdra R yo' Ot AAANA BNA,

Table 2: THz channel measurements

[41] 260-400 GHz Intra -device communication
[42] gon;nd e VNA Intra -device communication
[43] 220 V340 GHz  VNA Close proximity point  -to -
: point communication

[44] 300 GHz VNA Wireless links in data centres
[45] 300 GHz Scr)ﬂi?j?nznd channel Wireless links in data centres
[46] 300 GHz Broadpand channel In-fllgh_t/ in -train

sounding entertainment
[56] 300 GHz Broadpand channel Vehicle -_to-_X

sounding communications
[57] 142 GHz Broadpand ClEHiE] Factory automation

sounding

www.one6g.org
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1.2.2 Modelling approaches for THz channels
yo' Ot ANANAK BeDNAr OQAA kN D% JDNDZ gAne At &eNN BAJgA OQAANT

ENANEBJdADrAdQ BeDNAr BAtN ?2rN eR A eE &Nn&Nr NAAAAdeA e
cAr AcEAQ4gAT eaE AT KA?AOQt AT ANOt Ade? Nr Ae BeDNA B?AAdn
AQO? cAAN BeDNAAJAFT eR & da&NANWDAN ot MANAMKDZRN k@R /NN ? g edlin
NAW e ABNAA AADZ W gNOZRN,Q redxr RN Anrs ENANEBJAdradgQ Vo' (
DAY NAenNDZ Rec WAxEde?r r OQONAAcder R gQAQAUDENF JADReac AADZ

AN At N eatNE& t AADR raAaeQt ArndQ BeDNAr AN ekaAdANDZ k-

DNaedW gAFf A BAAt NBAAGOAAK &Nna&aNr NAAAAdeA 7t dOt NAr NBk ANr
rAneQt ArndgQ BeDNAr Dz Aean a&Ne?da&N A DAeaM MANDE ae/NeBINANWDZ A
At NeNRe &N &Nn&eNr NAA A WAXK?AKAN AeeA Reac r"rANB DNr df As
DfHRRN&ENAA ?2r N OQAr Nr tAWN AAENADZ ukdlEer n g cB Rz AK BFAPDHZa &
rAneQt ArndgQ BeDNA DNaEdW NDZ Ree B BNAY QualnBWY VA ce 2 ONADZA B e ON A &
dADZec NAWdace 4B OMAAKR AANDAWM WiAR s AEAde® OA? &aN r ONAAcde s

f AAKA" R tr kaedgDZ BeDNAr AcN QeAr ¢DN&NDZ Ar A B(JDDZAN t ce?
rAeQt ArandQ OeBneANAArs !' A Ni ABnAN uesiR UGtt drce NA iAn ik eeR @id, D e AD
rAAANdr AdQQAXK BeDNA Reac yo' OQeBB?AJOAAdeAr dr nacener ND3

yt N ReAKendA? AAKAN naeew dDNr AA eW%¥ NaEeWdNZ: R yo' Ot AANAN,

Table 3: THz channel models

Reference Scenario Notes

[48] Data centre Cluster -based model derived from

measurements
Laboratory, Conference Cluster -based model derived from
[49]
room, Office measurements
[46] T2l inside station Quadriga -based channel model with custom
parameters derived from measurements
. . Ray-based channel model derived from
[9] Kiosk downloading measurements
[51] Indoor office Ray-based channel model
[50] -(I:—cl)_irrzwl:tcjjr?ig;tions in a Geometric -statistical channel model for system -

level simulation
rectangular room

Abstract scattering model in the

[52] Small indoor scenario A0A/A0D/ToA domain for THz propagation
simulations
[58] Indoor Extension of 3GPP 38901 for 100 -300 GHz derived

from ray -tracing simulations

Wideband multiple scattering channel model for

[59] Nanonetworks THz frequencies

Spatial statistical channel model for an indoor

[60] Inefeer efifee office building up to 150 GHz

Different scenarios whose
[61] transmission distances
range from tens of meters

Three -dimensional space -time -frequency non -
stationary geometry -based stochastic model
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Reference Scenario Notes

to a few centimetres

Novel channel model for intrabody

[62] Rl HanesEl communication in iIWNSNSs in the THz band

Three -dimensional space -time -frequency non -
[63] Scenarios with mobility stationary massive multiple  -input multiple -
output channel model

Spatial statistical MIMO channel model for urban

[64] Urban micro microcells at 142 GHz

1.2.3 Mode lling challenges and new approaches

l Ante?2ft BAAT Ot AANANA BeDNAr AAcf NAgQAP VYo' Ra&Ne? NAQT
aNr NAcQt eA atdr AendO dr radAK JdA dar JARAAQrs uA
Ot AcAQOANEqd' AndeA R Yo' naeenAf ArndeA dA B AW N OMARRAENE NNNE |
t Ar Ae kN OAcEedNDZ e?As

Yyt N Rdaeran Ot AKANAF N dr &ENAAANDZAe At N DANWNAenBNAA eR AD
Arn tdft OAcaedNaE R&ENe? NAQdNr AADZ eWN& AAcEtf N kAADZ JDAt rs
yo' Ot ANANAr &Ne?daENr RAraA BNArRENEBBeN rr NN MDEER], NNONOR A/
ReENe? NAQdNr &Ne?da&Nr tdft DZAABJQ EAAF N AADZ r NAr dAdWdAa!
TecNeW NawRNMNWEAAde A S daENANrr 7 rANBr AacN ®BATNQ@WNDZ Taue AB
AANANNAANAr AADZ ecNRANOAQWN dAANAKAKD? NAA r 2?2 RAQONrs yt N dAAG
neenAf Andge AN nANABBWAAe kKN AAL NA dAAe QeAr DNEAAdGeAR r
ANARE,NADZ NRRNQAr s

f QAAAKA" R At N ui! > nAcADHFB &ENe?dENr ANR Ot AAANA BeDNKKJ
r NAr gAF enNaEcAadeAr ANNDZAe kN YedAAA™ QeAr dDN&END3

1.2.4 Machine learning tools for channel modelling

TAO0t AN ANAEAGAF uf-U ANOt Ade?Nr Qe?ADZ Arrdran dA BeccN
yt €NN DI ENOAdeAr AcN t dft AdftaANDZ kA Ore@NyeAdigien r d, OZKR N
AANDZ Ot AANANK na&ENDZOAde/AsrU Ar dADZ QAANDZ dA

1.2.4.1 Scenario ldentification

l'r tdftNe enNEeAadgA? RaENe? NAQdNr ®©R SdgaEaNANrr OQeBB?AdO
ADZ 4 D2t AADZ { NAQN tdft DAAA cAANr Rec QeBB?AdQAAdeA
Orneads ye QeBkAa nAat Kerr R DZ &NOQA deneAFAN A\QeNBaB YA A AndfeN
AAEi N A?BkNaE R AAANAAArs feacNeWNaER At N NANOAceBAF Al
2r ONnAdk AN Ae D& rnNaer deA dA AdBN AADZ RVcBNm 2NV O QtDﬁa/\B/\Al\ij/\'r
EennANe rna&NADZs §t N AH\PKENIENQ?\AQA(N@ZQQ\trAR/\AHtQQt P NANGEA
ABe? An eR BNAr?GNBNd\M?rD@\MWW Ae RArA aAdBN ACEq,A/\q,e/\\
dArndaEaNDzZ AAf ecdat Br Ae DANANOA At N QeBB?AJdOAAdeA r ONAAE

i ONAA&Ede q,DZ\l/\/\q,Rq,QA/\q,e/\ dA AtN QeAANi A R -efis$,-eid Oft.
ABQAAQ, AndeA AArst AM\der/\ecL/QtrANW\N\Icﬁ(AﬂBSEDI\V\ NAEA 4 O? KAER -ei
Ae At N ENAAJ' AndeA eR yo QEBB’)/\q,QA/\q,e/\R AANDZ + Nea d AP At
RNAr dkdAdar ©R OeBB?AdOQOAAdeA eWNa& Yo' Ra&Ne?NAQENrs f e
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rrrANB DANrdf ANE BdifwenceaPeB&R A\QQAAdeAr At ce?ft éufiir e
ndAat DHRRNENAA BNDZHAAJAF naEeane Qe Ar s

1.2.4.2 Channel Prediction

TAQt AN ANA&A¢AF R NrnNQdAAKA" DANn ANAEAJAT
AGANAcEdAdNr eR AKKA £ dADZs uA AtN QeAANi A e
BeDNAK AADZ At N LAenAsoeAANQANDzQAMmM@ANQEquﬁrptM@ Rk @
Kk NNA nANAAT ©R Seact ®©A ?2rdAF T- BeDNAR rnNOJdRJOAKA"

KkNARNNA Qe AANOANDZ BNAr?2&aNBNAAr AADZ At N AAcE?f NA Ot AAAN l

gd¥NA A ONernAdA AceNA eR QeBB?AdQAAdeA r NARRNR Qui NeAKNA
QeBB?AdQArnde A a&Nre?cOQNr re Ar ae ADHZ?rAn At N DANrdfA e
oernNWNE&R ae P NA A naEeNOdr N DANr QegnadeA R At N Ot AAANA Ot
At N QOQeBBeA AnnaceAQt eR G;AmeBErﬁD/qﬁ(\ﬁqmmAAda@Ur/trdj ye At dr

At N &ENONAA ADZAAQNBNAA dA OeBn?aANc %drdeAR &Nr NAcOt N&
QeBn?ANE WdrdeA /\NQAW\&ANNAAMEB/D@[CEN@R cADZ e &ENre? ®&OQONr

DAr QednadeA R At N r ONANr Ar dANn?As

UAN'RUr AANAAGAN ntensnerAecRemee QN el BZAN A eWiAn Ad,QdaA A7 &ENn &N
k?dADHAF r AADZ ent N& ek YNOArR At NA RNDZ Ar dAn?a ae 7 NAN
Ke QOArnde AN k- At N OQeAWeA?rdeANAAX AN?cAK ANAGRe &t u>, . Us
dARe cBAxde AKre NAQeDANDZ gA At N r A cEd OAREENA RBZ At NdBJdAAE -Al
k?A adat A QeBnANAN «cADZfle BAn Ar e?2an?aA AANDZA {!BRNA ANNDZ A
ut Rder A At QAANFfecEd' N At N nAat AKerr nAEABNAN&r AADZ At NA
ENn&ENr NAANDZ kr r AuNRAJEA N dBATANMMA QINDZVENr € ANNIGEAA NeADAe B
B? ArndnAN BNAEdOr R kAN rNeDE? et e At NBARNr 7 NANGENAGNDX? KA ERAT
rdB? KArndeAs

UA Vo' OQeBB?AdQOAAdeAR At Na&N At N Ot AAANK Nltq,kq,/\r tdft

®«ADZe BAn FNANcArndeA ANOQOtAde?Nr BNAAdeANDZ AkeWN AaN Nin
BeaeN ©?2d0t A" At AA dANEAAJAT e A dMWEA BNeartreddZ AsN @Ak Art NAEB e g
ADZAAOQONBNAAT dA QeBn?aANcE %dr ek Va RN B t e @AW\ NAPACHRARREA A r e
r nAGNLY NA At N nedAa QAKe?DZ eR A rONAN Ar dgAn?as feac tdrf
rt N&eN At N cAA?P NOAR] Qe B@INADZ kN cNAAAJWNAT rteacean AADZ t N
ANOt Ade? Nr dA °eE WdrdeA Bdgfta RAOGAGAAAN At N 7P NANcEAArde.

R 1 N
A < <

1.2.4.3 Clustering of multipath components

TAAT Ot AANANAKA BeDNAr Arr?BN At Aan SdgaENANrr nacenAf AndeA
B? AndnAart QeBneANAArR NAQt a&Nna&Nr NAAdAF A nAAAN :AWN
B?AndnAart OQeBneANAA dr Ot AcAQAN@Ed' NDZ k' A dimA @@Baﬁmqw
DAnAcr? &Ns V" ndQAAKA" R B?AndnArt QeBneANAAr At Aa Nitdkd
QA?r ANES UuA A dr Qe AANi AR DZHRRN&ENAA BAOt AN ANA&EAJAT
QA?r ANaEr dA AA A?/\HJBRAUC},AQ/\B/@AEANCQSCENWA\J/\ANDZ At N ©aendaNaEy NA
nen? AMBANABGr AAF rtEMIE?ArAr Reace AtN nedaNae& eR B2AAdnAAt
QA? r ANaEr ONAAGEedDZs ytN r ABINARBEF BeEdan BNR ADANAN §RE QAN de A
QK?r ANaEr An BBJIAWN AADZ Vo 'u!REENANOWRGME r Gt ANJA NN BAVAY ? &N B
R&ENe? NAQdNr AADZ AnnAdNDZ at MYE gDNAA GRAT encdNA tBR AAngdnAat OQF
ut NUnAkedaNDZ yo' Ot AANANAK BNAr?&aNBNAAr AADZ cAr AcGAOQOQAT
eR B?AAdnAAat OQeBneANAArs fdgaeraR AtN B?AadnAat OQeBneAN,
QA?r AN&ENDZ ?r dgAf AtN E=id>!, AKfecdnatBs ANRNANRDZ G YA id DA NE
ekr NeWwNDZ A A «&Ar AcAQdA? r dB? AKArneac kAr NDZeA At N B?AAq
Ud¥RUA? At eadr naeener NDZ A OA?r ANaE&dA? AKfieacdatB At Aan ¢DANAA(J
DANAr dgar BNArR GNSAWWNA OA?r ANEdAT A NQEeaeAAt  dkrA r nNaDXr eNRNN NPDZ
A?Aateacr naeener NDZ A ANZ OQA?r ANaEgA? AAfecdat B kAYyRDEAR A A
enndBd ArndeA ANOQt Ade? N ecdf AAAKAT DANWNAenNDZ Rec d¢BAFN
UYRUOQOA? r ANEdAF dr A @NAANDZ AnqadBdr pAge dhi m&EeIQANB At N ntr
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neenNae&r™ At Aa At N neaNe eR B?AAdnAat QeBneANAAr DNO&N
DNAA' s

1.2.5 Characterization of dielectric properties  of materials

gdWNA AtN rtecean naeenAf AndgeAN EAAFTNR At N BAYeadar™ eR ?2r
QeBB?ANJOAAdeAr AacN dgADZeacs uA At NrN NAWJEe ABNAArR 7 d&N
QA2 r gAF a&E&NRANOAJeAR DZHRREAOQOA de AR ANDZAWEf/OraB derRr dpet AN rNt NyA
dARA? NAQONDZ kr At N DHNANOAEdQO naeenNa&adNr R At N ekYNOAT
rt AnNR BAANEqdgAAR @¢e?ft ANrr R NAQs feacd At N DNAN&EBJAJdrAgO
eR cAr AcAONA&E{UGOt AcARA DENANOAE]dQ naeenNaEeadNr R At N g
AOt NWN AOQOQ? cAAN @&Nr®@MQu BB N\DRA A ¢W A ¢ sasrerWoDANr 7 ? ¢, DN A G AN
NAcEABNANEr Rec BeDNAAGAF At N DHNANOAEdQ kNt AWde?ac& eR Ot
At N nAcABNANer AWAQAAKAN dA At N DZO?BNAA AacN WAKJDZ ?n
Ni ANADHA? At N BeDNAADGNAs yo' R&ENe?N

Yyt N BNAteD2AKef dqNr At An AN QeBBeAAr ADZnaN

N & BNAr? «(
QAN kN DZWJDANDZ gArAe At &aNN BAJQA faEe?nri udU A N7

P2 dDANr R

1.2.5.1 Waveguides

ytN rABnAN ?2ADN&E ANraA dr JdAr NeaNDZ A A r NOaAdeA eR
AEAArBdrrdgeA AADZ (INQANQ/\CLE/\ QeNRRJO4GNAAT eR At N MY
neEeW ¢DANr t d fsoe ANDION e Qg A e?2da&Nr rBAKK AeANcEAAQONr Re
dar dAr NeEadeA dAae At N F?doDZQs feed Rae&Ne? NAQ4Nr kN
KkNOA?2r N AtN rd"N R At Nf ?2 DN kNQeBNr NEMGENSBNA"

1.2.5.2 Resonators

ytdr BNateDZ NinKkedar At N

&NreAAAN kNt A¥Wde?c Aa rnN Ne ? NAOGNrs gt NA dAAc
&aNreAAAA BeDANr AacN nN&Ea? ck mAxd OR tndeetn NREW g NV DZe Re A
| RANE BNAr?2&®dA?f At N rlN(]E/\?CEkAA(L A QOA?r NDZ kr AtN rABNnAN
nNeBNAkdAdAa" AADZ nNaeBdandWdnar k' AnnAr dAF At N QAW dAr
At An AEN QeBBe AK' n?mcNBZ Re o MDA  ra\A demMiedN ey Re rf NVK acgN r e A/
Ut RUAADZ eNreAApeacr kAr NDZ eA uu(tanE\l\txdn/\d[ANgMW@I\W(Ij{DZiW\HDZ\NQQ
At Nr N BNAteDZ AcN AT ndOQAAA" AAccens k AADZ AADZ ANen AnnAdOQAI

ArndeA At Neacr eR a&Nre,
&N

1.2.5.3 Free -space methods

Yyt N rABnAN ?2ADN&E ANraA dgr AKAQONDZ Kk NARNNA AcAArBda AADZ
Ff NANEAANr A S d&EeNANrr rgfF nt 40t dr &ENRANOANDZeax &ENR &/
ENONGWN AAANAAAs =7 QeBnAaedgA? At N AdhAANArEBMENR MAG dnat
DNANEBdAN At N AcAArBdrrdeAN AADZeac ENRANOAdeA OQeNRRJO(d!I
r ABnAN OAA kN DNa&dWNDZ k' vélervgXd g AA A e &yl d@eddrr eB\NAt e DZ D2
eaNe?daEN AA" OeAAAOA "dgat At N rABRnANR At?2r &ENna&aNmNAAJA
DANrAE?OAdWN ANrars EQRRN&ENAA ANOt Ad e iNAOQNM ceBIN AW Ao BN ANr F
Beran nen?&Ac kNJQATPT WNDPneSADNn GRS DIABAZEA rr N NOA Eer Qen’ s §
A?BNEe?r A" ndOAK k?2dADIHAF BAANaEdAAr tAWN kKNNA BNAr ? &NDZ
Rec yo' OQeBBWNGFQAAdeATr

1.3 THz device technology

gt AN RaErAAKMADZ Wwitin go'WR /¢ngo' U AEN AAENADZ A
ANQt AeKef' Reac AdAtr AkgWNeemrem r qo° Adi NKs dgKe A

AW
AB

www.one6g.org




one6G white paper , 6G technology overview V4™ Edition, September 2024 (OHEBG)

€NreAWNDZ ydU tAcrt neenAf AndeA QeADZAadeAr R AADZ yddy N«
At AN BdOEern AW N ﬁmNe?NAQQNr UNsfsR D2ZN are cAdAR { ?2BdDZA"
ANOt ANe Ke i r /\.QEA\E/\(EAq,Qer At N KdAs k?DZ NAs thN/\M/\eI\T! mecANNCGE
ABnAdgRgNEr OAA kN nAceandAAAKT QeBnNAr AANDZ kr A tdgft AAAT
fF AdGA uAkwW® N DEMU At NENreAREN fnAae kN BOAr N eR S dADR AAacPi N Rt
At N &Ne ¥q eNRD¥ktat, OArde AN AQQO? cAQr s

AN At N eAtyNoE ttAQFDIR AAANA? AndeA dr AAre ADHZAAAAFT Ne?r kNO
DY dr de AR Ra&Ne? NAQ" &N?r N AADZ Aern dAAyNRNG NYVeQ®Ne iNisn A A DI .

uA ENONAA " NAerR A?BNaEe?r Vo' =~sdaEaNANrr RaceAA NADZ A N&N
ANOt AeKef dNr AADZIniNERIKkaEB\VANWON, AKX ADZAAONBNANKBNRKBESEENN e EA
et gnr NA kAr NDZ eA DIHRRN&ENAA naEeQONrr Nr r?20t Ar >TAAR u
neaNE NANOr ceAgOQe @ik sB? AntAAr Bdrr deAs yrin N r DZRKeHre cAABRNAON
neEeaea’ nNr satole SHA MEE enR Nr Ng " ABIBNRNDZ &R BNANaEr RREGAt A
WNaer tgft ?PAQA AAANAAAGrR D2ZN Ae AAOQO: eRenxt NAaNe Rd agMbDZ tAa
AN NEAJ?BA e DN dugAtWB Ber A rBgDeADRi@rOBr r Reac tdft ne
nNENr NAAAT JAKk&EYBJNNDZ ge' s

Yyt N rtecn "AWNANAFfAt uNsfis e BB Aa nnnp go'R n BB Aan o
DILRRGO? An D2N aAe At N rB /X&/«X\ BB NWGEN®SVP rdy e A aNd, A QEeNAr N
ReNe? NAQT R RAka®dQAAndeA NOt Ae Kkef ¢Nr ANNDZ Ae kN dBncce!
BAA? RAOA? &g AFf Oer A eR yo‘ Ne?dnBNAA dr A Q&dnardQAA RAQA

'A AtN rABN AdBNR AtN rteacn RAWNANAFT At nN&Bdar AKern
dAANF cArnde AN AADZ AKen ReeanadAAR NAAKAJA?T AA NAr dNa& dAr A

2k AN NAWJdaEe ABNAAR a&ND2 QgAF At N Qera R rdAaN &ENAAJATF S

e du an e g AA A NRZB e AN e AN DIr nc&dk?adeA Arn Yo' R&ENB?NAQT
AENA OARNAQIPADZ RecE r?2nnecadArF Ig Qe AONnArs ynrae M?acenl
C-yé! g! GIMNUn Ae eNDZ At W ANDR \WesR dgjo ' URk ANDZnd:nss go' U Recc
Ae B?2AAGd eeedAn DEADRKDARDRZA e Ao U RecwmmpeddWa A EAArneceas |
AAEf NA dr A Keid OQOera nNaE& kdaR QeBnNAJQAGWNANrr Sdat At
nee YNOA At N gAAcEeD2OndeAN R A ANZ FNANEAAdeA eR AcEA%W NAKC
At AN eAN eacDNac ©eR BAFTAJQA?DAN AcAAY BANNJABIAG RPN AL Gt
ANAEAArBdrrdeA neaNae AWAKAMNKDAN nuN\sBEdsAR nAe AF ARAANE N AgAL r  C
nedAA Ae B?2AAdnedAA AADZ nedAAn Ae nedAAs

e
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2. 6G Radio Access (6GRA)

2.1 Introduction and Motivation

I'g «®ADzLe AQONrr dr Ni nNOANDZ Ae naceW dDAN Ni ANADANDZ r?2nne &/
Bek AN k ceADX AADZVveNMAEAURN 2 #aEA AAANAQr QeBB?AdQAAdeATr

BAOt g\'Nn N QeBB?AJOAAGdeAr ANuBdYRUJQAQENAr NDZ At ce?ftn?AR

dAQa&NAr NDZ eNAdAkgAda" R AADZ 7 eNAANE r QAAAkdAdAaTs oenaNWNa
kN B?20t =RdDNER QMNNARDOZ NGB R®erBNAEdOr R r NeW dON AWAJAAK
NARE NRRAQOANAQMs OetnMWeee ENR aAtDder AQONrr Ni nAADZ S NAK |
QAnAkdAdadNr R sgs ANNOGQRJAOAAKA" R AtN J g cADERRAQOPNAA R
kNgAT QANnAKk AN eR WADQBMR dine A td AAeNAKN ARGEAT A €? OEREN { AYWOT |
AKr e Ii?AIQd,AAd,/\r At N AnrlAq,QA/\q,e/\ CENG?CLCENBN/\/\FS f2@nt NEB
ANWNA AdBgAF BNA&EdOr r?20t Ar ' N R uAReaEBAAdeA u! euUR
dARe eBAAde AR Aw adNEMAN BZnE Medd®@®r R NAKX kNreADZ AANY N&A DAL B d, & /
BNA &g OFf AAANAOQT AADZ eaNAdAkdAdan's EedAf re Re? ADZ AKKern
At N AnnAdOAndeAr AADR t NAONR OQeAD2OQOA enAadBAA &ENre? QN

BAi ¢B?B NANa&if'™ NRRJOGNAOT s

2.2 Reference use cases

2.2.1 Tactile Internet
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Remote control of cyber -physical systems
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AnnAQQAm@@wA Atdr OQArNR At Nin®e Af@AK w@r N@sRNmAr kr O
AAAANG Arr1NQ/\ A ~re?ADZ kN nerrdgk AN ae Nr QAnN A cGADAA dx
Ni ABnANR NAN&Efr nN& kda AADZ rnNOAcEAA NRRJOJNAOQO' R AADZ
NRRJOIGNAQr aAkdAfr M B dDAAN A k20t NR® AEKAABRARANA
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2.2.3 Industry 4.0

ytdr ?2r N QAr N ReQ?r Nr A r ONAAcder At AaA JAQA?DN uey DNW
Ar WdDNe r?2c%WNGAAAAON OABNaEAr k?A AAre ent NEc DANWJONT

nN&de DZ, RN ePeADHIJOR e & rne cADZH QO tRArNALdEe ABNAA NBEBreaeENERN MmN e
AANDZ adrniKeTAMKABANAQT Ae NBNa&f NAQ" rda?2AadeAr R r?20t Ar ner
e BAAR?AQAdeA R JADHWJ{D2AA NANBNAAr JdAR Reac Ni ABnANR
r2nne en D RRAVENAB BWNeQtd AQaEaNAr N At N NRRJGOGNAQT ©R QeBB?,
Nrr NAANQAA o?NradeA aAe AAraNeE Ae dAQENAr N At N NRRJOQGNA:
DAY ¢ ONr ANNDZ Ae r ABnAN AADZAcEAArBdan DAAAs yBAcMRAENR @4
?2ABeran dBneacanAAQON Ae &ND2ON At N ABe?An R P NAN&EAANDZ AAT
ABe? An eR OQeAWNr NDZRyBR2xBAKdeA ne r Qt ND2 AN At N ?2r Nar

enAdBAKKr s

2.2.4 Smart metering

ytdr ?2rN QAr N ReQ?rNr eA NinkKkeaedAf AADZ Nin&edndAF At N
eR AtN rNArec AeDAr s ytNMNBKL@\@AIRNQQ)NCENANAch/A/\IeLRA/\tN DZ
Qe/\rq,DZ\lczNDZ Ae BAiIi ¢Bd' N NANE?P T I\BR\R\Q\l@HnN\/KQfAsnnyAtde\AAd,BRr@/
DZir/\czd,IZ’.)/\q,e/\ DZN/\N(IBq,/\Nr At N I‘[‘BI\N/\/\CLAA q,BnAQ/\ eR At N dA
t NAONR r Nadr Ry dl &tAM QeBnNadadeA Rea (INre’.)(IQNrs uAN ADDZ,/
At N Oe AANRAADZ DPAAAN ¢AD2 ONr OQeacecNAAandeA ABeAf At N r NAr
AADZ Ni nKedaANDZ Ae DINA NDZAA DRNAKRAN BQRH QO AOQONrr BNOt AAdr Br s

2.2.5 Smart city

ytdr ?2rN QArN ReOQ?rNr A AtN OQeNi grANAQON ©R DHWNa&Er N r N
ANEARRGQO Ot AeAQOANaEdr AgdgOr R JAQA?DHAFT A QeBkgdgAAadeA eR n
>eNi drAagAf r NEWdONr JAQA? DAR ReZANOABYQEANRR GE&sk € 5 Hé RN DD
BNANGEgAF B NAXDZEN HKANADReA NAAGAAKAKT BArr dWN AQONETd A FTQNMNAAR
DNBAADZ At An Fe?ADZ KkNANRdA RaEeB DZ AABJOQ r QAAGAFT eR At
ANAReaEt NANBNAANrR GAgAG A DB An KAAReE&Br R AADZecE r AANNAKKGA
dARGEAr A ®? On? ENs

2.3 SotA on the main  topics towards 6G radio access

2.3.1 5G standardization and limitations in the radio access network
(RAN)

idAQN dar dAAcEeD2OandeA dA At N e &DZ gNANEAAde A @&AEanANGErt
SR AtN sg rAAADAcDZ t AWN NWeAWNDZ kr d A QKR DA, QM BADA A A,
AANAQrs ! rdBdAAcE nAat tAr KNNZAr RauAleyUNDE NKOt AN Aa NENT
Accen k ANDRueyl) AN dyAM ce D2 QNDZ d A uersgUadios NerNNK NNAX tNA RGNBNAA ¢
N A?BNaceAef dNuRa@MN s gRA D2\ ANAQOONr r  Avk Bzr NI BNON BZAPdE BA R/
dat naedecdanr t AADAJGAF BNOt AAdrBrs éNfAEDHA? At N REABN
AKKen Ae a&ND2ON At N EANANGB?2Be®&Nhde T E@N UAdN Reac AAAe QAA g
r gAQa&ENAr gAF At N usUOAcaedNaE rnAQdAT

A At N DBAAAGAL R kNrdDNr AtN AcADHAJeAAA r Ot ND2 AQAT
cAArBdrrdeA k?RRN&WNRB rgagd WnNe rrrQ\Nr N DSRr A gyNEdilr AA BZNANB @ Ot ND2 A,
NOt AAdrBrR 7t dOt AAAKAANAQAQOYRBNA@EEINJEWDE N2l RyTP

r ?AKKT ENRNaE&aeNDZ mewn Y A NRANIDN ? Ed ATOAAONA At W g Eddn Bd

1TSS R A
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kce ADKAADZL DAAA JQRENgNRHLAQ]ODAZYBRIAL &Nre? &aQONr re At Nr
NEANT B dew\EdeeREGAD P {8 ANs /A ERNBIADAAN A dAr ANADZ yt NAR AA

B?rA kN rNAA A®e At N ARRNQANDZCMArA@NmuNm@MnNmet%A@M 1 e
At Nr N AN AWAq,AAkAN 4R ANNDXNDZ EAAA AcGAArBdrrdeA dA At
oeaN¥N&ER ?nAdgAt DAAA AcAArBdrrdeA QAN e0Q0?c A keat OQe,

CnAdAs AQONrr dA Qe AANQA NKDA BReME ydir N R ReENEN R FA/AMA? r Ner B
r Ot ND2 AQAT cN8NDZA tuNiéRJ At Nt B?2r A E&NONGWN A rnNQOdRJOQO 7 «
At N &ENre?c&ONr AAKAKeOQAANDZ Rec At NdaE AcAArBdqrrdeArs CAAd/
AKeN?t Sdat OAANAONAKAAAAdeA dJADZOQAAdeA u>uU AADRBReARYr ? c
r Ot ND2 AgAF A At N D27 Ak @p/aDR e ur Q% AVDDRA D ARe a, 'e At N 2 n A AL S
QAN r NADZ A >u BNrrAfN Ae A ?2¢rN& "dat ?2nAdAt a&ENre? &aONr
ReeB A 2r Na& WQWr JAAANNA @A ms neAAQBRIKNRB Gt N ?2r N& &NONJW d 7/
QAANONA At N AcAArBdgrrdeA dA At N JADZOAANDZ &Nre? &QONr s

gyt N kAr NAGAN AQONrr BNOt AAdr B dA DZr Qe AANOQMNDZRB eAWRNDZ u-gysM
9 dr &AAMNDZ ytdr BNOt AAdrB dr tAef A Ar At N cAAD2ZB AOQON
Re®dNrr AP N t AADBY AAN,A JAKAT R eAK" ARANaE QeBnANAdAF At N
AXKKeiNDZ ne AacAArBgdgan DAAA kr RgaEran AcGAArBdangAFT AN fés
BADN Ae At N naeEeQND2 &N aAe a&ND2ON At N QeArceXk eW Nact NADZ
NAtMONBNAA dr wat 8! yAEBOND?2 &N DNR ANDZ ¢ AulsdJNEINAW Nrénf R e R
nee QND2 &N k NF ¢Ar Sdat At N AcADZHAdeAAK naeNABKAN A cEAAr B
nKdAt DAAA AEAArBdrrdeAs ytN r NANQANDZWR aNABKAQ" DENNeEBC
e At N ?2nAdAL AGAArBQRrAeWHﬂwmeMﬂWR NREReNQeAQe AN At e r N Q
r AtN A?BkNE eR na&eNABKANr s

NrndaN At N ADZAAOQNr dA r Qt ND2 AgQAF BNOt AAdr Br Re® eaEat
Ar NDZ cAAD2B AOONrr R At Na&N AN rAdAA r N NEcAA ArnNOAr
NAReact AenAceDZ J gs fec QArAAAQNR LENACR EONN NRRBIONEAOR
r Ner dr KdBJgANDZ k' rA&EdO &? ANr Reac eacAatefeAAA &Nre?
é--wdt N ENe?dENBNAAT Kk?2AaA ”QAt PAONaEA AgAAT dA At N AOQad
AdBOe Ar ?BAAFK AGNDAAQQUNSF SR WdA fiée AADZ >u Ru@UreeN i gaNr /
ReacB eR fAa@AR At dOt ANADZ Ae &ENre? aQON SAVOAANBOQA @Wed A 'N EE
Kk NNA n&ENWde?2r Ar d A A e A DZNOR DRA RAtAM A ONGEK? &N D2 Nr Ae A nE
BNOt AAdr Br Ae R?AAT Nindeda At N ABUAsJ MANENAYMNIER ne NA td8B
r Ot ND2 AgAf BNOQt AAdr Br AADZ QeARqGF?cArndeAN nAcABNANaEr AcN
AADZ r NANOANDZ kr BekdAN ANAReact enNacAaeacr uf, Ar URW At ¢Ot
NAAAANDZ r NeW ¢ ON nace¥W¥ R ANAGAREAAKkEXQA 8N AADZ At N AQA? A
AtN rnNQOQdRJOQO &Ne?daEaNBNAAr ©R At N ADHZAAQNDZI g AnnAdOQAAcC
r WMERAJBd" ArndeA BNOt AAdrBr Reac nAcABNAN&E r NANOAdeA AADZ
B?riaN n?an dAAe nAAQONR dA QeBkdAAaAdeA "dgat A S¢dDN WAxEdNAa
eR OAnAkdAdadNr dr QAKANDZ uAANAKAKJ? NAA MDZ N

T O

O > =M

2.3.2 Orthogonal and non  -orthogonal RAN slicing and resource
allocation

UA At N DRBRAAKGALR é! ., r KdOQOdA?F dA sg KNARGNNA Nf== AADZ Cc¢
AXKKe QAnde AN naeek ANB R dAQeBdAFf DAAA &&RMtAt NG A DI RREN & M/Ase
A DANnR &eNgARecONBNAA ANAEAdA?F AnnaeeAQt asre AAAKeQAAN &Nr
rnNQOdRJQO AAAeOQAndeA udsNsR AdBN AADZ Re&Ne? NAQ" &Nre? &OQl
aNFf BN dr ?2r NDZ ArA&A QAT ARPPMAMse JAt MNCé-~-> 2r Na&r A Na&N ?2Ad
At N ONAKAAK AcNAR NAOQt Cé--> nAOsNA dr AcEAArBdaaANDZare A DZ
AADZ At N Nacceac nacekAkgAdar Aa NAOQt Cé--> nAOt NA ARKKAACr B
eNAdAkdAdAa"s Yyt N AnneeAQt dr dAANeENraAdAF k?2a QAAAeA
rQBnAQRQQAAQEA eR At N OQAKOQO? AAndeA R At N &ENAJQAKJQGAGA'™ ©
neactr At AA AAcEfF NA At N AAANAGNMANRMBOM t AR r B, QaAS f®ReE ANINA
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nNeERe &aBNDZ Arr?BdA?f At AAR dR Cé--> dr r Qt ND2 ANDZ adat r?|
AEN OQelW NENDBERBWONOMR e A At N dBneceanAAON R At N Kerr BeDNK
Qe Ar ¢ DNaEd AT A AKNMNADR AN rg AMDEAANQ AKerr BeDNA Ar A |
ENre? &QONr s f UEANUNM@EEeEANR At N neaNAAdAAX R enadBd' dAF &ENi
A?BNcEe Kkef' dA RENe? NAQr D2BAJA AADZWAxEdAk AN R&EABN A &E?(
DILRRNENAA A" nNNr eR &Ne?daENBNAAr dqAQA? DYAF Cé-->s

ENrndaN Aean kNgAF gAQA? DNDZ dA wncEMNt esfge ArAMA NBDBARDIEN AN dfe QAQRI
nN&ENr NAAr dAAN&ENr AgAF ADZAAAAFTNr St NA QeBnAcNDZ Ae eaEAt e
ANNOGRGQAAKAT R , AT! BAr &Nr?2AA dA AN FEAGREHNAANDZ AMrea\T e GN
AAANAQ" At AN AcADIHAJdeAAK Af! Ot NBNrs AA At N DZAAr ¢ DANF
ANWNA R OeAANi A?2AK ARA&ENANrr uNsifsR aAtN cAade R Ot AA
NAQe DZH AP AADZ DNQeDZHAF BNOt AAdr Brs

A Ni ABnAN eR At N AQA}QM(BQ(Er(Edoq\aEeQOE\IMAQ\I/Erf QeAr?BnadeA
N

AT Ar r Qt ND2 AdAF reKk?adeAr Reae Nf== AADZ Cé--> cARR(
udsNU nAKeda At N AWAJQAAKAN Ot AAANA rAAAN JdgAReacBAAdeA u>f
rAAANDr AQOQAAK >Au eAK" Reac AtN Cé--> 2rNa&rR Ae AAKKeQAAN

utrgen At Aan , AT! AAAAdAr AKeaNaE neaNaE QeAr?BnadeA At AA

AW NeAf N Qt ANANA FAdA eR At N Cé--> ?2r¢Na& dr Ni QNNDZAF A"
AT AADZ AT! dr ANF AdP dk ANR rtendAf AtN nGAnNAak dQ¥edMrr ? BenRh
AANDZ # 7 AGAAMNBNt AR QRAAX enandBAA nNEReeBAAQON dA naEAOAdQAKX,
UA At N ?2nAdAt R Nf== BAr OeNidra fdgat CégrNr NBEYQANR

DA W NeEr N AdBJgAFf &Ne?d&aENBNAArs feace Ni ABnANR rr NaEWdONr At
r KPPt A A7 &ENAAI NDZ WAKNKON dBa AY LABA ARAQT r ? Ot

yt N nNeERe&BAAQON R [ Af! AADZ Af! BNONAAdT B DAWRBZIOWE KN NDE A 0
r ONAAEder fdat teBuPfNONNR&At NeBleaeNR Af! AADZ , Af! BNOt A/
dAWNrAgP AANDZ dgat QeNi draAadAf NY== AADZ uey ?2rNaE&r R At N&N
tdgft @ENAQAKdAQAT™ eaE ! eu duuwAgy OMEKA r gied? Ot ANANAQOB & DINKJ e
dr AeReRBAN Reac ,AT!'R &ENr?2AAr rteaNDZatAA , Afe cBWAA NeDZA |
r NeW ¢ ONr R A dgEMAX NDZeur Ner AaeN ANrr r NArdAadW¥ N ae At N r N/
yt N E&NAreA Reac At dheagW AVt And BANtr N A DReaue ADREDER] AeAMQWN AR N ? R
tdgft ENAJQAKGAdA™ dr AQt d WMUANDDAN AA tAN A DENRR N & NNA GRNIN A, A AN A/
r BAAKKA dBnAQOA eA !eus Vyt NunAREAE&NN rce NQN/MNDBZXO Al DZAd ADA YNGR c d
ndAat AA NAEdgOt NDZ Ot AAANA BeDNA 7t N&EN OQAna? &N Bdita e
eW NeAAnndAf rdf AAAr dr r?RREQANAAA"T tdFfts ytNeNReaENR At

At Nde neekAkdAdadNr S NeEN @GRARCGDNONDZ Re ADA cANDZ A AN ! n A
ENr?Aar rteraNDZ At An At N neekAkdAda’ eR QAnaA? &N F &aNAAKS
AAANBQ@YNAANDZ r ONAAEdeR AAKAendAf At N uey ?2rNaE&r arwv AOt g
enAdBAA nNacRe ecBANMONTR2 ?2r Ne&rR 7t 40Ot AcN ?2AAAAAQAAKAN 7

UuN®MNYN gAANaEnAAr kNAARNNA DNAAr WdeAKAndeA naeekAkgAdnar A
AQONrr Ot AAANAK 2dat B?AAGNnAOQOL NA &ENONnadeA OQAnAkgAdar A
rAn?DHNDZ f?2&rat NER At N QeNi dr ANAQOBJA®RBE M edtBMEr e ® r Ndea tA t
2r Ner At AA QeBB?AJdOAAN ABeA? At NB dA A QeRMAUFA QW NAANMA
AK?r AcEAANr ten AtN !eu &Ne?ENBNAAT R AtN na&dBAcEr 27
r NOe ADAEr ?2r N&rs f?2a&at NeBeacNR da dr rtenA At Aa At N AF P
Ar At N A?BkNa&E eR r NOeADAa&r ?2r Ner kNQeBNr AKA&f Ns

2.3.3 Random access (RA) mechanisms :grant -based and grant -free

ye AOQOtdNWN AtN nNaEcReacBAAON a&Ne?d&aNBNAAr ®©R At N ?
BNANBNAANDZ DNnNADZHEAF A At N AcEARRGQO Ot AcAOANEdr A
EGQRRNENAAAT RaEeB B?AAdNnAN AQONrrR At NaE&N Ar® RNNAEOA 4
eR At N BAdGA Ot AKANAF Nr gA é! dr AQadWdar DANANOAdeA

r Nc
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DAAAs WgAEARBRZ é! t Ar kNNA S dDNAr ?2r NDZdgA ¢g AADZ BAAT et
ANEARRGOR St N&EN At N e¥ Net NADZeR At N dAdAdAA tWRADNDAEN kI
reAWNr At N AQOadWdar DNANOAdeA n aedkfANBA rk u NsrfdsAR  reaedhA Bekf Al
sgyU D2 aedgAf AA dgAdAdAA aENr NeWAadeA nt ArNs oeaNWNa&ER A? BN
¢! r ONAAEder uudsssNGyR NBeNReWeNR A r df ARG QAAAN ABe?2An R &N
P cARAZENN é! BNOQUIAAWDBe AN ? ADNaEr AAADIHEAFT At N AAA?aEN R nAC

RGAKLABNOL ANAT mtt @8l Ud BN

M¥ NA Ate?ft rAKeaanNDzZ! -Ao! BNOt AANdrBr tAWN kNNA Ace? ADZ
¢! BNOt AAdrBr AcecN WAcdAadeAr ©R At Nr Ns f e ocuejy\r AdAMONRr M
eAN AEAArBgandAF Qe Ar NO?AdW N &ENnNAdAdens NRBZR! AAN! n@AOANAN 2
aNnNAgadgewey dB\dFf, t=n NRRNOAJWNAr OQe? AANEAOA At N NRRNOA'r
dAQ&ENAr NDZ eNre? &aQN ?2AdAd' ArndeA AADR t NAONR &ND2ugNDZ AQOQ
ye JdAQ&ENAr N At N OARAQdA’ eR At N AQONrr Ot AAANAR daa
BNANBNAAr A DN?P eNN D& r Aacdk?AdeAR 7t dg0Ot dr A R?AQAdeA
REABNVsT b e DNDZ eed, AeAn ! QONrr u>e! U dr A OKer NAT &NAAANDZ B
AQQeBnAAGNDZ kr ndgi&ken rdf AAAr At An AdDZ At N DNQ@eBHIANF eR |

' A AeNA eR &Nr NAcQt At Aan t Ar AAAcEAQANDZ r f ARJOQAAA Ann
dA QeBn?adA?f nAAARexBr AADZ AAfeacdatBr OQAA Aes kN ?2r ND:
Ne? AndeAr k' NinAedadA?f At N rnAcriBaOeBiRRaEMr NN DZerAR A rddgMis
K NNA 2 dDNAT Ni nKkeacNDZ Reac AOQa dWdulyrs UDDAA NBGW o ed/tr NA MDIZOMr x d, B A
QAN kN AnnAdNDZ ne DANANEBJgAN At N AOadWAaAdeA AADZ ae Nradg
r BAKK r?2kr NA R ?2rNa&r RaeBAaneNg&EAKY NGEAAANDZ Ae A

2.3.4 Multi -connectivity

TAGANAQAGAT B2AAdNAN AdQAtr Ae At N dARGEArAE? OA? eN AAKen
nt AN &ND2 Qg AF AKAAANAQrs ytdr dr DBWINNEr NJDZT k e RN Ang A dM /AW
ANEBr ©R rnAOQON uNsfsR k' OeAREQRENe ?Ne\ ODZ, RRANEN/RA k= A rOQ@
r ABN =i k?aA oA Ra&Ne? NAQr DHRRNaENAA kKAADZ U 7t dOtul § NOENA
yt NeNRe aNR @Ded\M\\WNOB2Y%.Aad" BAr KNANRJGA rnNOdRJO ?2r Na&r R
ANNDANDZ ne A%WedDZ eNre? ®aQON S AraAaAf N AADR t NAQNR At N A?BkN
kN OQOeAr ¢DN&ND3 f?2c&at NeBeacNR At N D&AMNNDDADYNN Ak N G NWAR A
Ni nAedaNDZ ne BdAdBd ' N ©?2AAfP N naeekAkdAdar AADR nerr dk#4
r NANQngge W A AAFfecdnat B Reae At N KAdAs r Qt ND2 AGAT ennandBd'
At Ee?ftn?aA VQEEAI‘BQMQMQAV \@/)@WBIQ@N@(B(NM@I\SE ANAG e assrs Ugrt Nn e
Qe Ar DN&ENDZ Annaee AQt Nin&Akedar A ONAAcEAAd' NDZ AEQt gANOA?
neNnAceArde AN AADZ DAAA F“zecz A EDEWN A QIQRE NN An BB/ MMrd, BAVWDENA t N ?

f2cErt NeBeaeNR A rnNOWMRAAONGA qWNd 'R B?NaN, DAMRRNBN AL ¢ NS d
dAANGERAON DIWRNURraAWrsBdu/x de A neAdgOdNr AADZ At N KNANRQATr
AADZ A gufd dAANERAQN nN@qur\wmoAarNNNDZNQ & nDNENGE n N
ANEAANrBdrrdeAr aAR M INKANQRRNQM eR k?2@Er AW  cARRGRF ANGEA 5
NAAK ANDZ ANAReact dr JAWNradif AANDZ §yt N -yM kArN raAardeA
At N —-yMVWAADZGHL r JADANNNADNAAA" s A?2nNaEne gD Ag e OKRAF dr
nedAA u! @y re At AA dAa QAvﬁ\dorNEN&r—quB?d&D\I@V\NAADZN@:&AqN NAR
EAADBABONrr naeeaeQeAk dr AnnAdNDZ ae AWedDZ d BWNNIk/MN DA t N
ANAR® EL S

A detailed discussion of 3GPP support for interface diversity can be found in Section 5.4.3.

2.3.5 Self-optimization  mechanisms

yt N YedgAAn OQeARdF?xcAndeAN 2R At N AQONrr nAcABNAN&Er WAADZ &
AdBN AMDZANRBAAANGER dr A QeBnAJdOQAANDZAArts ye AOQt gNWN A
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nNEReeBAAQN &Ne? dENBNAArR AcGARRGQ Qt AcAQANGEdr AdQr R Qt Ay
?rNer B?2rA kN tAefAs , AAN?cEAAKA"R At N ?2rN eR AGADZAdeAA/
enndBd' AndgeA AADZ DZ ANABdOQ nczerczABBegANqurceer@mr AA? BlNo
f 2AAAANNr AADZ At N QeADHAdeAr ?2?ADNE "t dOt enandBAAGA"
AgrnNaEArA? &N oA At Nr N ANOQt Ade?Nr AXKAeir ?2r y?ADNc reBN Qe
cEArde ANAAAN Reac At N e keard\VeNPDY Aev KA Qe BANEASDZLA e AAK enadBd' Aa
GNBAQA At N nGNRNGmN@ZQEQQAAQRAGBN@%RAQrBrs oenaNWNER At
QA2 NDZ k' AtN ?2rN eR DANAAJQANDZ BeDNAr Rec AtN Ot AAAN,
QeBnAdQAMNM? r N R AcADZrdeAAKX enandBd' AndeA ANOt Ade? NrR
At N OeAr ¢DN&ENDZ AQONrr rr Qt NBNr s

TAQt AN ANA&EAgA?F ANOQt Ade? NrR At dOt AcN NWWWEQ A e AKNNDZ nreN DY
QeBNnANBNAA AcADHAdeANAK enndBd' AndeA ANOtAde? Nr dgA eWN
aNAKDr AndQ nNaEcReaceBAAON NWAA?ArndeA AADZ enandBd' ArndeA dA
Ot AKANAFT Ns yt?2rR Bera R At Nd DB NEK® N&DR BAQAONR '+ BINNDt BZ\R
Ot AeAQAN&Edr AdQr AADZ nNERea&cBAAQON &Ne?daENBNAAr R At N 2
At Nr N DfRRNaENAONr AcN ANF ANOANDR AQONrr BNOQt AAdr Br BAT
e RAJA nre oBReNmB AWOW R AEAAANNr R At N ?2rNa&rs - ANOQt A
DAINn ANA&GAJdAF R uDANNU CENCL/\VRE&QNBNAEA QARAGNGAAR B?\ADZﬂ,ArR
AQt d NWW tRA" VADMAMR AndeA eR At N é! R Reac UiAVBIZAGR eRem)N
AKKe QAndeAs f2c&Aat NeEBe &NR AQrtA:NQFtA - ANOt Ade?Nr OQe-
4 ADZ Y% ¢ D2 AKd"' NDZ ADAnAAnrdeA eR At N ?2rNa&ry kNtA¥Wde?& udsNs
Reac AnnA&r AT 1 - WADE e tekpm dREh A NQt Ade? Nr AeN At N ABe?An
dr ANNDADZ k' AtWNAAUBZ atEdr gdBNAQA ©R At N 1t Aef ANDZ N AADZ R?
Ake?An At N NAYJdaEe ABNAAR ReumssNU ABnANR At N Ot AAANK

2.3.6 Advanced Channel Coding and Modulation

TeDNEA Ot ANANK QeDfAF r Qt NBNr Adt N -Ee> AADZ ®eAAxE QeDAr
nee W dDANQANREY AT Naeceac QeacacNOadeA nNaEReaEcBAAOQONs oen NWN&ER
ecDNcE BeD?2 AArndeAN dOANBRIRUPRIUAANr eR At N ENAreAr ReaE At
ANevenndBAK naeek AkdAdar D& r A Edk? A der/d NDR ndeeAN kBigAdarNADE, O T Bt
AADZ P NeBNA&EdOQ rt AndA?f rr Ot NBNr R &Nr nNOA d WONA AN DE N A/ dWVEe |
un nAr ruedNAgAnNaEek AkdAdradO rt AndAf OAA kN ¢dBNnANBNAAI
NBn&Aker gAf At N r?200Nrrd%¥N OQOAAONAAAAdeA DNQeDNaE keat Ana

AN Ni nAKdOdan OQeDAN OQeArAc?OadeAN AAfecdat B -7 ArdakBINNAN NDA
NANEfr NRRJGOGNAQr R AKAANAQr AADZ At ce?ftn?aA AcEcN eAA" Ni
dAYNrAdf AndgeAr eR A t AeDZAEN RaEdNADZA' ¢BnANBNAAAAdeA e
neek AkdAdrAndgO AADZ F NeBNAEdO®O Qe AndRAAARAAANDBIDA A ? BRENGOe D:
ANAEA At N QeAraANAAAAdeA eWNaec A SdDN cAAFTN R i, é nNaERe
f2&rat NeBeaeNR J g rrrANBr 4S2dAA tAWN aAe r?2nnecan r NWNcEAK
ENe?dENBNAAT R dAQA? DI AT BNADE NDAMAEeAd AndAMON R NDADZA k Ae Q1
nesNe QeAr?BnadeAs §tNrN &Ne?da&NBNAATN Brrad AN - RiermafeiasD
QecaeNQAde A ANOt Ade?Nrs feac sgR At N AnnAdQAadeA R nekKh
nt NeN r BAAXAK kKeOQtr eR DAAA AcN AcAArBJdgaANDR D2N Ae At N

-e AP neAKAce QeDANr &Ne?daEaN AAEi N Adra rd" N dA AtN r?20
ENAJAK AN nNcReeBAAQONs ytdr &Nr?2&Aar dA A tdft DANQeDZ/

YIN r?200Nrrd%N OAAONAAAAdeA DNQeDIHAFT AAfecdnt B AADZ G
AAANAOQT s
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oenN¥NER r BAAA kAKeOQs ANAFfAt neAAc QeDNr OAAN AAre naeeWdrl
DN Qe DZ,Af QeBnANiI AT s

i?nnecAn gAF B?2AAGNAN ArnqNr R QeDNr a&Nr?2AAr A Ni ONrr dW
QeBB?AJdOAAde AN t AeDZA&ENs uan dr At NENReaeN tdft A" DANrdaENC
Qe? ADZ k N ADAnANDZAe At N a&Ne? daENBNAKe QR AN dpet rr AAGDE RGP C
DZLRRNENAA DANQeDHAFT AnnaEeAQt Nr DANNNADHAFT ©A At N ABe? A
aNONJgW NeR ARRe DAk AN AAANAQr AADZ AAci NA nNaEcRe eBAAOQNSs

Jt N Qx&?QdAA nAcABNANE 2t d0t @ENAAANr At N nNEecReacBAAOQON AA
r QAKdAT Ni neANAAs AnadBAK r QAAJAT Ni ne AWARURIRN asNAdrr 1At
neAAc QeDANr AADZ -Ea> QeDNr AQt gNWN AA r QAAGAFT Ni neANAA
Ot ANANAUYU AADZ ¢ Ro wrthy UNOQAA® NEe DNr " dat AKAAEfi N t NEANAr A Na
AOt g NW Nu "B6UA NW NEAK QeArAc?0OadeAr eR nedAddd Bova N N dNRE AANEA
nEAOAdQAA BNaedar DANRNADZ eA AtN OQeBnANi gar ©R At N & N
BAEi AAKG AndeAU enNaeArde ABRKDY DNt Qedn A r A AMDARAT
QAANONAAAANde AN DNOQeDHAFT AAT e cBRATr Bs Kk NAQARNRGEAAR rnN N JBNEND2Z
At Arn dar n&EeONrr A7 dr rdBnAN NAe?ftR At dgAN durg UuenX Adad,
nerrdk AN Ae rteRnat,Bg RBZEt NWEARKAr ?2ADNE r?200Nrr d% N OQAAC
nerrdk AN Ae ekanAdA keat kNaaNEe nNEcReacBAAON AADZ AKea N DZ
kAr NDZeA At N lucdi§AAf 2 daE\N&Be eNR dA dr nerrdk AN are ¢BnAN

kT NBnAer gAF A F”eABq,Ar e R rtemIWLNDZQrQaAAAEDEcE\MQ@AQR@INEW
BNANBNAAAAdeA R At N naEeeQNrr gAf AAPeacdat B Reac t NEANAr
yt N nceek ANB eR tdft DNQeDZhAPT KAANAQ'R "t dOt dr dAt NENA/

r 200Nrr dWN QA/\Q AKAndeA AnnceAQtR OQAA kN AWedDANDZ k' |
ANQt Ade? Nrs ytdrR tenNWNER cENe?q,cszarcE/en(\tN W, A INNE B\ @d, in dERAAK
unR e Ae Nin&AdOdaAr enandBd' NDZAt N QeDN mereUOA? &N Rec K
f?2E&At Ne DNWNAenBNAAr dA At dr AcNA BAT NAAKAN At N DANr dF
DZIIRRNENAA éefi &Ne?daENBNAAr dA ANE&Br R nNERea&cBAAOQONR OQe|

2.3.7 Access mechanisms in distributed MIMO architectures

AAN R At N neeBdr Nr R g dr Ae dAANF cAAN A S dDN EAAF N
Ane AQt NWN ? eNAANE ANAReat DANnAer BNAA RANI gk dAda ANADZ ¢

> NWRANN AcOt ANOA? &aNr AceN A OQAADZHDAAN Rec /g AtNaEN f ce?
NANBNAAr AacN QeArceAANDZ kr A ONAAcEAA NAadars uR At N A?
f ENAANGE At AA At N A?BkNaE R ?2r NGCRRAENN NBAQn dW¥YN FNRN EENDZ
gt  ANVRQMANA BArr gWN TJufTA ANAReactr naeeWdDN A?BNae?r kNANR
ONKAr NDZ AcQt gANOQOA?2&Nr 20t Ar ? &NAAKT @END2 QdAF At N e?
KkNAANNA r NWNaEcAX «cADZHe t NADZ AADZ Qe KAMNxke AREN cex RN o DN g DR O
AOONrr BNOt AAdrBrs fea Ni ABnANR ¢é! ., r A&\ NFDZAMaDZt M rNeOn d
AEN ONAAcEAKd' NDZenandBd'  AndeA naeek ANBrR ot N&ENAr At Nt kN
ONRAENN TufA AcOt qANQENANNR At NQENQUY BN ANI dA "

f2cErt NeBeeaNR éNRANOAQYN uAANAAG?F NAA A2 &ERAONr uéudUu |
DNAr R4dOAAdgeAs =7 KkNdAA?F nArrd%N NANBNAAr cAAt NE At AN 7
QeBnA&ENDZ Ane A cGADHAdeANAK kArN rAAA&eBBGM?RRNWW\ImN@ Aff
AKANNEAAANGYN re NAGBGAAAN QeW NEAF N teANrs §tdAN Berna e R

KA Ne& ArnNOAarR &NOQNAA SecBNDZAWN A@GNrRe QQu AMdEe weAy N> U
ArnNOQAar ae BAx N & uNi ABisNKeANseReant N Rdaeran ne AAQs AN At
kAr NDZeA At N kNAB r3NNndAF nAaaNcEA eR At N éufiR BRJOt d
rdita Ae /\'gN KAr N raArndeA dr ekrac?QaND3E un dr BARNDNEW N
r NDZ eA At N tAes ANDZN ekaAdANDZ D2 adAf A AcAdAdAF ntA
NNndA? nAaaNE&A AADZ ane ¢DNAAGR™ At N kNraA AdBN Ae AcEAA
QAENR? AAr DNr d? ANDZovethead ¥ e ¢ DZ Ni ONr r ¢ % N
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2.3.8 Radio access for semantic and goal -oriented communications

tN r NBGQAAA neact k' At AAAeA dA nvée rNA At N Re?ADAAde/
PAAANGRT QAT At N BAIi dB?B DAAA cAAN At An A Aedofs DEBBI/
At ANAeAyr Rect R AKK BNrr Af Nr SNa&N A&NAANDZ Ar t AWdAF Ne?
BNAAGAF eaE At N ?ADNEA" ¢AF AnnAdQAndeA Rec ftdOt OQeBB?A
eR At N QeBB?AdQAAdeAs ytdr Arf?BrEAdrNR AeANAt NEAEAAt e At
Qt AAANA QeDHAF nNEReaEBr Ne?AAAr Ar A !'edAn fe?c&QN AAD
QARQAQNNNAMMQLGNrQBNR BeAndWAANDZ At N rnAda e R QeBB?AdOQA/
r?kr " rANBrT AtNE@EBBDE&@AA@QSNSR AKeiNae KAr Ne&r eR At N na
dar NARs 9yt dr anAQQnAN t Ar DNRJANDZ At N SAr Bera QeBB?A
BAgA feAX tAr kNNA Ae &cNOeArAa&E?OA At N BNrrAf RgDRAGmt I
nerr dk ANs

. N¥ Neart NANrr R At dr QAArrdQ ¥dNZ eR QeBB?AdQAAdeAr Qe

nt 40t drNe@B®PANnGDAN AN ©?2A R At N At aeNN ANWNAr eR QEBB?
kr gNdWN&E dA AtN JdAAcEeD2OadeA eR ms,s_ﬂAl;)y/t,\H\l/Ey\ereuNBjdo/)\AN D&
ANF ANOAr AtN eantNaE Ane ANWNAr eR naek A ANBrs §ytN rNBAA
r NBAAAGO OQOeAANAA R At N gAReacBAAdeA Ae At N &ENONJWN&ER =4t
NNERNOA AT &ENQeAr AcRONNDZE ngEe NANRRROOYWNr ©A AOQt ¢ NW AT A
rrrANB Reac 2tdOt AtN BNrrAf Nr AcN AcAArBgaaNDE >eAr Ne? |
AN7 AADZ AnnNAAJQA?T RaEABNReact Ae ADDZENrr  AIN° rQAQ AKX rerRr Ak
DA r ONZkAk e W N's

BNAAde NDZ MABK ANQt AdOAK ncaeek ANB t Ar kNNA At N ReQ?r
ANBr ?2AAdA A RNZ " NAaer Afes ytdr dr BAJGAA" kNOA?r N t?
dBAAN QeAr?BNar eR JdAReEBAAdeAR AADZ t?BAAr dAt N
OAdW NANrr naeek ANBr R QeBB?AdQAAdeAs Bgatr ARBINKAOQOND
NrrdA? AADZ QeBB?AdQAAdeAN OQOAnAkdAdadNrR AKeAP 7dnat
EdAat Br aAe BAL N dAANKKJANB\GA ADRYRIN rd ee\R URe QX rAQAFA t eNA KT
ANB ©R OQeBB?AdOAAdeAr A&eN kNJAF ENWNAANDZE g§dat BAC
AP Nr dr Aea ANONrrAcdgA™ At N Beran aENANWAAA Qa&daANaEde/
nAN Md @EekmrenAdOAndeA At NeN A acekean QeAANOAr r NAr AT
NE& Rea nee ONr r ¢AF R ARANGE 2t 40Ot At N e?2an?A dr r NAA
NQA DANANQAdeAR At NeN AN QANAcABAneg BN BNEBINAENANYRAA
dBAA nNacReacBAAON ©eR AtN AArt At AA eat NE&rR r?20t Ar 2
N¥ AAA ekYNOAr AdNs !' A enandBAA QeBB?AdQAAdeA " rANB ¥
ENANrr eR At di AQDANRNIAN? KM AENAN At N AdBJgAFT &Ne? deENB
ABnANR Ae naNWNAA At N cekean ae QeArAAAAAT OQaEArt Af Ad/

UNNRUAE N DRr d A EERAMNRZeAABB? AQQAAde A UugA>eBU " WiNB dr
AGQN/\/\NDZ MA Qe DA & ugAMU AADZ A ENQe DA & UgAEUR rr NnAcAArNDZ
Ae P NANaEAAN A AArt e?2an?A figRONEDMZeerk AN N An\PMN e Ag®F NA Asn NB
At N gAM dr a&ENna&aNr NAAKRRZ K RgtAN  RWANDANBE BAnndA?f nAxcABNA
ANAGEANAKk AN nAEABZNANBr gAE dr @&Nna&aNr NA ARN DEHNG AVX RV dyXOaN/g & A
BAnndgA? nAcABNA&d' NDZ kv HNAEAAKk AN nAcABNANGr

o0

ssw—nz—us,oz

Z>RAT T D ZWS DS 20T
TNz xZTZRARR ORI

Figure 2:System model of GOCom  system where x represents the input features, z represents the symbols
encoded by the Goal -oriented encoder (GOE) and H is the channel transfer function. Then, z isGhe
corrupted symbols by the channel with transfer function H, and y iSGhe decoded ou tput of the Goal -
Oriented Decoder (GOD).
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yt N ReABNSeat d¢r F NANEAKX NAe?ft Ae t AADAN AAT t ADZeR /
Ar KeAfP Ar At N AArs  AADZ MW NeE O tANMANWA DR NucANABreds Ak AN R? AC
uvN gW A ce D2 OQNDZ AAF eacdat Br Reac keat rr?2nNaEWdr NDZ ANAGAGAT

nNeENr NAANDZ At N OQArN ra?DZ ©R gA>eB Reac ¢BAFN aAcEAArBq
QeBB?ANJOAAdeAr 7" rANBr AN&N DANr df ANDR At N Ragdr AAe AR R C
At N rNOQeADZ e AN NREe-Q?NANDZse Ay tAN r ¢, B? KAnde A &Nr?2AAr rtenaNL
DANr ¢f AQAP rrnNOQdAAKd NDZ QeBB? AdOAAdeAr 7" rANBr Rea nA
dAQ&NAr Nr At N nNeReeBAAQN =t NA QeBnAeNDZ Rdat | A N
fecNeWNa&RArd rt eR AR At An Rec At N AnnAdOAandeA eR n&A
AP NAA dr NI A@NBNAT  NArdAadWN ne At N DfranecnadeA eR aN
rAGAANrfR?AQQKNeRKE gA>eB Annee AOt R At N QeBB?AQQA Ade
At N ENANWAAA nAaear eR At N AcAArBdAANDZ AReacBAAdeAS

TAAT ent Ne Ni ABnANr Nidgra Read AtN YedAa DNrdgf A R Ann
Qe AANi A B LAANSB>A A ¢, O >eBBu?J/‘Rj°L@AB\/WA(\ANDZ >e BBoWNGQB A Q&N AKX
eR At NB rten fF ENAA I‘]_E/\N/\/\CLAAR At N e?Nr/\q,e/\ eR ten A
QEBB?AQQA/\Q,Q/\ r rANBrR Rt dOt AcN kAr NDZeA At N rerA(EA/\doe
ENBARAN enNA Ot AKANAT N 74 N " AdoAAAuMRQ.bA/\?M(EcpI(E?rACQMrQB?H
dAQA?rdeA eR A XaacAAr ¥WN X NBAAAGQ AA" N AQaerr 1
dAReacBAAde AN AADZ NAAKk AN r No 2A"r R QeBRI®»RIIANIENA S
dAr ANADZ eR A AcAAr ¥ Nar AK &R A r NBAAAGQOQ KAr N& dr dA
Ot Acf N eR QeBB?AdQAAdAF Rdat At N ntrrdQAA KA' Na eR AT
ENANY AAA QAREEBAAQEA GNAAANW&&EARtNrA&NAﬁB@KAMWH@M&m@E
r NBAAANGQQAAAKAT naEeONrr At N AnnAdQAandeA DAAA kNRea&N AcEAAr
neene uNDAR Uk ?2 A At Nt AXKK &ENe?daEN dU Ni ANArdg%¥N BeDfRJOAA
Ni Ot AAPFN R naeenacedNaAAEer JdAReacBAAdeAR dA nAcEndO? AAce «EA-R
AnnAdOQOAnde AN AADZ QeBB?AdQAAdeA 7" rANBs V reNmBNM ANBROMA X @OA
rrrANBr adat dA O?cceNAA QeBBNaEOdAA QeBB?AdQOAAdeA AADZ AN/

ye eWNaEQeBN At Nr N AdBdaAandeAr R da dr nerrdk AN Ae gAOQK?
9! > AAr NeR OAKANDZ Mi AcAQA uAAr At N AcEAArBdAANEU AADZ >eB
R?AQrdeA dr aAe N AcAQr At N rRAZeBe ADINA R K ADN En RADOAA ¢ AN
QAN kN AcEAArnecaANDZ D ENQA AT are At N &Nre?@QN BAnndAF R?A
AceN r NAA At ce?ft At N rAAADAEDZ nAAt R ¢sNsR AtN raAAADAEDZ
rdN At Nr &ENna&ENr NAA ?2Ar AcE? QA? &aNDZ DAAA AADZ ANNDZ Ae kN N
r DAR AtN >eBkdAN R?AQOAdeA Qe AANOAr At N &ENONdWNDZ nAr Ke
QeBk gANNB gatkets ne kN DNAJY NENDZfAR? »ai ¢ Nre MAN NRZE sA n AAAN
AAQA? DHAF At N nAdae eR ANZ R?AQAdeArs
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Figure 3: Data plane including Extract/Combine functions.
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,eAN At Aa At N ¢dBnAdOAndeAN R AENAAJGAFT At N dAReacBAAdeA (C
dr At AAR NRRNOAGWNA"R At N AnnAdQAndeA dr dA Qt Acf N ef
/\CEA/\qu,/\/\NDZe Ne At N cADHe AQONrANONr rANE" AN en NA GQRe B BOet DNAD)
ArnN R dAReacBAndeA AADZ F ?2AAAANN A ONaE&aAnAdA e&?2AKAdar eR
r Ot ND2 ANe ANNDZ aAe kN DNrdf ANDZ adgat AtN ekYNOAQWN Ae
NANBNAAT udA AdBPReBaecNgARNDQr nNae r NOeADZ Reac NAQt ?2r N&ER |
fi?Ot dARe eBAAMAMN NADN AAr NEADZ "e? KDZ ANNDZ Aae kN nace¥ dDN
QeBB?ANJOAAdeA r"rANB AAR Reae Ni ABnANR rr NrrdeA NraAkAdr
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3. Next Generation MIMO

t N dAAcEeD2 Oa de DANWRKARE iR NgmA WekR NBAAA Pe BB? AgOAnde A ANOt A
e?@&Aat AADZ RqgRAt ? NANacArndeA BekdAN «cADfHer tADZ A rdf Aq
RRAOANAQrs hNAR dAReaEeBAAdeA At Neac' rtWEAANAAAAANNDINA o w i
&N rAdAKA RAc RaeeB kNJgAP R?AA" NinAedaND3Z uA At Neac" R A
r DANr d&NDZ kr ADDHA?T BeacN AANBZEZBAxNDAAANAAAr R ABANAAANQW A/
N
A
N

<

ef EAnt QAAA" D&rAcEdk?ANDZ e e R @A MOR Ar NH¥Ed QN OA QM AR ft e Bl
AT AN7 Ot AKANAFT Nrs fieBN naeeBdr AT WAAENKRDAA ¢ANQINA®AE N
DZr Q?r r NDZ A At dr rNOAdeAs

W T P Z

3.1 Fundamental MIMO gains

Cr AP B?AAdNAN AAANAAAr tAr A A?BkNaE& eR R?ADABNAAAA kN
rAncEe AT At oA ten ANAA At N Ot AAANA dr tAea A AA At N AcEAAr |
eR At N neenAi AndeA Qt AAANA uB? AwdieAMUR Qet M aAt QM NAEGLA 1A 4O iR
At N Ot AANANA T e dA AR Qi AMA AN AR reNee AQtBARAMAMWNJAR AADZ At NAt N&E At
XOQeenNEAANXR dsNsR A2t NaAatNeE AtN AcEAArBdAANDZ e &ENONGW N
DANr df A 2R TufAQuee ®YALZEN DANNADZ eA At N nAcadO? AAx r ONA/
Ae e\GWRNYA KA TuTA rek?adeAs gt NA DNr dgf AQAF TJufTA rrraANBr
NEAOAOQOAA QeArancAdAnrs un dr AARRRGBNRENAAOAFET ARAAJDN
nt 40t AAERe AKernr s

Arraygain V=7r Qet N&ENAA AT OQeBkdgAdAFT At N rd?f AAKr 2R T AAANAAA
AADZ 3t NAt N& At N AAANAAA dr enNaE&AANDZ gA AcEAArBdga eaE ENOQ
Beran nn KefnryuyfU DZEs ytdr ?2nnN&E& ke? ADZ dr WRiQreagdwdbeDZ kr B
to distinguish between array gain and beamforming gain, although they are often used

synonymously. Array gain typically denotes the improvement of the average SNR when using M

antennas, corresponding to a horizontal shift of the performance curves plotted versus the SNR in

dB. For pure LoS channels, this is identical to the beamforming gain. However, for fading channels

with rich scattering, beamforming provides an additional diversity gain through reduction of SNR

variation.

T2 AAdNnANI gAF AADZ B? A/AQRANMDABOMMNA A AKNANRJA eR OQet NENAA
At N AkdAdar ae NAJQBJAAAN JAANERNaE&dA? rrdgf AAAKrR kT Qe
r?nNedBner AF SAWN RaeeAArr OQAAQNA e?ar Reac ONa&AAdA Ot AAA
Re & rmZE\"de;Ir de A B?A/\q,nAN AQQNrrv”\PuNEﬂQUAq,AN@rAIRNEERRB&AV\QAA
(s AN QAermeru,e’\q;/\/QtA/\/\NArs ! AanQAA Arr?Bn/\q,e/\ gAN At dr
dr Aean 7 EMAMNN®A?BtkAVNE e R AAANAAAr AA AcEAAr BPAANNENA oA AXOA"
e AN OAA r NnAcAAN ?2n ae T rdf AAAr 2dgate?n dAANERN&ENAONS
R? ADABNAAAWRR cADIBA - NNA BAi ¢Bqd' AT i, ¢ AADZ r QinAAANHANT
Qe Ar ANAAAANdeAr OAA NWNA AKNADZ are @, é KerrNr ?2n Ae AtN O
AWe DANDR Ate?ftR kvADeBANAJdAEe BRANGA? " dat r Ot ND2 A AT s
dr DANRd AN Bymptatic slopeMf the (sum) spec tral efficiency vs. SNR in dB (for a given error

probability).

P ANNANAA DZLW N\fIrPdim d nFAMGA neenAf AndeA rneENADZ dA At N AAFAN
RADZHA?F eWNeE rnAQONs uR AtN AAANAAA DZj,r /\A/\QNr ACEN r?RRJOQ
Ot ANANA At An drRdAAQenaeNAAANNDZ ent N& AAANAAArs §tqgr dr
eaNONdW gAF &END2 ADAAA dAReEBAAdeA dA nAEAKANAK WdA B? AAdn
yt NeENRe &aNR AAANAAA DHWNaEr dgar BAL Nr At Nivelity BanAsNdfinece k 2 r A
as the asymptotic slo pe of the (average/maximum) error probability vs. SNR in dB (for a given

spectral efficiency).

I R?&At N& R?ADABNAAAA kNANRJQA eR ?2r dgA?P B?2AAGNAN AAANA
D, ENQAde A R dAQeBdAF rrdf AAAr e@E B? Ar dAWAN DAeABNEeaN AXKr s
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ule!U dr R BAYea& ¢BneacnAAQON Reac BeDN&A ner dadeAdAf A,
QeBnANBNAAquﬁe@BJﬁem\@wQWAA uyEe! U kAr NDZ ANOt Adge?NrR 7t 4O
&Ne?daE&NBNAAr eA AdBN 7 AQt deAd"' And /g NYMAKTANN /x nkAA M Ar v
At N rdf ANAK QeBne/\N/\/\r dr dBnaeeWNDZ kr JdAQ&NAr gAF At N

AnNaEr?aEN R At N AccEAr s

gt dAN At N A, e 7FAdA dr dABDARNADIADZHe R AAONR JAANBAAA D7
Kk NANRdAr RaceB nAAQdAFT At N AAANAAA NANBNAAr RAce ARAr R
RADZH AP ekr Ne%W NDZ Ana NAQt AAANNAAAS ﬂQLNQUArNRkEANanANRJcnj
rnAAqAAAf Der/\CEd,k’.J/\NDZACECEA/\rNBN/\/\V@ARAAN\!\D\ZI\M\Q\tAAr/S/\I\yA q,aEA/‘q;,er
Ae r NnAEAAN rQr/\AAr dA rnAONs uR QeerlNCEA/\q,wN AANANAANAT
At dr dr tAed A Ar d;rpeedn/\lihmAmﬂmﬂl\beUﬂR?ﬂﬂAtQQt t Ar At N ADDANDZ k NA
rt AD22 RADZAP BAQxe DIW N@Er A" UANDZ'ITM(INRRNQR dot\(fm’x&retdoDZ(A
QeenNaE&AAadeAs V

N >efeae ADZAAAAFT N OQeBNr An At N Qera e
ZReac YedAAA" naEeONrr gAF At N DZJor/\(Eq,IV(’P/\NDJ
AQAON fufTA ?AdQAr DANRNADZeA At N A?BkNa& eR YedAaAAr nae QN
eR At N AccA'R At N A&ENADZ dr AernKeDAANDNaer AAQARENAWEIBAr R
e D rAcdk?ANDZe#¥Ne At N rNeW dORNURENAS NPt Ne g i A cg R? A KR
Ree n1s  NA@®MYUUANDE PNE/SNDZ eNQNAA AT &ENANZNDZ AnnNReENBA -
BArrdWN ulayflece / gR At N OQeA@NrrA ©AREA? A R4 MANEBRI DZ Be D2 AA G
UBBTUTAWRYr JdAAcEeD?2 QND3Z Vit dr OuwfBunicdd r NA DZr m KW K& AR &£ NDA Ed A A A
AAQK? DI AT Yed AN AcGAArBdrrdgeA u!yU Ar rnNQdAAK OAr Nrs
r N\AANDA DA, Ande AN rANgesUAEN dAA?r A AANDZ dA

u
t
D

3.2 MIMO channel modelling

>t ANANA BeDNAAQAT dr A PADABNAAAAK rANn dA At N BeDNAKCJ!/
r dAQN daA DNANEBGANT e ONaEAn AgA Ni ANAA ten OAer N aAe &N
Qe ANQA?r deAr DANa&EdW NDZ Rce B AtNaaNﬁQwrﬁpqﬁe@omﬁm Rt Re BEAY AN/
r BAKAR At N BeDNAKJAF eR At N TufA Qt AAMANA kNQeBNr BeaN
At N r?x&RAQONr eR k?dADHAT rAcE?0aA?acNr eaxc ekYNOar BAr ARR

UA At dr OeAANI ARNAMNENQEAFK ANAUNNMA BeDNAr t AWN KNNA DNr ¢f AN
kNAKerns ytNrN BeDNAr OQeWNa& AtN RaE&Ne? NAQr &AAFN ?2n Ae 1107
r?2W o' Ot AANANAr dnnn go' ner Nr  AAaANIONA KO tnAsk AMA FAN RAN n A
AtN Vo' rnNOAGE?BRAGRNOGQRAT GMtAYNA Ng&r sDZLr Q2 r r NDZ r Nn AcAA NKA

R
A

3GPP [5]: The model proposed by the 3GPP is valid for frequencies between 0.5 GHz and 100
GHz. The scenarios supported by the model are urban micro -cell street canyon, urban
macro -cell, indoor office, rural macro  -cell and indoor factory  [6]. The model also supports
mobility and spatial consistency.

METIS [7]: Different channel model approaches are provided (map -based model, stochastic
model and hybrid model). The frequency range considered goes form 2 GHz to 60 GHz.

mMmMAGIC [8]: The model is based on the 3GPP model. It is focused on the modelling of the
frequency dependence of large -scale parameters, ground reflections, intra clusters
parameters, small scale fading, blockage, and building penetration, among others.

NYU Wireless [9]: It is a statistical spatial channel model. Multiple measurement campaigns
were conducted on frequencies ranging between 28 GHz and 73 GHz for indoor and outdoor
environments. Omni  -directional and directional antennas are considered.

QuaDRIiGA [10]: The model considers quasi -deterministic extensions to support spatial
consistency and tracking of users. Extensive radio channel measurements in the 6 -100~GHz
range were taken to parameterize the model.
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IEEE 802.11ad/ay [11] These semi -deterministic models are based on ray -tracing techniques.
They are focused on short range communications for scenarios such as conference rooms,
cubicles and living rooms at 60 GHz. For the modelling of propagation losses, the specular
compone nts are calculated by ray -tracing algorithms, and the components due to
diffractions, diffuse scattering and transmission are aggregated in a stochastic way. Human
blockage is also considered in terms of blockage probability and blockage attenuation.

MIWEBA [12} It consists of a quasi -deterministic channel model for 60 GHz. The model
focuses on university campus, street canyon, hotel lobby, backhaul, and D2D scenarios and
addresses several challenges such as spatial consistency and shadowing.

3.3 MIMO transceiver design

l'r At N A?BkNa& eR AAANAAAr dA AA AAANAAA AccAr dAQ&NAr Nr
rnAQON QeArAcAdAAr R AADZ Ah At N rABN AdgBNR B?2A?2AK Qe?nkq
Qe?nAgdAf JdARA?NAONr At N A&AAr Bdad rnNe fQNeaee cB\r A ASANJAN SA ru Bantale W

BeDNAGA nAcEndOQ?AAc QdaE0?da AtNemNAqumnwmmukNmDnmAwMe\
rTrANBAAGQO ReEABNADELGNY N At N kNr A quRemBAAQN ANAL QAT B
r Fijure 4Us Vt dr RcABNARCGARMENOQA?r N da BAnr kKNASNNA At N
t NeeNAdOQ BeDNA AADZ At N OdaE0O?da BeDNAR -t dOt NAAKANT

rMNOAr R r?20t A rrraANB ANaEN ANAAS ?P 8PRNGEBOANBIHY AT NERQAI
N ?2rNDZ A At N DNrdgfA R At N AAANAAA AccAr AADZeR eaAtN
e tAWN feeDZrdB?AAndeAN eac BNAr?2&NBNAA &Nr?2AAr
ArANGEASr s yt N DNdAFT ANARBZ BAQRP @§AXF ANARectr UEY, r
NOA?r N At N A?BkNaE& eR NANBNAAr Ae &eNAKd'" N A EY, ¢
P NANsEAKt N DNr gf Aere RBALA@t AF ANaAReactr AaA At N &ENONdWN
NBNAAr eAA" Faear AKAQANAEAT a2dat At N A2uBkeNgeUyerRe AVWNWIN A
ArrNr eR neaNae ABnAqdqRGNaEr R OQAArr uf mBADZBQARNE N ARNENGE
RIQAINAQr k' NANai® &ENQr QAqATs ABAKANE At AN t AKR A SA
NOA?r N dgan NARARLZNR BRANGEAT AN AcacAr 7t AQA AKAci Ne& At AA
NQNADHAF ©A At N W ANMA dAdORBRENELANEN " dat AAANAAA rnAQdAF
AW NANAP Ats feace Ni ABnANR AcacAr DFHENOAGW AT AnnaeeAQt Nr

QeArdradAf eR drencendQ cADZArnecr AcGAArBdaArAdAT dAnre NA
Naelss U e e A 7 dDEINEN OAiNje T R At N P AQA AAKre DANnNADZ ©A At
NIQRdc,Qq,N/\Qr NP rdgENA N DX ERN ASK secenen ™ nNr QeAr dr AdgAf eR C>
ANANAANA nAQ4AFr BAKANGE At AA t AKR AR AW NZANB\G At /1 dANDR B2 ¢
t NeN At N BNAr? &NDZ &aNr ? AAr AcN LAer N ae AtN rdgB?AAArdeA
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l AKnte?ft BArrdWN JuTA dr A naeeBdr AF ANOQt AeAkefr R dA Ot
QdxEQ?dnan QeBneANAAr AADZt NAQON dAQ&NAr NDZ NANGPi ™ QeAr?Bna
Reae BArrdWN JufA AAANAAA AccAr r R AtNNer DRYBAIT AN, Ner R AR ? MBAVA T D2
Ar AAANAAA NANBNAArs §tNEeNReacNR At N &Nr NAcQt OQeBB?AdAT
AmE, i gAAK rekh?adeArR N¥NA Ate?ft AtNr AcN B?20t BeacN RAI
ytdr BeadWAANr At Ne DVANWe nRBINAVAT  eDF), ilgA AKX Annaee AQUNWYJu Ns T
A?20t ANQt Ade?Nr R Rea Ni ABMANR? AdeNA kB& NDZ @\AKNEA NEr R 7 r N
ANEAANrBdA rdif AAKr AADZ t ' k®dDZ k NABRea&BdAFR Ar AN AAANGAA,
e A DNQ@NArQAr At N NANci '™ Nge ADBIRAGe NeAAAANNBeN®NG ¥ -
NANBNAAT AcNweD? dnAKeOe AW NaEaANaEr u! E>r UR At N AQt gNWAK A
rTrANBr NBnAENdRK? KgBA ! E>r - NIel® Uy A4 NDZAMDZAR ddr A e R A Qe
rTrANB G deNre@mndeAN ! E>r dr Ni ANADADZ ae /\tuliNe?ryé.-/\N(f/\t,NNIQI
AEAArBdAaANE r dDAR At N neaNe ABnAdRINaEr ue! rU AcN At N B
NAWNAenN AcAArBdrrdeA dr enadBAK Reac At N e!yr NRRQQQNA
AEAArBQA rQrAAANkwN MWMWQW@QAWMGANGr UE! >r Us ytN Ddjr ne
e?AANG ArndeA AA At N E!>r AcN Qeﬂ§QBM&NDZQMGM@MO@WNGAN@
Ae dBnaeEeW N At N AQtQNwAkAN EAANr ueac Ae DNO&ENAr N At N Naa
DAY NAendAf A AeAKdANKe An NG DRYE AR MrteN8 MiNe A n e ¢ DI AF
AADZ KQANAE naEaNQeDNeEr Reac OQeumnplmbdz NABNAe AMNr g RRAELEKN QA T
ANe NKEQANAE naEeNQeDZHAF ANOt Ade?Nr Reac At N rrungNBKr 2 @A 5 e 2L
r 20t uAwUne e DANDZ AN AANAKT r dr eR NANa&Gir AADZ r nNQA cEcAAK N
Kk NABRe &aBgAF 7" rANBrveNB A Ad/RIA AE>r s uBnANBNMNNA edde? Mrd, e AA
DAAA Qe AWNaEANEr ueaE QeAr AAAA NAWNAe n NINR B §0 40dANS rUB NV 1
BArrdWN Ju$A dA I g
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bl
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3.4 Line -of -sight (LoS) MIMO

uA TuTA Ot AANANAr BAJAK" veBRgerdMA AUNDZ kA A R ABNAA g n AN AT T
Ni A cAQE®dZg DNDZ At Ah At N Ot AAANA t Ar A cAA: AKAci Ne& At AN e
eA At N &ENFEBN 5t NEN At N AAANAAA AcRAN ADZ eul) GINAADZRDERE N\ A/BN
RGNADZ AnnAdNr dR At N DZrAAAON k NA RN eAVDAAA A NDe/BB ? Ad @A
DAY dON dr r BAKXKADAEAANDZAT aAMNAtreeRNeE DZ,r AAAQNR 7t Ot DANNRNA
AAANAAA AccAr A& NENRENBDANQASH's feac A Rdi NDZ AnNaEa? &N eFR
r QAANr nacenecadeAAAKA" are At N OQAcacdgNaE RaENe? NAQrS t NAONF
enNaEAA AT JRINKEKBDZ ARADENAr Nr r?2kr AAAANGAAAT N7 VWRAGEY A MYt A tAM
rnt Ned QAKX BeDNA eR At N «cADfHe "AWNr AnnAdNr wirRg N ODABR, AN
P g% Nr &dr N Ae AQANAcEAT JGADANNNADNAA naeenAf AndgeAN nAatr R
EANL s
@ Vyt N fefA nNeReacBAAON rte?ADZkN enadBd' NDZk' naeenNaeE A,
't AtN enadB?B AAANAAA nAAQONBNAA dr A @R AOAGRM R RN Ad
At N nNERe&BAAQN R -efA fufA rrrANBi@idrDHPADONQN A KD
Bdr AKqF ABNAAr eR At N AccArrG NVFV D2N ne cenAndeAn e
ANQAANDZ AexeA"™ dr DANANEBJGANDZKk"™ dar nEeYNQadeA eAae 1
AADZ éi AccEAr rV #NMNr YDNAEGAFBNIIREEB OdEQ? AAce Ac&Ar ZC»>
K?Aa At An AdgN Nd AMNERZAT At ENrNOA Ae At An nAAANV ye |
dr Ae NnAAON At N yi AAANAAAr eA AtN AdAANDZYI AccEAr
NNEnNADZO? AAcE Ae At N AQAN KNARNNAAANANA y§i AQDZ ¢ f da M
Ae QeBnNArAAN ABVI DREERNr 6 dADNe RAANAAAr eA At N AdAA
/j(gQA/\NDZ eA AN NAEAAKdNnr NAZAGQNNNDDe ENENZ NENNHBAFT Ae r?
Zk2

(b) Figure Sk NAe@m2@t At Aan dar naeeYNOAdeA oA At N nAAAN n
KkNAGNNA At N yi AADZ éi AccA'r QeacacNrneADZ are A C:
=Ar NDZeA atdrid AtN yi AceAr OAA At NA kN DNr df AN

U
NAAdNAQOAA 7k AcmAY N@na g A RANAQIN mxk AcEAr ©A At
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NNEnNADH O? AAc Ae At N AJdAN kNAGNNA At N yi AADZ éi
enAndB?B DIHABNANG 2kz2

() Figure 5A2V oNAOQONG DANNNADHA?F eA At N aAdAAgAP AAF AN e
r?kAccAr OQAA kN r NANOANDZAe QeBnNArAAN At N OAnA
AccAr YAQEMYF VG Ar rtesAN dgA At N Ni ABnAN =dat a r 73

a

N>
¢
N

Figure 5k s uA ADDZAdeAR AAAte?ft A AJdQAANDZ AccAr OAA kN DAA
AQAAQAT eR AA AceAr OAA kN ANWN&EA? NDZ nenAeDZz dBnaeWdA
WAEr gl VDI r AufesQNr

f2crt NeBe@MR,ReeeB8 AccAr DANrdgf A eR At N yi AADZ éi AcacArR
ANgPt ke? ad AT AAANAAArR OAA kN QeAr ¢DN&ENDZ Ar ANAK Ae dAC
eWNae WAwéigADZ, JAAAQNr AADZ AdAArTIRGAA ANENEAT AT AADQNB RANI
AADZ Qe ARd?P ?®ArndeAN eRuUuABN AccAr ¢ NeBNA &’
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Figure 5. (a) Example of R = 5 subarrays in different colours that can compensate different tilts at a fixed Tx -
Rx distance of 53.8 m. A grid of antennas can also be used to approximate different subarrays. (b)
Performance enhancement by selecting different subar rays at different tilting angles

3.5 Multiuser MIMO

gt AN At N QAnAQdar AADZ ennadBAAWMB@AIGWAB dhu TrAn /MNP & 7 ARt AP
i NeBNA&EdNr dr ANAA tAea AR AtN rdga?AndeAN dr BeacN QeBnkA
ANAReaEt OeAANi A utAenaA Ar XANAnReac:t TOUTRARUWK dilg NAPDE DRA
Qt AANANAr ur nN@RPRGERAONDOZ Ry ARax AN B? AndnAN AQONrr AADZ k &
PADNEr neeD® fea P NANEAAX GAANERN&ENAQON Ot AAANArR Ate?ftR
ANEAANT ONGW NEU dr ?2 AL BNTANDEAMADZ ONAAr Rk INU  ANA S e &S A
BAAT DANFf eNNr ©R R&NND2ZB 7dat &NFAEDZ Ae At N OQt edON C
AEAANrBdangAT AADZ &ENONJQW AP JdAReacBAAdeAR NsisR AtN ner
AW AKEAdAT AADZ Ni Ot AAPN eR >AuR At N QAR gWPIN AKX g ua? AdND Aur
AdARGEAr A&? OA? &aNUR Ar A NAK Ar At N AAXKeQAndeA eR a&Nre? &aONr
DAr gf A Ot edONr AADZ B?rA kN OQeAr ¢DN&END3

I R?PADABNAAAK naeek ANB dA At dr OeAANi A dr At N YedAA ena
QeBkgdgANaEr R AKeA? 7dat nensNa AAAKeOAandeA AADZ r Qt ND2 AQATF s
ecnatef e NANAKQ' NDZ A RaE&Ne? NAQr AADZ A4B8NRDEBAANr AN AYWRHGE
NAr?2a&Nr AtAa At N DANrdaEeNDZ ?2r N cANRRIAENAMOBLENRNES ¢ A-?
ennAndBd" ArndeA dvw AFGDRN AADE A t Nee DN r ¢ Ae\n kB AR RrdeQA?NWVpe AN Age |
Qt AKANAT Ns ytdr ea@N RAEA QB? AREENEY ArNeDE XQ\WNJfeANr R Ar D r Q?r r N
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r NOAde AR 2t NeN rr QAKAkgAda™ dr A BAYeax drr?Ns fAeBN reAh
neew d DINDE d A

3.6 Cell -free massive MIMO

. NAanea&t DANArdR4OQAAdeA dr AA dBneaeanAAnr RAOAecE A ENAAQ
NRRGOIGNAQ" AAD2ZLYEN ARANADAr AR At dr t Ar DZEGWNA At N DNWN,
AcOt gANOA? &Nr dA OQeBkdgAAadeA "dat DNONAAEAAJ' NDZ JuTA C
rAdGAKK Nrr NAAQAKAT Re AWNNAAK) OQOBRA YR AN o AXKL r @NAKBT BRNAK N
DANAr dA™ R VkMitr WNDDNVAA ce AQt  kNQeBNr JdANRRJOQOGNAA D2N Ae B
t AAD2ZW Ner AADZ r gf NANAAAGQAT kean ANANOQLr R 2t dQOt BNAAr At A
nKAANA? St NeN R?a@rt Ne& DNAr R4 QAN AP AREMA)y ndgn BEBADEArNOE
RENNXx AcOt dANOA? &aNR At N&N At N CM d¢r BeWdgAf At ce?ft AA
DA, r A &,k ? ANDZ eW NBEENNNBAGCN4E N>NAKA OeBkdgANT AtN ADZ AANAF |
AADZ BArrdWN JuTAs ytwMNr ODNEKTA AGDBONAA ke? ADAcdNr Sdnat
DAnAer A KAci N A?BkN&E eR D& rAcdk?ANDZ AQONrr nedAar u! er
PAdA u>aeCU ae r NeWN AAXA ?2r Na&r dA A 7 dfDAO AMANDE sB Asrer Bty ANce NI
NAHAENN ANAReactr eRRNa& BeaN ?2AdReradBAAQua A MNO Mg WNY, AB A Quaee  ADEYA
ekAAQANDZ ReeB At N DfHrAcdk?ANDZ AAANAAACr S

UA eaEDNE Ae AAAKer VOQNAAAIGDA DL ARA BAGION QereMdlcAnde A QA?r AN
AN e DRPORNDZt NeN NAQt CM OAA Qe AANOA Ae ANA@kM ¢ RIiEA AMr A
ENrAEdOAdWN r QAAAKkdgAdAT S Ar DNRJGANDZ ne ¢AQA? DN ABNeDEN '
ENre? &ON AAAe QAXLQNaN ON@BMGERNDRBYERe eBAAQON WRAENAT Bdr r g R NON A
rTrANBr Reca DQRQNGNAA ® AUDTFAE N 0DZA MWNNNK PBRe/DBNEA A Qe AQA? r de A
A t?2f N nNeReaeBAAON FAdA dA A WAEdNA'™ ©R r ORENMRE]BAs r d KK
TuTA dr rtensA Ae dBnaeeW N kr Annacei ¢BAANAT ANAurg®SNLU OeBE
yt NENRe dRNoRNNONBARA r W N TuTA tAr kNOeBN AN R AtN Bera
ndENANrr ANAcmeactr AADZt Ar AAAcEAQANDZ Ni ANAr dW N &Nr NAEQt
u®s UuA At N QewR&ENINA TeRWRNAR ALt NDZ r" r ANB naEe QND2 &aNr R K«
ndAea DNrdf AR ANNDZ ae kN &ENW¥dr daNDE | ONAAGEAK Ot AKAN/
ONAAcAAKd' NDZ DNr df Ar AADZ r QAAKAK AN DB Mastid RN DA BN r & d NN A
u®ld ys U

3.7 Reconfigurable intelligent surfaces

é€NQe ARAF? ®Ak AN dAANAKKAJF NAA 2?2 &aRAQNr yéufy AceN NBNa&f AT
rrrANBrs éufl aeaNr NAENANGr n ARAQAEN Qe NRYQP AXEBANMMEA dNr R
A RANOAde AR AaEMREBQNYIORRAK r e eRA BN QAT AT NANOAceBAT ANAGC
BA" kN dBnANBNAANDZ k' NdgnatNe n?eNAr nArrd¥N ec k' ureBN
QeArnce AANE Reac At Ngae OeARJPF?cAndeAs ,eaAN At Aan éui dr A,
i? cRAQNRX nt d®fi UAA ce D2 QNDZ RdEr AT R k?a tAr kKNNA &NnAAON
neenNa&adNr Aes fe kKNreADZaAtN reAN R?AOAdeAAAdAT™ eR &ENR,

gyt N 7§eudttirJsalAQ:L ANDZ At N Ot AAANA NradgBAAdeA naeek ANB Reca
AnEAdAGAF eW Na&t NADZ r QAANr naeenecadeAAXAT are At N A?BkNa
AnnAdQAkdAdnA" eR At NrN r Ot NBNr dA naEAOadQNsNAt due drAWDR |
e NWNA nnnnr R AAANAAA® IO HWAN NDRN YnNeAst r NRDZNGtP ARANA Nr A d B
ndAat AdBJANDZ eW Nt NADEe nue\r MrA eme, OP EAXER éuii AAANAAAr Aefd |
Efy QeNRRJQJ4NAAr Reac NAQt éui AAANAAA 7 ade?n Reac Qt AAAL
Ni nAedadA? At N Ot AAANAYyr rnAangdgAK QeacacNAAAdeAr dr ?2r NDZ
AN NRRNOA ©R &ND2 QgAF At N ‘F”z NOAdWN éufn Ot ANANAK DZ,BNAr

R
ge dAT kae/\DZ A RRERG@E  MANr  Rdi NDZ éufi QeARd4F?@ArdeA nA
NrAadBAAdeAR G Nusmdde neerMNgBJgN N Ater N éufi QeARGF?cAndeA nA
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BgAdBgdg' ' N At N Ot AAMANA NragdgBAaAdeA TAM ec r?B faM gA A
Ni nKedar rnAAdAK OQeceNAArndeAr R At N Ot AAANA kNAZNNA é.
AN AAANGEAAANJQAT enandBd' ArndeA AADZABHNGE e NTDes hBZreSute S D NAA DN
forming of RIS beams for channel estimation that direct the pilot signals into the eigenspace of the

éun Ot AANANAYr rnAAgAA OeacaeNAAAdeA BAA&Edl OeAAAdQAQAT t d
channel estimation and  data rate performance compared to the method in [51]

gt N 0daE0?da At NecNAdQO BeDASRAANDAAKORr Kk NDZAG A A NOZ des\y! " r
QdE0?dA BeDNA JUAEGAGEMANEq@ 'dN NDZ her /RN NOEa@? NANBNAA -
DfLe DANr UR Ar S NAA Ar Reac AtN B?ABAAt OA?BAQANXK eReRt Naé
nt Ar N eR At N ?2Ada ONAAKr dr A?ANDR Aean eAK" At N ntArN
ABnAda?DANs f2a&at NeR da NAXAK ANrgdex (OB AdDAOA QIQEY,E ANA M A 'Ns

ytN ?2rN R éufi dA gAD2rAacdAK dJdADReac r ONAAcder dr t dFft.
B?AAdNAN éufi AKeA?P At N ONGQAQAT wed® M ARA/Qare ave t A A Qe qna
eA At N rten RAeeacR At ?2r r ¢ NADHING A Ad N redBDa¥ NNE 2R A QeAR™ B diA
A?BkNE R AOQOONrr nedAars ytN teBef NAe?r dJAK?BdgAAAdeA (
AAD2 r AcEdAK uey Qv BBEADYYN&EGINDOR k' DAAA AcAAr BYADH & A A8 G At
AAANAQT ORArhIEMGRACE--> saurAgNR BRN r NAWNONAWNr Ad?P AANDZ A
nNERe &aBAAON eR ¢gAD2r A cAA ANONDZ RADD @ Ker AN n R/ \BDX ABVE ¢ A
"nA¥YN R&ENe?NAQr kAADZs un t ARt NNNANQARGAY 4 DN ctNe,Pe hn NANe ? r
dAK? BGAAANde A ReAA? ANt N REtReaNd ? NAQOT kAADZ OQeAr DNENDR F g W
DZ,BNAr de ANDER AQddpAN FAAGAr kNQeBN BeaeN naeBdANRENBZNNQYAC
TeacNeWNaER At N ?2rN R uBAGAA" U nArrdW¥N OQeBneANAar dA

BAANEdAAKr ANNDADZ Rec éufi neeD20OandeAN AKKen Rec f eNNANGc
RAOAeEdNr Ae " NADZ teBef NANe?2r dAA? BGAKAGNDOR e Qe B A N,HZN
nedAaAr eAK"s Ytdr naeek ANB tAr KNRNASRURKIYNEN A RQAGKkee A, AR
ANAK" rdr t Ar KkNNA OQAM&GY RDOB DA DRy e ABNAUAQe B AENDZ Ae A/
AOONrr nedgAar eAK"R " NADHAF A @END2OadeA R At N OAckeA
2N nt Ar NU kr ?2n Ae I JTu uRAOQAe® °Us

AN
U Ns
A i
e

3.8 Security, resilience and reliability

e NAAANDZ ne ANi A P NANcEArdeA TuTAR At N ntrrdOQAK AKAr N& r
D2BAGA Ae P NANaEAAN AeWNA r NO?&dA'™ nAcADZ?BrR AcN eR BAY
AAQ&ENAr NDZ gAANENr AR kKkNOA?r N &atAN&E N AR e /Bt MEQNA QAN Y 2 A A
t Ar ANZ At eNAA WNOAeaer RaeB AN: «cADfHe ANOt AekKkef dNrR r?
A WEAGEAGWN FJufTA rrrANBr AADZ AAAAQtr AP AdAr A nNaE&WAr dWwN
DANNR ANARGRQRAFR @ ARANA DR BB? AdOAAdeAr R AcndRJOJAA HAANKK
Af AerandQ rr NBYBAA "ARDAGMAA N r NO? &A™ R AADZ AeWNA DAAA na&
DA, r n €,k ? ANDZ ANDZ Ner AADZ DIHRRNENAAJGAA negW BQn AENNA N NNA
BA? AQA? DN AADZnNa&reANAX DAANA kaceNAQt YDNARERAAANGRNAKEGA Gt
ANOt ANekKkei gNr dgA AtN ntrrdgQAK AKAAr NeR At N OQeAANOaAdeA KA
ANAReaEtrs uA At NueRNadNENQARade dr NinAdOdaAr BNAAdeAl
NAAKk KGAFT ANOt Aeheir ue?eaNi Xyt N raceAf Nra r NO? &dA’™ nc
AAT NEx Us

l KreR TArrdWN 9JufA dr kNANRJOJAAX Reac ANOQ@NAr NODX'rt Ng NA
P NANcArdeA dr AA NBN&PAG /AFDZ mtN Ot A\Q@fe®R NA AreNdlr A Ak Adrt r NO&EN
usg¢ U A?BKkNaE eR ANOt AQOAK Ot AAXANWKANMNDLA NOENAOQE ANAAR K AEKEA
kr DIHRRN&ENAA D2nANi BeDANrR BArrd%N TJufA AADZ BBJAWN OQekE
ANAReactr AN&EN AnnaeeAQt NDZ gA &ENONAA rrAAQZERGs N! ANO®ER e 4
BArr dWNWPBNAN JuTA ANAGZe Esurs RUA t DADED WN BZAGA A At N r nArdgAAKK
eR At N ?2ADNcEA" AP BAr«r dWwlNRYAMAL/EDZAR NEVAGINAN Ak AR N & NT
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i NANcAAde AN AAfeacdat B dr na&Nr NAANDZ 3t dQOt reAWNr At N BAY
ANAEkr AaAnAQt R AADZ wdefat e NMANBBANdrea?SA A2 A e

3.9 Energy and cost efficiency

MAN&Efr AADZ Qeran NRRJGOIGNAQr A&EN £ Nr DANrdf A naEdAQgnslir R

At the transceiver level, this can be achieved by hybrid analog -digital design and low -resolution
data converters (or constant envelope signalling), as discussed above. In the future, energy
efficiency is expected to become increasingly important in the co ntext of network MIMO. For

example, distributed MIMO designs based on local measurements and signal processing require
less signalling overhead (and thus energy consumption) than centralized processing of all signals.
However, distributed designs typically come at the cost of reduced data throughput and it is
important to strike the right balance. Moreover, realistic, up -to -date energy models are required to
properly evaluate all factors involved. While most studies focus on the energy radiated by the
anten nas, the bigger part of the total energy budget is actually consumed by the hardware (e.g.,
coolers and circuit energy consumption) [62]. Intelligent adaptation based on learning techniques
can help the system self -optimize for energy efficiency. For example, parts of the network
infrastructure can be dynamically switched off and on (sleep mode), depending on the traffic and
service requir ements. Furthermore, other design parameters can be considered, including
renewable resources and energy harvesting as an integral part of the network.

3.10 Conclusion and connection to other topics
TufT@®&Ar NDZ ANQt AeKke? dNr t AN BADN A rdf AQRJGOAAA OQeAA E&dk:
TufA tAr Aea " NaA &ENAQt NDZ At N AdBdar ©R dar R?IAA neaNAA
Ot AKANAF Nr eA At N aceADZ are [ g ANB&KDNe 9P r MOANNAY AL AT e Rt
ANAReaEt OeAANi A enNAr ?2n A WAEdNaAr ®©R ANAZ nerrdkdAdnadN
uNsfs >é!, Wr BNrk ADIRARAEeQANAREGAJGAINr R RaEe AANADZ AdB
Qe Ar DNENDZ ReNe? NAQ" k AAD3

fee yo AiNoDZ Re ?D{Zi,rQ’.)rrNIIFZ dEN ATKN,O A, \é A DZ,r A €k ? ANDZ Qet N&ENAA
AiNNQORJOQAAA" R yo TufA "e?ADZ cNe?da&N Ni A cNBNA" n(ENQq,r
Qet NeNAA kAr N raAndeA QeeopigANEddAs OpBEJABAE NA NOB Ade ? N
AKANNGEAAA QW NS

YUN TuTA naedAQdnAN dr A wesnQAeireNWA A oNOABBMANDE M el QQeNY r u |
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ud RUBZ\DRZDRjg ©? ¥ g \\BZ A& - NWRxge NAT! ANNDZ
ENGAWNr A dF AANDDZAR eraOf DNIAKET A AcOt ANOA? &aNs yt dr t ewADZ d /
RENN eaE& ?2Are? tlOQ@NreAANDRRE@IgR Wat Ah AcN &Ne?da&NDZ ae r?
A?BkNE R DAWJGONr dA At NARIMPAENS An ndeeeROt &M RN mA g Rtee B |
dARecBAAde Aul RtUNteASY¥ N ENOQNAA AT aNf AQANDZ r df AQRJOAAAN  d/
QeBB?AdQAAQUDZ ent N& AnnAdQAndeArs uA atdr QArNR At N rdi
AANDZ nedWAAN BNrr Af Nr GNG?QENr ‘QQQQQNAA AKtecdat Br Rea
ytdr BAr AKre kN OQeBkdANDZ mdgat DZ AAQNDZ Ae AKX ANAENG EN
Qe DAYWTY Us U

ytN AN&EB S, Nia FfNANEAadeA TuTAS raAAADZ Rec At N
rrrANB OQOeAANiAs uA aAtdr rNOaAdeAR reBN ArnNOar t
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4. Integrated Sensing and
Communication (ISAC)

4.1 State -of-the -art on Integrated Sensing and
Communication
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Integration at high level: where the sensing and communication systems are separated and
information is exchanged to help in some way the mutual functioning.

Integration at scheduling: that is sensing and communications signals are multiplexed in
time, frequency, and space, enabling the two functions to share the spectrum and partially
share hardware resources.

Full integration: in this case, sensing and communication systems are fully integrated and

share the hardware and the frequency band. This approach is also known as joint sensing

and communication (JSC); it exploits the waveforms transmitted by a communica tion
network to perform sensing. To fully integrate sensing and communications, wireless

systems will be designed to support both functions together, using the same spectral
resources and hardware and thereby reducing cost, power consumption, latency, and size.
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4.2 Current 3GPP Standardization  Status and 6G Pre -

standar dization Activities
I'g rAAANDA EDZ,' AndeAN Aan °egaeae dr Ni nNOANDZ aAe raAAcEn JA KA
ANAAQWNR dAANF €AANDZ AADZ enandBd' NDZui!> r"raANBs ytdr BA-r

RENe? NAQr k AADZ wdiA Quio? DELOVT? MADEZ YDF 'URK AA AN r?2nnecadA? AR
AEAArBdrrdgeAN BeDANr AADZ nceOND2 &Nr s

uMmt BNAAAGBN ten NWNaERN®&Y ON ghemeDZ A" r ANB | rqnNOAr GSe&s gAl
QeBNnANANDZ gA ~nne A ApA?DZ AADZ eact uaNB eA 2r N OAr Nr A/
eR At N sg ANS EADHe u, éU " r uNBUNEWNG e ¥ d DN ENAP AA NRZEY 4 O
on ?2r N OAr N AADZAt NdeE ENe?dENBNAAr Reac WAEde?r AnnA&AdOQAn
ANew gaeae AANDEZIAerANAr gAF ANOt Ade? Nr AADZ nAWNDZ At N Rkt NRecac f
DNAAGQRGNDZ e v 2 ruNt O@RA NNer AR, DANA !leAAF N eR AnnAdOAndeAr dA

Object and intruder detection for smart home s, on a highway, for railways, for factory, for
predefined secure areas around critical infrastructure.

Collision avoidance and trajectory tracking of UAVS, vehicles, and AGVs.
V2x Automotive maneuvering and navigation.

Public safety search and rescue.

Rainfall monitoring and flooding.

Health and sports monitoring.
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4.3 Key 6G Use cases
4.3.1 Vehicular scenarios
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Figure 6: Joint sensing and communication in a vehicular scenario (monostatic configuration)

4.3.1.1 V2x Uu link based ISAC
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Figure 7: Joint sensing and communication in a vehicular scenario (multi -static/distributed configuration)

TRP #3

4.3.1.2 V2V based ISAC

Gvi rORBBANGOAAdeAr a&Nna&Nr NAA AAeat Ne& ¢Bneacan AAAW?2r N C
2r NDZ Ae naeWdDN rr NAr gAF R ANAck' WNt dOANr AADZ nNDANr A a
Ni dradA?f rNAreaer udsNsR QABN&EAr R «ADANer Re GADRa/R R O tUN
ek YNOAr aAe At N WNtdOAN dA At N AdAN eR rdfta dr nAEadQ?/
DI, RRNENAA ANWNAr R dAANF cAndeA OQOAA kN ?2rNDZRea& At dgr ?r
RWBZZN ANI  neNOQt /feeMX At N WNt OAN nNaE&Rea&BdgAF At N r NArgAF 4gr

QeBB?ANJOAAde A AADZ r NAr gAF dA At N r DNAJAL S

4.3.2 Industrial scenarios

ufi! > dr AAre AAAJdOdnNnAMNIZN A QRAQY AdrdfemN erRt Ne KaYNNAQ'A ner g A g
aNr 2 AngAF dA t NdgFt ANANDZ NAW dce ABNAAAA ARAENANrr R 2t dAN
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ufi! > dgA dAD2rAcEdAK r ONAAcder AN ASReReADZ rARNAT AADZ
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Ae QAAKd"  Ahde AR AXKKeadAf At N dBnANBEANX NAdgaAe BNANDENr A U
ANAReact @ENAJQAKAAQAT R At N JAD2rAaacdAAk naeenAf ANge 4k ANNY g
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4.4 Ongoing research and open  problems
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BAnr R AADZ CM neEe R4 AN s
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eR HTAWNReaE&BrR ANR a&Nr?2&AAr A AtN ?2rN eR ! fEU°RARSNBROEB
tdft AdfFtar AtN ?2Ade? N RNAA?&EN ©R Atdr R"AYNReaEB aAe &ND:
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l'r Reac rNAreace R?2rdeA rAcEAANF ¢Nr u DN nu OB B BAMQA WEN s? rt NDZ |
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BeDNAAKJQA?P dA At N OeAnNiun Ae Ri ADZprsAn eg k ? A NDZ 1 f
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5. Non -terrestrial networks In 6G
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© F. Rinaldi et al., Non -Terrestrial Networks in 5G & Beyond: A survey [1]
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¢ ADzle f eN@RNAAQS uA ADDIZAdeA Ae rNNEAAY QNN e AANTRARERIRNEREANT =le 7
rNAAdA?T EAnt Ne BeDN&E&AAN DANBAADZ e Ay (AdNAr B2 AKGNT QR A A& WA:
dAANF &AAdAF | NI, d rdmMdied /\Ad!\IQtQANQQ\NKRbIquehRJZNrIBerrdokQAQAQNr ;
NAt AAONBNAAr ©A AtN eWNaEAAA rrrANB DANrdgf A R At N cADFe
At N NANGEP T NF”eF”eq,Qq,N/\Qr Ot AKANAFT N eR OWyadENAAr AL eeERZr O NAD)
ADDZ A de ANAKA QRGN r MNa¥ lddxr dNr DZRRNaEdAF r? Kk ANABNKGARBAY r | Ut
BAQt dAN A" nN QeBB?AdQAA d sN ARATKYWRALA RA/CDZ 2QMnBaBR A d QAN de A uC
NAWdrdeA At Aa At N r/\err AALt NA kr egea AenAcDZ V. r OAA
nNAAt 2Ar AefRAEeDZ At N R?PAK qAsNF cArndeA eR y,r AADZ .y

5.1 Non -Terrestrial Networks for advanced services

gdat AtN dAAcEeD2QOadeA R AeWNA BNOQt AAdrBr AADZ RNAA? &N
r NeW d@Nrs gR BekdAN ANAcRectr OQe?ADZ kN ?2rNDZ Reac At N Rdcer
BeAdaeaced Af AADZ QeAnce Xk r NaW dONr a&Ne?daE&dAf tdft Ar a&ENAJA
ANDZ Ae At N NBNaEf NAONKk ERA:r A NEAAKNT @BRANDEZ G AQeN/\AuNa‘yAR .-.tq,
k?dAn A At Nr RADENARBENAJgeEONeBe?r enNae&AadeAr Aa WNa&Er tqrF
NAEAdO? AAc Rea W NDZHIWAN r%Rd, EA WAOA ATQAMAT 2t N&N AADZ BAT /\';?r
QeW NEA? NR F ?2AEAAANNDZ ANAGReaE:t QeAANOAGW dAT Ra&Ne? NAA AT kN
NAt ANAQgAF BekdAN ANAReactr adat ,9y, OeBneANAar AADZ R?AOQ.
At N R?AK rNA eR sg rNaEeWdONr AADZKkNreADZuat?r AAre OeAr (
ANAceact NWeA?2adeArU dr Ni nNOANDZAe kNQeBN A tNr NAAKANC
AADZ r NABANrr rr NaEW d O NO@AMNG ®AGNT sReaE At

gdWNA Atdr ekYNOAQWNR t edeNZ NQRA Ar ARONA AdleNMr Ak, r Nrr NDZ Ae  r
Reac AKK r NeWdON A" nNrd dA nAceadOQ? AAc Rea A ejreN KkNF AW Fed/y
dan rte?AKDZ kN AeaNDZaAtAaA AtN AAANAQr OQeAranacAdAnar R AT n
At N ecDNE eR r N NEAA ANAr R BAHRJAROZARNZAQNANQ HOAAAEN K
B4AdB?B /!(A/\N/\Qr QBANDZEACL/\A% gr Tgree r NeWdONr R A r AP AN
AAA AterN uey AADZ GVH r NaEWdONTr neeW ¢DANDZ WdA rrAANAKKGA
Bq,AAq,rNQe/\DZF_e k?A Aean B?20Ot Bea&N At AA At Ans AAANAKAGANr 7
At N Aern NAaeat eackdan u-MAU An AAANGNADRNENDRRZEEBAAY ND NA DRZ
WN&E AtN BND#?B NAaeat weckdn uTMAU Sdat AAAGA?DANr kN
NeranAndeAAc eackdan ugMAU Aan esRtel tB AAAGA?DNS uA At
t N NAEat An AAAGAMNTR® K BA AMNDA AxPY OAA RAQJAJAARR AENAA
Nn BdAAJ2NDesveDZAt N &ND2 QNDZ naeenA?f AndeA DI r AAAQNrs Vit e
ce D2 Oade A AAODZALBRNNI nAedaArdeA RRAEN?rAAE\MNAAANA@mi@q
ANNAKGANr dr NinNQANDZ ne QeBN Aa BeDANr A OQAndAAMAMIWOR
NANEAArdei MANBAA QY N r An NARARMN cAlAdt qtkOsaRING e QN r AT R
AKKernr At Nr N rAANAAGANr aAe R?IAQAGEA XArn dXANAORSBEL? A Ne DR
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QAnAkdAdAdNrR A?&AdAF At NB dAne WRBAEDRZEH ENQRNr gAE=" QAR ALK
yD#rAcdk?ANDL NDZN QeBn?AdAFfR sg r NaVAOWNDZ ANDE AQsiddRed/\d,
DA, ENQA AT Ni NO?ANDZ Arn Ater N rAAERAJaR ARAY sMA? OAA RA K Q&I
AAANAQT AnnA&AdOAndeAr R r dAQN@metd WA aEReAB B e/Mg, ORA ADEraWN kAN AnreNgNVY
AADZ At N DAWJON feD VWY eAgdDY LA tWNL Ae r AANAKAQAN AADZ P AANGRAT F @
r ANNKAQe BB? AdQAAde Ar wpd M FA Q@ tNd, AkNNGW? e MERA " {r N NA A4 NA AeCAAN ¢

Ae AGEGAWNA ARGON AtN DZ,r AAAQN kNAZNNA NAcat r?2@&RAQN AAD:
f NANcEArdeA dA At N ¥-MA eckdaR AtRNnNENDZAORDBZedA ANRRL B
tdandAP At N AAcEf NA Ar REGB?AAANDZAREWNR nftd0t AdAAK NW N/
AT NdgOQAK Rec N AkeWN ?2rN QArNr %dA .y, NAtAAQNDZ Bekd,

At
kN/\NRq,/\r E'QIA)EMtNeh/NAAKdOAG?\SDNQe&WN(IrAIXRDZ,y,r dAAe A rq,/\rAr
NABANrr At BAANA?T QAF AADZ exOQt Nr A cAAgA?T NYTT-=

5.2 Terrestrial and Non  -Terrestrial Network Convergence

TAAT eR At N @ENWBRUAG AMQeARLDZL AT At er N eR ega@R t AWN eAAr Y2

e R Yy, AADZ AeN na&dBAcdANADIZewOR r \NtDX eB\e kng AN éANARecEt s ¥t NaEN
fe kNRe&N AQtQNWQAr A RPAK r" ANGEF "R At e? P ANABREAAANEY §C
QAN kN ncel¥ DADZ AAre Atcae?ft ¥y, AeDNrR AtNA At N [y, I
nAern eR At N R?A?2c&N BekdAN rrrANBR Ni nAADZHAF At N e¥ NEAK/

ReeBdAf AA ecf ANGO e E ANAKNe ®@ADZ intt Nr XideA\M N F QeAANM AL AN e R | V|
ANARect DANriwgéR AR ©9acaENAAAT n?2@&r ?NDZ kr o g eees
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e Iy > i «
@ TN node

Figure 8: Vision of TN and NTN convergence
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QeBNnANANAT ANZ rrrrANB DANr gf A kArNDZEA?%EM@MNMN@@MN@HAE
Qe AW N&Ef NAQON R At N ¢, AADZ .y, D2BA4QArR ?2AdadAf At N kNr
Beran NRRJGOGNAA "Ars gdat A RIPAA" OQeA%WNEf NDZ ANASeac:t R A
ANEAAr nAENAA Ae At N ?2rNeR BNAAKJAArkAA ATAEN eR St Nat Nca
y., ea& AN ,Vea NNWDMA WJdA keat Arigures 8 rYAIBIN AdBINN ue R ANA G eC

AeWNA ANACe b AcOt gANOA?&EN r?2nnecadAf A AAEf N WA&EdNAT
AANDZ QAnAkdAdadNrs feae NI ABnANR ,Vy, AeDNr S dAA kN QeAard/
AecN cN&? f¢MDz dR At N ?2rN& dr rAArAdOs A MneNVEOL AN G eR QA ( /
QeBn?ANR rAecEA AADZ ANAReat dAFs oeRNWNaER At N+ SdAA k
NAt AAQNDZ ec ?n ADNDR Ar QeBnAcGNDZ ae ¥ArReDNNcERJOBBAR Na
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AANDZ rnecAf N QAnAkdgAdadNr OAA kN NAr dgAr Ni ANADANDR NsfsR
B? WAQQONrr NDZN QeBn?AdAf uTM>Us gddat At N y, AADZ, [y, Ael
eR ANAReact NDZ Nr dr rq,r/\q,Rq,QA/\/NAerQAQGMANNDMNEWA\W;DM@Q
Ae DN AADZ QeceNU BAr teran tNaANcef?f NANe?r &Nre?&QONr aAe kN
ITMxQAnAk AN NDZN AeDNrR fterN &ENre?ac&QNr rte?ADZ kN NRRdOQ
At N ADZY D2 AANANAZe BENAANAEY JReac At N dBnANBNAAAAGdeA eR !
RArtdeAs ! A&E? K" OQeAWNE?f NDZ BekdAN rrrANB Sdat y, AADZ .
BekdAN OeaN dr AtN R?A?a&N ANAceact NAWdJdaEe ABNARe an t MIAN d
DAY NAenBNAA AADZ gAWNrAdf AndeA R At N 5N+ NAAKAQAF ANOt

5.3 Use cases for integration of NTN and TN

UA At dr rNOAde AR N cfedBidN AW eMWrNNeEWQANGNr k2?2  ADZHAF ©A dAAN
AADZ Yy, dA kNreADZsg r"rANBr

5.3.1 Use case 1: Sensor Networks in the Agricultural  Sector

fi BAEA Ar(Iq,Q?A/\?CEMtng\/\wAeAW&N/\A(Ncge\ICEAA dBnaEeW NBNAAT Ae At
r ONAAcde D2ZN Ae AtN dgAAcEeD2QOadeA R u>y /\NQt/\eAe dNrs

ndENANrr rNAreae ANAReactr AdgatdgA OQaxen RGNADZs yt NrWN r NAT
BeAdaneaxcdA? ©R nAAAA P aceant AADZ At N eWNEAAKK AF €dO?An? &
DZLRRN&ENAA r AAFNr uyNsPsR DHRRNaENAA r NAreAr UR enNaEAAN dA
AtN redAUR AADZ kN eR DZHRRNBRANBRALEDD ? ENs esER t QBEDGAr
ADAX?r AgAT At N q,G(Iq,rA/\q,eA r"rANB erlN(EA/\q,e/\ DZ\IrlN/\DZL/\r e A
feenant dA nAEndO? AAce AcENAr AADZ At N ADDHAdeA R At N nce:
Qe ADZ rAkdNeRereN renadgA?P AceN Y?2ra A RN5 Ni ABnANr eR /\'gN A &EA Dz
kN dBnaceW ND3

oeaNWNE&R NrnNQ4gAAKAr dA OQArN R WAraA A
rd?P ARGOQAAAR Ar S NAA Ar At N ABe?AA @
At Ne N DAAA t A¥N ae kN Recacn AcDN DZA4 e AA
ANenlU aE? AAGAT naeenNaE 'u AnnAqdOQAandeArs
Ke QAANDZ gA 7 Nef cdAnt QAKX &NfdeAr Aea NAK Qe NENDz k7
ANEENT A EpAR O RRe®A BAT t AW N kNNA rd' NDZ QeAr ¢DN&EdAF At N A
dA At Nr N &NfdeAr AADR t NAONR BAr Aean kN SNAK Ne?dnnNDz
Qe AANOANDZ ANeDNr AADZ QeAr Ne? NAA dAQ&ENAr N R At N DAAA A &

yt N NBn&Aker BNAA ©R C! Gr OQAA t NAn Ae AQt dgNWN Atdr FeAKs
enNE&AAN Ar AOQOONrr AeDNrR QeAANOAdAFT At N DAAA 7 NANEAAN
ONAAcEAA AeDNs EAAA ReachAeDHAFT OQOAA kN vEORDRA N BZEDZ nd EA ALK B
eAkeAcDZ C! Grs uA Atdr ="ArR C! Gr OQeAKANOA DAAA 7t dgAN At
r?kr Ne? NAAKT Recn AceDZ At NB eAA" St NA At Nr AAADZ kAQs Ana
ne KAeaNaedAfP C!' G NANaP'™ QemNABHAQeNtRNAADERKNEAAN e AAK A dBN
At Nde t AeDZ AN QeBnANI dar R AW edDBAVWE N eQeNBe8Pdi, OAN B AR ¢
fedgA?f kNreADZAater N ?2rNDZae QeBB?AdOAAN 7dat AtN rNAreaa

EdO? AN? AKX RGNA
NANCEA/\NDZ DZ\AA A

5.3.2 Use case 2: Disaster relief situations

Edr ArANeE &NAJGNR r QOQNAAxcder Acdr N dA Ocdrdr OQeADIAdeAr
PNAWAQAARGQAYGNE A nAean e At N NAAdEN ANcEaEaNrAEdAA gAREAr A
ANNDZ Rec ANAEQt A éNrOQO?N ufiAéUyU enNaeAadeAr dA &NBeaN A
yNEEeNrAedAK , NaSews uy,Us 0?20t 2 MAVRMYEMAA dDEEINA r BNE t nN skiRs

RAeeDR e« RQV&NDZ\IemeNsBAA\NGCEemq,rA AAAAQL Us uA At dr OQeA
nt 4Ot rt AKK kN 7 ?2AcAAANNDZ dU "dnt tdftNe naEedecda’ R
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ANBnecAcer ANamect dA At N Qa&drdr AceNA Rec At N RdaEra cNrr
aNr O? N enNae&AadeAr S AADZ ddU ndat A r AdFftaAKr KenNE naEde cd
AcNA rt AKK kN 7 cAAA Midaeas (NN neMr k@A ia "e Reat N ANEENr A &d A A

cABNReat R At 0 NAsNeANd A Al K] AMOONR r R Ae 40t OAA kN
o! @AU ea r nAQNke &ANRju- NROR\ DEEMBANRA AgAVA LIRe e At N WN&ET RgaEra n
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At N AkeWN n?2@ener Nrs ua dr necnt at AN BNAAdeAdAT At An A
eaNBearndNAA St NeN Ae ANacaeaNraAcdAA JAREAr AE? Oan? &N dr \nchNrN/\
ANEENTr A Ed AKX QeBneANAA dr At N eAAT rek?2adeAN Ae AKKen Al
enNeEAadeArs !'r r?20tR Atdr QAr N OAARRMBQNEArODNENRA Ant dAC
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Figure 9. Overview of the disaster relief scenario.

e rtedA7iQ@NGA At N ARANGEBAAL eR Ae B2 ANANERER A £ RAADAE G A A
rte? ADZ AKKen dARecBAAdeA Ni Ot AANP NT dqU ABeA? AtN RgaEra

At N Rd@Era (ENFI‘]_E/\DZ.\I(II' adA At N DZ:LrAr/\NCE AcNA AADZ A Ke QAKX

kNASNNA At N NFOPoeErn ANDZnnet N €NBea N QeBBAADZ AADZ Qe Ance A QN
QAN kN Nq,/\t,NcE AKdBdANDR Ns?PsR Rec rNAreac e AeQAandeA &N
AANDZeac AGWN rAEeNAB t NABNArs uan dr AAre ke r/xNNKDAENDZ AR €A
aNr O? N enNaE&AadeAS dA r ? OtAccde ADDA cAMDE R AQ AA NfudeAAUNDYe DA r

uRWs U

UA At N QeAANi A eR DErAraNeE ENAGNR r @&N/MANggeaARVIEn cenYdBaK r |
dADZQAAdeAr A At N ?2r N TBeRcomnunithionsAIMT) eethAckgics ® isuhpoml
broadband Public Protection and Disaster Relief (PPDR) operations.

More detailed information on this scenario is partially AWAQAAK AN dA © gueRd Jtéd QtN s ¢
ADDZENr r NDZ r BgAAxE Qe ADIHAdeAr dA At N XyNBneacAEer ?2rN eR |
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5.3.3 Use case 3: Energy saving enabledin integrated NTN/TN networks

uA At N a&aNAAKB eR I g ANANQeBB?AdQAAdeArR , V., r tAWNA At N
rtdRA At Arn PeNr kN eADZoyemge 4 DAZAE e KR e R NeAeANAAGAA are
D&, A AKX AAADZ QAnN St dAN naaNr NaW gt drneaND@e@e A NMAAR ¢ ¢ Amd
Qe ccENr ne ADHAF ?2r N OQOAr NrR AAcEf NAgAFf At N &END2OadeA R A
ANAZSe EL S

5.3.3.1 Energy Consumption -based load balancing in NTN/TN networks

>AdBAAN Ot ANRRR AQAGKN\AA AADZ NAW JaEe ABNAANAK 2 AAQAAKQAGAT
At An ANNDZ ¢ BBNDZAAN AaAANAAdeAs oNAOQNR da dr dBnNEAAdWN
aND2 Qade A dgA NANaEPi™ OQeAr?BnadeA KdON WRRNUENATRADA®LE /A
y.$.,V., NAWdaEeABNAA Sdat B?AAdnAN t NANcei NANe?r AQONrr /
DARRN&NAA Ot AeAOANEdr AndQOr R AADZ WA&Ede?r ANaAneact NAAJAGN
?PADN & D RRNENAMY eR DX tsN ot ft Ne AeADZt AADZNDZ kr A ANAGRecC
>eAr?BnadeAs TeacNeWw NeR D#HRRNa&NAA ArnqNr eR KeADZz tAWN D
ANen 7 acern AKQANAEAr 5dat DHRRNENAA AT Nt deRAEADE sAtul AN
AOAndW NAT KAKANOBAAANQAMDZ &N N AKeADZ AQaer r AKK AWAJAAK
t NANcef NANe?r R gAANfPf cAANDZ y,6$, V., NAW dEee ABNAA aAe RAOQQ
>eAr?BnadeA eR BekdAN ANANOQeBB? AR@ABJeeAR ANQMLEWEN r 8 NAIMX
BeAdraneacdAf R KAARA®DAANOGAND2Z BNAt N AeADZ AQaeerr WA&Ede?r AN,
At Ndbe NANEf'™ OeAr?BnAdeWRRAAEZNNArM ? s ANANEde AN R At N &N
AeMA Rec T, Ars

5.3.3.2 Advanced carrier shutdown in integrated NTN/TN networks

Yy EADZA e NAAKAT R ANaEaNrAacdAKX ONAA? AAce ANAReactr tAWN enNa&E/
ENANAAANT r K7 Ot 2 &AAF ©?2A rdf AAAr Ae 1 cEe WiDBA &k @A AA Qim d WO
Ni AoOar A rdf AQRJQOAAA Ae KA kM JVWFN afer NN rdePe A@BNAR AQ¥e /Onecd O N
enNEAAde AAK Qerars § tWNANBDZER N\KDEO K RA vyt R/RINGEA F Ar & ABMNd, e A

D, ANBBASs

yt N ANZ OQeAONNnAs?r N QOQArN AN tAWN dA BdADZ dnmn dfBINB ntAaN? N/
t NA ANAReact AcARRGO NhkaecARRJA BHYaGgBP BRJAASBAQxe kAr N
EARR4QO Are NANcme NERQDINANEQHADINT § N A k WRRW nee & NBA Q e e

Ar N raAandeAr a&NrneAr dk AN Reac kAAAL NA QeWNaEAFf N ae kN rt
t g0t Re?ADZent Nendr N &NBAJA AOAdWNR OQeAr ?BN r?krAAAAQ/
NrndaN ADZAANDRBE NABEP Ade Ar R AeDA' R Ake?an ¢nu R kArN

enNeEAAde AAK Ae nEsWJDAN OQe¥W NeA? N

=?A ter OQAA atdr WdrdeA kN eNAAJ" NDZ NRRJOdNAA AT S y N
. AADZ At N DNwNAenBNAA e R QeenN@AAqu AKXt exdnat Br Nr g
N/\chrr Qe Ar?BnadeA At ce WA AA d ARADIRRKeEN ANDE d @k tu o'&nU AAD
ANcEdAK WNt QOAN uC! GU eRRAADIHAFR o2t dAN BAQAANAQAQAF At N
B?rAn QeBkdgAN ANOt AeKefi OAK dgAAeWAAadeA cdgat r2rAAgQAAK QA
DAL.F AAAAQY AQANOQe NI drar t AcBeAde?r AT G dAt A;N Qe Ar Na&¥W An
DA A A d Atechmical rAe A2 Ande A AADZ gar nNaERe cBAAQNR Asts\Ne selNADN & d,r
UA rtecAaR Ar 2N DNAWN DNNRNcengsionseA AL NN ANEN ®&fRT AN RIR d, Q ¢ RNA G
nt NeN ANcaEeNraAcedAK ANAReactr fe Ae r ANNn 2t dAN |V, tr nN&C
AANDZ  KK? B4AAANQAF A ka&dft ANER BeaEN r?2rAAdQAAKAN R?2A? ENs
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5.3.4 Use case 4: Multiple -Access Networks in integrated NTN/TN
Network

A At N QO?@c@cENAA egee BekdAN ANANQeBB? AdQANaeMr r ® AADA cDZ ;
.V, U dAne YyNaEeaeNraAacdAA , Nafeacbr uy, U tAr 7 A®ANOHDZOR r K
eA?nadeAr R@le, e Ardgnecea Y, WuéRUsyués tensng 4 NUXRIAY AN Avge N5 t nnfn
NEENANAURRULY é Mo ¢ NENAuRB 5t AN éNANArN nv Dfr Q?2rr Nr dBnc

R { el

nNeReeBAAQN Rec ANEBdAAArR QAnAQdar nNEReeBAAQN eA ?n
kee ADDAr A  NeW dONRY r ? AGOEGA R@? AN Sdat g r"rANB R?AQ
WNt OAN AADZ ?rN eR eNDzAn DANW4ONr SdatdA fén  § s
ANANQeBB? AdOAAde AN NAWdJdaEe ABNAA dr AAAdOdnAANDZ A T gs T
''QONrr uf! U dNNOt AgKNT -y MR | &RGRYoAR AABR AJdRNIR R"dAK
rdB? AnAANe?r Kt Ae Cr Na&r dA AA gAANF €AANDZ , y, sy, NAWJcEe.
kN Ne?2dnnNDZ adat cAD#He OQAnAkdAdadNr aAe 2AdAd" N r NEW

NOt AeKef Nr dA eacDNcE aAe BAIi ¢Bd ' N At NdaE At ce?ftn?aA AADZ
Ai dBd'"N AtN ?2rN R At Nde t NANce?f NANe?r ANOt AeAefw dAR:
enNeArdeA ABeAf 20t t NaANcef NANe?2AA NN - w&&?N@rA@NWmNst
unY VAADZ B? Andn AN AQONT r WMINGDrt M eMeDzdeiy NBRN M RRGO4NAA AT d,
NAWQGEABNAAS ytdr kaedAfr Recn AeDZ BAAT ANZ Ot AKANAF Nr A

o >

yt NeNRea&aNR aAtdr ?2r N QArN AdBr aA®e DHrQ?rr AtN Ot AKANAF N
At N naENr NAQN R B?2AAdnAN t NANcef NANe?r AQONrr ANAG®e Gl r
Rec r?2rAAQAAKAN enNcArdeA eR A N AN Q@B B NVGiQiAaed/eBAN A A N MGt e
NAAke cArngAf ©A At N ReAAenidAfP drr?NrR 5tdQt ADDZENrr rnN:
2r N QAr Ns

5.3.4.1 Seamless Service Continuityina TN -NTN integrated Environment with Multiple

Access Technologies

UA AybABekdAN ANAReactrR t AAD2ZWNa&E dr nNaEcReaEcBNDZ aAe NAr? @
t ANDZW Ne& BAAAF NBNAA reA?ndeAnh QW rQedNMNA @A iMDZAY | BS? Ajn.d, |
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ygdBN uouyU AADZ oAADZWNa& fAdA? &eNr wuvoefUs ytdr ?2rN OQArN
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5.3.4.2 Application Influenced Traffic Steering in a Multiple Access Environment
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5.3.4.3 Traffic Engineering with Multiple Access Technologies
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5.3.4.4 Networking, Compute and Energy aware scheduling in integrated NTN/TN
networks
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5.4 Enabling technologies for the use cases

This section will elaborate on selected enabling technologies for the use cases introduced in the
previous section.

5.4.1 NTN for improving energy efficiency
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Satellites: Ideal for offloading outdoor users at night -time due to their extensive coverage
and the limited capacity needs during this time of day, although they may face latency and
signal degradation issues.

HAPS: Suitable for offloading indoor users, HAPS provide better spatial reuse, signal
penetration, and lower latency, making them more effective for urban environments.

Tethered Drones: These provide addit  ional offloading capabilities in high -demand areas,
offering flexibility and targeted coverage efficiently as tethering allows to leave the most of
the radio on the ground and bring electricity to the drone.
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Traffic Modelling: Our simulation uses mobile traffic data from Milan (2015) with 1419 traffic

traces, each for a base station (BS), reported hourly over two months. To reflect current

trends, we scaled these traces to match recent data from 960 4G/5G BSs in China (2020). We
followed a four -step process: averaging the original traces to construct weekly profiles,
scaling these profiles to recent data, selecting the most representative scaled trace, and
constructing updated weekly profiles. This ensured our simulation data was realistic and up -
to -date.

Energy Consumption Modelling: We modelled RAN energy consumption using data from

over 12,000 4G/5G macrocells in China, incorporating sleep modes. The model includes
baseline energy consumption in sleep mode (EO), baseband processing energy (EBB),
energy consumed by RF chains (ETran), power amplifier static energy (EPA), and energy for
data transmission (Eout). T his comprehensive model, fitted with real energy consumption
values, allows accurate estimation of BS energy usage based on traffic load, ensuring precise
simulations. Additionally, NTN nodes are considered self -sufficient, contributing to energy
savings w ithout consuming additional power.
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Table 4:Simulation parameters

Parameter Value
Environment Dense Urban
[ g, maximum fraction of offloaded BSs 0.6
B, channel bandwidth [MHz] 20
[e. carrier frequency [GHz]| 2
d, HAPS height [km] 20
Py, transmit power [dBm] 43
Glelement, transmitter gain (single element) [dBi] 8
Gy, receiver gain [dBi] 0
n rows [-] 1
m columns [-] 4
T'n, antenna Noise Temperature [K] 290
Np, thermal noise power [dBm] -100.96
«, elevation angle values [60°, 70°, 807, 90°]
Portion of traditional building range (30%, 70%)
Percentage of indoor user range (60%, 90%)
gt N Ni nNEdBNAAAK &ENr?2AAar ADZHOQOAAN r?2kr AAAANGQAK NANGEP '™ r
ANcEEeNrAcEcdAA é!  , rs = eRRAeADHAFT A xEcARRJQO aAe o! ®@iR NANGEF
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rtenar AtAA D2 a&dAf At N DArR eAAR A trN\B AdeA ARKE AQ@RAJRERA], Qu edur A
rt AN Beran R At N AcARRGOQO dr raAdAA BAANAP NDZ k' AN&EaENr AcC
r AWdAFr AcEN AOQt NWNDZ D2 N Ae AN AEND2 GNIDZsA G g drpnA e ABRN A i
r ?BBAcqd FgD®2 qOR ENW NAAKr At N ReAAKeddAF dArdgftarT

Elevation Angle: The elevation angle has the most significant impact on energy savings.
Differences of up to 6 percentage points in energy savings are observed between the
smallest and largest angles.

Indoor UEs: The proportion of indoor UEs affects energy savings, with additional savings of
approximately 3.6% when the percentage of indoor UEs decreases from 90% to 60%.

Traditional Buildings: The percentage of traditional buildings shows a localized effect, with
differences of around 2.5% in energy savings.
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Figure 10: Energy saving at each trial (y ~ -axis) with respect to elevation angle (sample colour: the darker the
colour, the larger the angle), portion of indoor users (x -axis), and percentage of traditional buildings (sample
size: the larger the size, the more the t raditional buildings).
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5.4.2 Dynamic spectrum sharing between NTN and TN
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Figure 11Network Power consumption throughout the day.
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Figure 12 Network Sum Data -Rate throughout the day.
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5.4.3 Multi -Access
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5.4.3.1 Challenges for 6G Mobile Communication Systems
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Seamless Global Coverage: in addition to increasing rate of end -user mobility, the network
itself could be mobile in 6G e.g., NTN, fast trains providing sub networks to their passengers,

etc. Hence, the challenge of seamless service continuity, especially in a heterogeneous
integr ated NTN/TN environment under various mobility scenarios requires further research.

Multi -modal Communications: as mentioned above, many 6G applications require

simultaneous compute, storage and communication sessions with very low latency and no -

r NEWdON dAANcEE? nadeArs yeDA"yr rAAADAEDZ ncA0ORdOQON el
access will longer be suffi cient. Since heterogeneous networks will be available in the future

mobile networks, allocating multiple sessions over the resources in heterogeneous networks

based on the requirements of the application will be necessary. Howev er, managing

multiple simultaneous sessions across heterogeneous networks needs further research.

Diverse User Requirements:  Since a multitude of advanced and complex applications and
services are expected to be available in 6G like AR, V2X, haptic -based services, etc., to name
a few examples, users of these applications will have varied types of requirement unlike the
tradition al mobile users e.g., high reliability, including during mobility, increased
throughput, low latency and service continuity, multiple antennas, However, satisfying such

diverse User requirements while simultaneously, ensuring opt imally resource utilization in a
heterogeneous network environment needs further research.

Autonomic Core and RAT Network Evolution: traditionally, every new radio access
technology has led to a new corresponding Core Network, resulting in a tight integration

between the RAN and Core Networks. Moreover, in order to co -exist with legacy networks,
additional enhancements are provided e.g., in 5G multipl e inter -working architectures are
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provided in order to co  -exist with 4G and non -3GPP networks. If this trend continues, then
6G will have to provide inter  -working architectures for 4G, 5G, NTN and non -3GPP networks,
and succeeding generations will then have to support all the preceding (legacy) networks.

This design choice will certainly not be scalable. The design trend of tightl y integrating the
RAN and Core networks with separate inter -working architectures to operate with legacy
networks poses a major challenge for future mobile network s. Further research is needed to
develop a 6G Core architecture with true separation of RAN and Core (remove tight
integration between RAT and Core) such that, a 6G core can simultaneously operate with

any and all types of RATs including legacy RATs and RATs that will be developed in the future.

5.4.4 UAV -aided Wireless Networks

UA At N ENAAKB R 0OdW¥WdA AnnAdOAndeAr R CABAAANDZ ! NegAX GN
dA ?AdAdA" R RJGADHAF Ee ANr JdA DNAGWNEr rr NEW dONr R WdDNe
ndat A 2k AN AAADZ QAnNrs | D& AAQNBEINDE mre ¢eN AMDBNQe /MecedRINTr  Ajcen
QAnAk AN eR kNAEdgA? t NAWJdNaE nAr Ae ADZ R AADZ Ni ANADHAF At N
nENDZH QA AA gAQENDAHKk AN gAQENAr N dA At N ?2rN R C! Gr dA ?c¢
UuA At dr &NFAGDR dA At N DZAABJQ AcNAA eR ANANQeBB?AdQAAC
AnAndeAr y=AU t NeAADZ A R?ADABNAANAA rtdRA dA ANAZect /
R’)/\Q/\q,eArR r? 0t Ar ANcgAK BeARchedslcq;z/Nr NWGﬂ,A/\E/\k\E/NGElDZB@AIBxNQA
r NeW N Ar CABAAANDZ ! NegAAX =ArN /\A/\q,e/\r uC! =Ar UR At N&
rNCqu,QNr At NA cENe?q,(ENDE ytdr ADAnAAAdeA nerq,/\q,e/\r C!=ﬁr
ANARe s r R QAN teNRAg AT At N ANacaNrAcdAA dAREAr A E&? QA ? &N
f Ee? ADZ?2r N&Er s
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6. Multimodal sensing, computing,
communication, and control for 6G
remote operation

Maintaining a human model and digital representation of the physical environment for remote

operation use cases over 6G involves the exchange of multimodal data including haptic, position,

velocity, interaction forces, as well as audio, visual, gestures, h ead movements and posture, eye
Qe ANAOAR RAQJQAA Nina&NrrdeArR ?2r Nae&yr NBeadeA NaAOQs yrnd
distinct types of feedback: kinaesthetic feedback (providing information on force, torque, position,

velocity, etc.) and tactil e feedback (providing information on surface texture, friction, etc.). The
former is perceived by the muscles, joints, and tendons of the body, while the latter is consumed by

the mechanoreceptors of the human skin. While the exchange of kinaesthetic infor mation closes a
global control loop with stringent latency constraints, this is typically not the case with the delivery

of tactile impressions. In case of non  -haptic control, the feedback is audio/visual and there is no
notion of a closed control loop. Wi th voice and data applications driving the designs of modern
communication systems, the future Internet will enable exchange of haptic and other sensory
information which in turn will be a paradigm shift toward Internet of skills and senses [1]2].

In addition to enabling multimodal data transfer, 5G and beyond mobile networks aim to deliver

real -time control, for which, low latency is of critical importance. Hence, the interoperability among

different communication technologies, with different capab ilities, e.g., 5G Ultra -Reliable Low
Latency Communication (URLLC), and IEEE Time Sensitive Networking (TSN), is essential. 3GPP
Release 16 featured various architectural enhancements for seamless integration of the two
technologies; however, realizing TSN  -like functionality over 5G (and beyond) networks still needs
several challenges to be addressed. In such converged scenarios, a teleoperated robot can be used

to interact and operate (from a distance) by any connected device. In a tele -robotic system,ah uman
operator controls the movements of the robot from a distance by sending signals to the robot to

control it, while receiving the feedback that tells the operator the robot has followed the
instructions.

In this section, we refer to the term telerobot as a robot controlled at a distance by a human

operator, regardless of the degree of robot autonomy. Sheridan [3] makes a finer distinction, which
depends on whether all robot movements are continuously controlled by the operator (manually

controlled teleoperator), or whether the robot has partial autonomy (tele -robot and supervisory
control). By this definition, the human interface to a tele  -robot is distinct and not part of the tele -
robot. Haptic interfaces that mechanically link a human to a tele -robot nevertheless share similar
issues in mechanical design and control and include haptic interface development. These controls
and feedback signals are called telemetry. In a more sophisticated form of teleoperation known as
Telepresence, the human operator can see what the robot "sees," which gives the operator a sense

of being on location and provides a user with an au gmented reality (AR) experience.

Telerobotics encompasses a highly diversified set of fundamental issues and supporting
technologies. More generally, tele  -robots are representative of human -machine systems that must
have sufficient sensory and reactive capability to successfully translate and interact within their

environment. The fundamental design issues encountered in the field of telerobotics, therefore,
have significant overlap with those that are and will be encountered in the development of veridical
virtual environments (VES) [3] or distributed virtual environments (DVEs) in virtual reality
environment such as metaverse, a shared immersive virtual environment.

The evolution of mobile radio networks beyond 5G is expected to enable new applications and

enhance telerobotics applications, such as remote operation for industry sites, tele -surgery to
extend the coverage of medical services, tele -edutainment and so on. 6G can unlock robotic
applications potentials by facilitating existing requirements and addressing new requirements that

have not been previously discussed or analysed in detail from robotics perspective. In the following,
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we define a number of tele -operations use cases and define their requirements and key
performance indicators (KPIs) to explore potential gaps in existing connectivity technologies.

6.1 Use cases for multimodal remote operation in 6G
systems

Remote operation has attracted significant industrial interest particularly due to the pandemic to
prevent physical contact between the expert and the workers in the factory, so that the expert has

to work from remote locations (e.g., remote inspection, remote certification, remote maintenance,

or remote repair). TACtile and MultiModal (TACMM)  use cases for remote operation, including multi -
user, multi -device applications, and their requirements, performance indicators, network
functionalities and service f  low are being defined and collected as inputs relevant for 6G network

design.

6.1.1 Remote facilities: = Remote operationand maintenance for
uncrewed sites

Remote facilities are uncrewed industrial/manufacturing platforms where human operator(s) are

remote and no human is onsite (e.g., for high -risk or not easily accessible sites), with robots
cooperating and capable of further adopting the details of coopera tion. Telerobotic operations may
require Human Robot Interaction (HRI), meaning multimodal information and action exchanges

(e.g., through vocal, visual and tactile means) between human and robot to perform a task in remote

facilities. Wireless infrastruct  ure is required to provide highly reliable coverage for remote operation

(e.g., by using XR and haptic controllers) between the remote operator and onsite robots as well as
communication links between the robots cooperating together and between robots and the
edge/cloud computing entities.

An example for remote facility is offshore drilling which is a dangerous job for rig personnel. Moving

this role onshore increases operation safety yet the remote operators need an immersive
experience (including tactile feedback) from the cyber drill for remote operation and  maintenance
on uncrewed platforms. The platform will be controlled remotely by an onshore facility, with a range

of innovations, from a digital twin for trials to uncrewed wellhead platforms, among the new
approaches planned forthe re  mote facility. In addition to the risk, accessibility issues such as Covid -
related restrictions for workers, have demonstrated the clear benefits that robotics, Al, and machine

learning technologies can bring to the industry. Therefore, tactile and multimo dal robotic operation
could help enhance safety in oil and gas operations, as well as help to improve efficiency, reduce
emissions and cut costs.

(1) mobile robots can be equipped with 6G ISAC capable UE. (2) Robot(s) interact with human with
implicit or non -implicit task assignment. (3) Robot with local control and Al capability (4) Human
operator(s) are remote and run the operation and maintenance (6) no human is onsite (unscrewed
industrial p latforms).

Robot designed for direct interaction with a human. Tele -operation robots may require Human
Robot Interaction (HRI), meaning information and action exchanges (e.g., through vocal, visual and
tactile means) between human and robot to perform a task remotely and with no onsite human
intervention by means ofa  user interface.
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The remote operator(s) interacting with the off -shore robot(s) get authorized and have
permission to perform remote procedures

The remote operator(s) are trained over Human Robot Interaction (HRI) interface

Robot actuators execute seamlessly to the given commands from remote operator
throughout the operation over network.

IEEE 1918.1 and 3GPP XRM & Metaverse features describe main techniques to enable collaborative
operation:

Low latency and reliable communication over regional distance
Multimodality synchronization
Service availability

Predictive digital twin

The rig maintenance is performed remotely and safely without the need to send engineers
to the rig.

Environment model accuracy (including sensing, intelligence, communication)
Environment model convergence time
Connectivity latency, reliability, deterministic, service coverage, etc.

Multimodal synchronization for communication and control for distributed remote

operators
Table 5[SA1 22.104] highlights which of the 5G KPIs needs to be reviewed to extend the service area
requirements for 6G uncrewed robotic tele -operation.

Table 5: 5G KPIS [3GPP22.104] with highlighted potential requirements on the service area coverage

Use case Characteristic parameter Influence quantity
[3GPP Availability: Reliability: ele Bit rate Message Transfer # of active Service
22.104] target value Mean Time btw | latency Size [byte] Interval UEs Area
[%] Failure
Local Robo >99.999 99 =10 years <2 2 Mbit/s to 250 fo 1ms 1 room
surgery 9 ms 16 Mbit/s 2,000
Tele-surgery ~ >99.999 9 =1 year <20 2 Mbit/s to 250 fo 1ms <2 per national
ms 16 Mbit/s 2,000 1,000 km?

Robo Tele- >99.999 => 1 month <20 2 Mbit/s to ~80 <20 ms / <20 per v
diagnosis (<1 year) ms 16 Mbit/s 100 km? 100 km? regional

Direction: UL/DL; Survival time: transfer interval: UE speed: static: Clock sync<50Us; Jitter 3-30 ms :3D video, <2ms: haptic
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6.1.2 Dual -User Shared Teleoperation ( DUST): Tele -surgery

Dual -User Shared Teleoperation (DUST) configuration refers to structures that have two leader

stations for the collaboration of two operators on one follower console. Tele -operation robots are

tightly collaborating with humans and may require HRI, meaning information and action

exchanges (e.g., through vocal, visual and tactile means) between human and robot to perform a

task in the same space by means of a multimodal user interface. Furthermore, the 6G network

enables remote monitoring and control of the ¢ ollaborative robots, allowing for greater flexibility in

BAANA? gAFf naEeD20OandeA AJdANrs feac NI ABnANR dR A Seact NE .
programming, they can do so from a remote location using a mobile device connected to the 6G

network.

Robots are equipped with 6G ISAC capable UE. (2) Robot(s) interact with human with implicit or

non -implicit task assignment. (3) Robot with local control and Al capability (4) human (expert) in

the loop (Human expert is remote and human operator is on -site) (5) The local and remote surge  ons
are trained and have permission to perform such remote procedures.

Collaboration helps improve the task execution in comparison with the same task done individually.

The concept of haptic  -enabled negotiation between two operators can be made feasible using this
framework to control the follower console collaboratively thr ough haptic communication. Tele -
operation scenario to allow skilled surgeons/operators to monitor, advise and take over as required

from a distant location.

The depicted example scenario in Figure 13is tele -surgery/tele -diagnosis - same challenges apply
for industry remote operation where an engineer is remotely supporting/operating the onsite staff.

Cage -free hybrid cell setup based on the industry set up will add the safety requirements for onsite
workers.

Mentor
I operator view

e menn =2 pas
Low latency
B networks

UE (Lead Local OR
Operator operator)

Figure 13 6G-Tactile -DUST Operation room (OR).

IEEE 1918.1[1] and 3GPP TACMM [15] and XRM [16] features describe main techniques to enable
collaborative operation:

Low latency and reliable communication over regional distance

Multimodality synchronization
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Service availability
Safety -rated monitored stop, collision avoidance

Safety zone setup (cobotic cells/hybrid cells)

The patient/local surgeon authorizes the remote medical intervention.
The surgeon was trained and has permission to perform such remote procedure.

The surgeon controls the patient side card remotely through his surgeon console to perform
the operation

Patient was operated in remote areas, where there is a lack of experienced medical personnel to
perform the needed medical intervention. The patient has now his/her health conditions improved.

The system shall consider edge console computing in order to reduce the latency in the
network: low latency (<20 ms), achievable data throughput, roundtrip interaction delay (<50
ms for ultra -low latency applications and <100 ms for low -latency application s);

The surgeon console and the patient side console shall have connection to THz access point
(Section 1;

p
>
p
Z
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help in the medical interventions;

The system can support haptic and tactile technology;

The system can support multi  -party (source) data stream synchronization in very low latency
environments;

The system shall consider AR in order to enable holographic image transfer with ultra -
efficient data transmission techniques;

Environment model accuracy (including sensing, intelligence, communication);
Environment model convergence time;

Safety zone update time (including dynamic human behaviour model);
Connectivity latency, reliability, deterministic, service coverage, etc.;

Sensing accuracy;

Multimodal synchronization for communication and control;

Table 6r t AeNr A r?BBAcG" ©R sg ©aur @&Ne?daNBNAAr AADZt dft Ad
need to be reviewed to extend in the service area requirements for 6G DUST.
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Table 6: [3GPP 22.104] blue arrow highlights where the 5G KPIs need to potentially be extended for
Telesurgery use case.

Use case Characteristic parameter Influence quantity
[3GPP Availability: Reliability: e2e Bit rate Message Transfer # of active Service
22.104] target value Mean Time btw | latency Size [byte] Interval UEs Area
[%] Failure
Local Robo >99.999 99 > 10 years <2 2 Mbit/s to 250 to 1ms 1 room
surgery 9 ms 16 Mbit/s 2,000
Tele-surgery  >99.099 9 =1 year <20 2 Mbit/s to 250 to 1 ms < 2 per national
ms 16 Mbit/s 2,000 1,000 km?

Robo Tele- > 09999 => 1 month <20 2 Mbit/s to ~80 <20 ms / < 20 pe
diagnosis (<1 year) ms 16 Mbit/s 100 km? 100 km? regional

Direction: UL/DL; Survival time: transfer interval; UE speed: static; Clock sync<50Us; Jitter 3-30 ms :3D video, <2ms: haptic

6.1.3 Tele -Edutainment

The development of extended reality (XR) technologies (e.g., VR, AR, MR) provides an opportunity to

develop new education and training practices. By adding layers of contextually relevant information

and delivering it visually or by activating other senses with the help of wearable and handheld
devices, AR offers an enhanced picture of the physical environment. Immersive technologies can

make learning a fun and enriching experience, especially for young students, through the use of

immersive classrooms. Vir A ? AX NAWdaEe ABNAAr t AWN At N QAnAkdAdar Ae D
imagination by providing endless opportunities for exploration and interaction. When engaging in

XR environments, the learning surrounding should be enriched with tactile feedback to enhance
the level of immersion and create a more realistic environment for the user. By adding touch,

learners will also experience social connection with the environment, but also with other human

learners. The learning experience can be enhanced by co mbining XR techniques with Al -based
object and language recognition, mnemonic -based training exercises and sensory stimulation that
relate to the personal context of the learner.

XR environment
Al
haptics

human -in-the -loop

Tele-edutainment can be seen as a real -time collaborative activity, which is characterised by

simultaneous support of very high throughput and very low latency across multiple concurrent and

synchronized communications channels. The effectiveness of this u se case depends on the ability

Ae na&ENDZOA At N ?2rNae&yr BeWNBNAA AADZ NBeadeAAAK Ni na&Nrr g
ANNDANDZ Vytdr dr AtN X?2r N& dAANEAOQA-fighdandwidd andl MiraN AfoNR%x A AL
latency (to ensure interactiv ity with the content). In addition, perfect synchronization of concurrent

flows will be needed. Contrary to other types of multimedia services (e.g., UHD streaming), ultra -low

latency is required even if dealing with pre -recorded content that does not invo Ive real -time

interaction with a remote party, as the user still interacts with the content simply by changing the

viewing angle and position. Further, highly precise 3D models of the human face, body, and

clothing, as well as recognition and prediction of human movements and facial emotions, and

streaming the data in real time requires compression and decompression, which come at the price
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of additional computation, which will heavily influence the latency incurred. Therefore, a higher level
of compression trades off computation bandwidth and latency vs required networking bandwidth

and latency, and vice versa. Even with compression, streami ng of data generated by the capture
process requires massive bandwidth. For example, a capture of a 3D frame including mesh
geometry is about 5 MB with compression so for real -time performance, an average per frame

transmission of 1 -2 Ghit/sec with overhea d for compression (< 10 ms) is a must. While people can
experience time delays of approximately 16 milliseconds or greater, the data requirement of 3D
models is assumed to be at terabytes. The real -time holographic transmission requires 10 Gbps or
higher b itrate to use current compression techniques.

teKef cAnt g0 QeBB?AJdQAAdeArs

low latency (<20 ms), achievable data throughput, roundtrip interaction delay (<50 ms for
ultra -low latency applications and <100 ms for low -latency applications);

Support for processing capability at the edge with <5 ms round -trip time

support of multi -party (source) data stream synchronization in very low latency
environments;

Network quality of service: prioritization of real -time traffic and mechanisms to ensure
consistent performance across different network conditions; possibly support for dedicated
network slices.

The system shall consider AR in order to enable holographic image transfer with ultra -
efficient data transmission techniques.

The system may provide multimedia conversational communication services between two
or more users to enable real  -time interaction.

Robust security and privacy

End -to-end encryption for all communications (e.g., AES-GCM with 256 -bit key
length for symmetric encryption or Curve25519 for asymmetric encryption ) with
encryption performance at|  atency overhead: < 2ms for encryption/decryption and at
least 5 Gbps throughput to handle high -quality VR video streams

Secure authentication and access control systems : Secure, encrypted channels for
real-time updates of shared virtual objects and v erification of data integrity for

synchronized elements: < 50ms

6.1.4 Meta -collaboration: XR  enabled collaborative engineering

Since the industrial age, engineering design has become an extremely demanding activity.
Collaborative and concurrent engineering occur as a concept and methodology at the end of the

last century and was defined as a systematic approach to integrated co -de sign of products and
their related processes. The diversity and complexity of actual products require collaboration of
engineers from different geographic locations to share ideas and solutions with customers and to

evaluate products development. VR and AR technologies have found their ways into critical
applications in industrial sectors such as aerospace engineering, automotive engineering, and
medical engineering. The range of technologies include Cave Automatic Virtual Environment

(CAVE) environments, r eality theatres, power walls, holographic workbenches, individual immersive
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systems, head -mounted displays, tactile sensing interfaces, haptic feedback devices, multi -
sensational devices, speech interfaces, and mixed reality systems. One of the key challenges is how

to enable a distributed virtual environment (DVE) allowing multip le users from different
geographical locations (some of them are present at the same location) to interact over a network.

All the performed tasks and knowledge acquired both in the physical world and metaverse will be

shared in a DVE (with the corresponding 6G communication subscriptions) for collaborative and
cooperative engineering in their product design with engineers par ticipating locally and remotely,
e.g., to work together with several partner companies to design and produce a new model of aero -
plane engine. Some engineers use mobile phones or computers (as well as the necessary XR devices

and tactile gloves) to attend such engineering meetings.

(a) (b)

Figure 14: a: XR enabled collaborative and concurrent engineering in product design; (Source:
https://vrtech.wiki/); b: lllustration of Collaborative Workspace (Source: ESI -lcido GmbH) [3GPP metaverse
feature]

(1) A distributed virtual environment set up for collaborative engineering in the product design with

engineers participating locally and remotely, (2) engineers use mobile phones, computers, the
necessary XR and multimodal devices, with the corresponding 6G communication subscriptions, to

attend such engineering meetings, (3) mobile metaverse services have subscribed with different

network slice for these different types of service, and different QoS for different flows accordingly for
better user experience (4) strict security requirements for user identity management and data

security to protect the sensitive business information.

IEEE 1918.1 and 3GPP TACMM, XRM and Metaverse features describe the main techniques to enable
collaborative operation:

Low latency and reliable communication over local and regional distances;
Multimodality synchronization;

Service availability.

Latency, data rate, and reliability;
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Mobile metaverse media support among multiple users;
Native support for mobile metaverse services;
User Identity management;

Data security.

Table 7 [18] highlights where the 6G KPIs need to be reviewed to extend the number of active UEs
in the service area requirements for 6G metaverse tele -collaboration.

Table 7: Typical QoS requirements for multimodal streams [3GPP TACMM feature]

Jitter (ms) 02 030 030
Delay (ms) 050 6400 0150
Packet loss (%) 010 01 01
Update rate (Hz) 0 1000 0 30 0 50
Packet size (bytes) 64-128 OMTU 160-320
Throughput  (kbit/s) 512-1024 2500 - 40000 64-128

6.1.5 AMR remote control in a future factory

Autonomous Mobile Robots (AMRSs) play a critical role in the industrial sector by automating
material handling and transportation tasks, replacing manual labour. These vehicles are equipped

with advanced sensors and collision avoidance systems to ensure saf e operations, especially when
interacting with humans and other machines. AMRs offer the flexibility of being programmable and
reprogrammable, allowing them to handle various tasks and adapt to changing production
requirements. As a result, AMRs contribute to the development of efficient and secure industrial
assembly and operation lines. AMR can be divided in operation in indoor, outdoor and both indoor

and outdoor areas. These environmental conditions have an impact on the requirements of the
communicatio n system, e.g., the handover process, to guarantee the required cycle times [17]

As smart manufacturing and Industry 4.0 trends continue to mature, AMR technologies are

receiving increasing attention due to their significant applications in various industry verticals.

However, the current development and implementation of AMRs primaril y follow a control -centric
paradigm [28], focusing on the design of complex control algorithms and leveraging sensory
capabilities. The shortcomings associated with this approach are becoming apparent. For instance,

it is unable to handle versatile operational environments and has difficulties i n perceiving the
environment. Communication -based control offers an alternative to the conventional control -
centric approach while overcoming many of its limitations [29][30]. This alternative approach places
emphasis on the exchange of information and communication among the various components of

a robot system, by establishing or leveraging effective communication channels. It fosters
coordination and collaboration among dif ferent subsystems of a robot. The concept of
communication -centric control has been extensively explored in the literature and has
demonstrated significant benefits, particularly when combined with the capabilities of advanced
communication networks. That paradigm will simplify the design of AMR systems, to create a more
streamlined and interconnected network of subsystems, so as to offer new opportunities for
NRRJOGNAQr AADZ nEeD2OQOadgWdars ! A dA&K? fomhadlingpallets witR hat Ny e
varying sizes and shapes is shown in Figure 15
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Figure 15 lllustration of the AMR testbed for handling pallets with varying sizes and shapes.

1) AMR node equipped with a rich set of sensors and able to share the locally sensed information
observations through the 6G wireless interface/network. (2) AI/ML techniques network
management/support of the networks. (3) Communication and control co -desig n techniques.

It is anticipated that more benefits can be realized by embracing future 6G for AMR control. While

the specifications and standards of 6G are still being defined, its most prominent features are ultra -
reliable and low -latency connections, native Al support , and cloud/edge intelligence
enhancements. As a result, the following advancements can be envisioned in AMR solutions
empowered by 6G. (1) Enhanced AMR robot coordination ability: With 6G connectivity, the
coordination ability of AMR robots can be further strengthened. Through rapid data sharing, these
robots can exchange operational states swiftly, enabling them to make informed decisions based

on collected observations. (2) Empowered real -time data processing and remote control: The ultra -
reliable and lo w-latency connections offered by 6G will empower AMR systems with real -time data
processing and remote -control capabilities. This becomes particularly valuable in specialized
application scenarios, such as those involving high temperatures or pressures tha t restrict human
on -site operations. In such cases, remote control of AMRs proves extremely helpful. (3) Improved
scalability: Leveraging the native Al support of the 6G network, AMR control can implement various

types of distributed ML algorithms. This en ables AMR control to be conducted in a partitioned and
hierarchical manner, significantly enhancing the scalability of the AMR system [31]32]. (4) Enhanced
co-design: The communication and control co -design approach involves joint design and
optimization of communication and control systems, where the former plays the critical role of
communicating control information and feedback signals among system components. This
approach can be further empowered by incorporating 6G connectivity, as it is expected to offer
enhanced robustness, agility, and deterministic behaviour. By leveraging the capabilities of 6G, the
complexity of co -design can be redu ced, leading to improved performance in AMR systems. (5)
Automated planning of complex tasks: By harnessing the native Al capabilities of 6G and leveraging
associated cloud/edge intelligence, the future AMR system is expected to achieve automated

planning of complex tasks. This includes determining optimal paths and collaborative methods for

the robots. The control policies of the AMR system can be managed in a unified manner,
streamlining operations.

Cloud, distributed and hierarchical computing and machine learning supported by 6G
networks;

multi -service edge -intelligence control paradigm;
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Autonomous planning of AMR;

Communication technologies that employ different frequency bands (IEEE 802.11 2.4 -GHz
and 5 -GHz frequency bands).

Low response times (<20ms) and deterministic connectivity
AMR self -localization (centimetre  -level) leveraging the 6G ISAC feature

Holistic information/task exchange and synchronization mechanism among AMR robots for
communication and control co -design.

6.1.6 Remote driving

Remote driving, also known as teleoperation, is an emerging field in the domain of autonomous

vehicles that aims to enable human operators to remotely control vehicles from a distant location

[33]. With advancements in communication technology and the increasing deployment of
autonomous vehicles, remote driving has gained significant attention for its potential applications

in various industries such as transportation, logistics, and public safety. R emote driving systems
typically involve a combination of high -speed data transmission, sensor feedback, and control
interfaces that allow operators to perceive and interact with the vehicle's surroundings in real -time.

Multimodal learning and communication are effective enablers for interaction and understanding

between human operators and autonomous vehicles. Through the integration of multiple sensory
modalities, such as visual, auditory, and haptic feedback, operators can gather comprehensive
information about the vehicle's surroundings and make informed decisions. Multimodal
communication can facilitate bidirectional information exchange between the human operator

and the vehicle. The communication requirements for re mote driving include:

Traffic Direction: Bidirectional traffic between the human operator and the vehicle.

Traffic Type: Includes control signals, sensor data, video/audio streams, and system status
updates.

Burst Size: The burst size can vary depending on the specific application and the frequency

of data updates. For instance, control signals might have small burst sizes as they convey

concise instructions, while video/audio streams could have larger burst sizes due to the
continuous transmission of sensory information.

Reliability: Reliability is a critical requirement for remote driving communication.

Latency: Latency requirements typically aim for values below 100 milliseconds, and certain
applications might require even lower latencies in the range of 10 to 50 milliseconds.

Average Data Rate: The average data rate is the amount of data transferred per unit of time.
It depends on the specific communication requirements of the remote driving system,
including the complexity of the control signals, resolution of video streams, and the
frequency o fsensor data updates.

Vehicles equipped with cameras, LIDAR, radar, GPS, accelerometers, steering and braking systems.
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Current standardization activities for the next generation wireless connectivity in vehicular
networks are based on orthogonal frequency division multiplexing (OFDM) as by 3GPP NR V2X.In
3GPP TR 22.885, there exist the following three different types of V2X: Vehicle -to -Vehicle (V2V),
Vehicle -to -Infrastructure (V2I), Vehicle -to-Pedestrian (V2P) Communications. The support of V2X by
3GPP is provided over the PC5 interface by sidelink (SL) transmissions. The main characteristic is the

use of mini -slot schedul ing, which allows to schedule transmission of a slot for latency -critical
services. Improved localization of vehicles is made possible using large antenna arrays, and the
exchange of safety -based (V2X, ETSI-compliant) messages. Another aspect is the defini tion of the
resource allocation modes, where the base station schedules the resources, and, which lets the user
equipment (UE) autonomously select the SL transmission resources. In the USA, The Federal
Communications Commission (FCC) has endorsed the C -V2X as the standard for automotive uses.

Remote driving encompasses various key features, including driver alerting and
environmental awareness. Level 1 communication primarily relies on CAM (Cooperative
Awareness Messages) and DENM (Decentralized Environmental Notification Messages). The
transmi ssion frequency can reach up to 10 Hz, such as in the case of emergency vehicle
warnings, or lower frequencies for roadwork warnings;

sensor orchestration that can be distributed with tight latencies;

Distributed antenna deployment with 10 -100 GHz bandwidth in support of fast
association/disassociation with RSUs and strict air -interface jitter (<1 ns);

Fully Al-based communication and sensing is required to support control and
programmability;

For this use case, t he Connected and Autonomous Vehicles (CAVS) require (i) High -
frequency Communications Communication systems operating in the mmWave (30 -100
GHz), sub-THz (100 - 300 GHz), THz (300 GHz - 10 THz) and optical (> 10 THz) bands are
envisioned to be pillars of  6G V2X networks [34], (ii) resilient Network Technologies and smart

V2X protocol architectures to handle the complex mission critical interactions that require

flexible computing and communication frameworks;

Other important requirement is related to sensing and localization which 6G V2X
connectivity can handle through orchestration of sensing by sharing the measurements

over a common virtual bus, by joint communication and sensing networks, hybrid
positioning when GNSS signals are discontinued.

6.1.7 Emergency access to buildingsin case of disasters

First responder services such as fire fighters and search and rescue units are frequently exposed to
challenging access to indoor environments in a search for affected persons or animals. The main
obstacles include sudden changes of connection quality and positioning accuracy while moving
between outdoor and indoor environment, and lack of information about the indoor environment.
Information about the location and current status of victims are also usually unavailable or possibly
inaccurate. In such a situ  ation, the team might easily take wrong decisions that will reflect on the
time spent in search and rescue mission and increase the chance of mission failure.

This use case requires multimodal communication, sensing and positioning to demonstrate how

the team of humans and uncrewed autonomous mobile vehicles can access the building. During
the mission critical emergency operation, it is of utmost importance to maintain uninterrupted and

Quality of Service (QoS) -aware access to communication and compute resources to receive relevant
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multimodal data streams and execute needed Al inference models while receiving reliable
information on position and status of affected entities within the building. The future solutions in

6G environment will use evolving wireless infrastructure (6G, but also augmenting next -generation
Wi -Fiand Li -Fi technologies) supported by UAV nodes and next -generation 6G ambient |0oT sensors
[101] integrated with Al/Edge compute platform components both attached to
humans/autonomous vehicles and deployed at network edge close to base stations to support the

required resilience and efficiency. Exploiting AR/XR technologies, positioning in an unknow n indoor
environment and interaction with surrounding sensors, future first responders may rely heavily on

multimodal learning, inference and multimodal positioning services to support optimal decision

making [102].
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Figure 16 Enabling technologies for 6G multimodal  public safety services.

Multimodal communication, sensing and positioning may significantly improve the prospects of
search and rescue mission by augmenting the perception of human and robotic actors through

exchange of multimodal content between the relevant devices and infrastructure. To be able to

benefit from the full capacity of such services, the future buildings in urban environments should

be covered by both outdoor and indoor cellular technologies augmented with next -generation Wi -
Fi and Li -Fi deployments. Additional 3D networking support from on -site deployed UAVs is needed
in case of major disruptions of cellular infrastructure. Access to beyond -5G multimodal services

through AR/XR equipment (e.g., AR/XR glasses) and their seamless information exchange with
surrounding ambient in  door 10T sensors underlies the possibility for augmented perception of
emergency crews. This is complemented by further improvements of indoor positioning, tracking

and mapping including the seamless transition from outdoor to indoor environments that should
be provided by upcoming wireless cellular technologies at any location.

The discussed scenario depends on the number of technological enablers:

Integrated and flexible air interface for 3D wireless communication and sensing, that
supports seamless user communication with terrestrial and aerial nodes and acquisition and
exchange of sensing information

Further integration of Al in 6G RAN that goes beyond current 3GPP efforts, enabling efficient
and distributed execution of multimodal  learning algorithms at end users and edge
infrastructure
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Pervasive ambient short  -range low -energy (including zero  -energy) loT connectivity through
novel massive 10T -enabling sidelink interfaces that support sidelink relaying and multi -hop
ambient 10T configurations

Evolution of multimodal high -throughput communications to support future AR/XR
services and their integration with surrounding ambient loT and on -board or edge -Al
compute infrastructure for provisioning future augmented perception services.

Enhanced positioning, tracking and map ping indoor infrastructure integrated in 6G that
exploits all available multimodal information sources to establish highly accurate
positioning of objects in indoor environment and seamless positioning service transition
between outdoor and indoor spaces.

GAxde?r rNEWdON ©eseur ~dAA tAYN Ae kN d¢BnaceW NDZ Qe Bn A «ND:
efficient in -building disaster relief services:

Latency is anticipated to be further reduced to sub -1 millisecond level, with objectives
targeting as low as 0.1 ms in certain ultra -reliable and low -latency communication scenarios.
This improvement is pivotal for applications necessitating instantaneous response times
among indoor autonomous vehicular and aerial units and their mutual interaction and
interaction with human units in real -time.

Data rate expectations for 6G are set to reach unprecedented peaks, aiming for up to 1 Thps

to accommodate the exponential increase in data consumption driven by immersive
augmented and virtual reality applications, enhanced holographic content, and advanc ed
media streaming services. This requirement will be relevant for indoor disaster recovery
missions by enabling richer and more immersive crew experiences.

Localization accuracy will see significant improvements, with 6G networks expected to
achieve centimetre -level precision, facilitated by integrated sensing and communication
technologies. This high level of accuracy will be instrumental in safety scenarios requiring
precise location information of many surrounding entities, supporting both outdoor and

indoor uncrewed ground or aerial navigation, and automated exchange of critical
positioning information for augmented reality services.

Integrating Al with 6G will lead to more intelligent and autonomous network operations,
including predictive reactions during search and rescue missions, dynamic resource
allocation and decision making, and enhanced network security. Al integration will play a
critical r ole in optimizing network performance and user experiences while minimizing
operational costs and energy consumption.

6.2 State -of -the -art and discussion  topics

Significant recent interest in multimodal remote operation use cases is evidenced by academic
publications [1}[12] industrial demonstrations [2] and recently started research projects for remote
operation which demands a reliable and stable network operation. F or high precision tele -
operations Tactile and multimodal robots can be used in a variety of use cases such as Tactile

Internet with Human  -in-the -Loop (TaHiL) [23], smart factory [24], emergency [25], and medical use
cases [26].

Tactile Internet is indeed the innovation leap enabling wireless remote control of collaborative
robots over mobile network, which is currently revolutionizing several sectors such as healthcare,
manufacturing, agriculture, construction, and logistics [6]. As 2G and 5G were the media for
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communicating voice and mobile data, Tactile Internet is the medium where haptic
communications take place [2]. However, to fully realize Tactile Internet, apart from extremely high
reliability (seven nines) and low latency (less than 1 ms), 6G needs to provide also extremely high

data rate to support the complementary high definition 4K/8K 180°360° video for XR/ VR
applications to provide a fully immersive experience for the remote human operator [6].

Since the introduction of 1G to 4G mobile networks, every odd -numbered generation (1G and 3G)
has introduced new mobile services (voice and data, respectively) to business customers, while the

even -numbered generations (2G and 4G) have democratized this an d extended those services to
ordinary customers [6]. Extrapolating this trend, besides enhanced mobile broadband for
consumers, 5G was the first generation introducing URLLC and promising the introduction of

Tactile Internet. However, URLLC and haptic communication services are currently limited to
vertica | industries. Hence, 6G is expected to be the first generation extending URLLC and haptic
communications from vertical industries to every individual citizen to provide an infrastructure to

support remote control and mobile robotic solutions for everyone Vrealizing the vision of Personal
Tactile Internet  [6]. In terms of communication requirements for Tactile Internet applications, there

are further constraints that must be faced. With regards to sensors and data acquisition, many of
these devices must share their information at high data rates to ensure the Quality of Experience

(QoE) of the user. This aspect is currently being researched and studied [7] to improve scheduling
algorithms at MAC level. These enhancements include the introduction of Quality Indicators (QI)
required for the application to modify the performance of the network, and thus the user QoOE.

In parallel, the Internet has drastically evolved over the past three decades - going from the fixed
Internet, connecting personal computers, which fuelled the economy in 1990s and 2000s, to the

mobile Internet, connecting mobile phones and tablets in late 2000s and 2010s. The Internet then
evolved to Internet of Things, connecting every single object (big or small) in the physical
environment, which enabled a wide spectrum of smart applications based on loT connectivity. The

introduction of IoT was also a  starting point for the coexistence of radio -based sensors (e.g., Radar
and UWB indoor localization) with wireless communication interfaces. Now, with the deployment

of 5G and the realization of Tactile Internet, the Internet is evolving into the Internet o f Skills,
enabling the delivery of specialized skills (surgery, maintenance, engineering, design, etc.) through

the Internet anywhere in the world rather than content delivery over the current Internet [2]. This

relies on real -time multimodal communications using voice, video, and haptic data across the

globe. However, the required latency of the Internet of Skills is between 1 ms and 10 ms, which
reduced the communication distance between 100 Km and 1000 K m, under typical network
conditions [10]. Using Al for predicting the model and the network latency, this can be extended to

tens of thousands of kilometres [8].

Digital twin is another cornerstone of remote operation and networked control use cases over 6G,
which produces a digital replica of the physical and biological worlds at every spatial and time

instant unifying the user experience across the physical, digi tal, and human worlds. To create an
accurate and up -to-date twin of the physical world for seamless interactions with the remote
operator and controller, an enormous amount of capacity with ultra -low latency and high reliability

is required. Any excess del ay, jitter, or packet loss in updating the digital twin and/or applying the
control signal may significantly compromise the user experience and even destabilize the control

system, which may result in severe consequences [9]. Apart from Terabit per second data rate,
massive capacity, and supporting URLLC at scale, 6G is expected to 1) integrate radio sensing into

RAN infrastructure for better use of spectrum and unified hardware design supporting both
functionalities; 2) unif y computing resources distributed across multiple edge nodes and the cloud

that can be managed by different operators; 3) support multi -sensor fusion for better
environmental awareness and mixed -reality experience; and 4) enable actuation to control the

ph ysical processes. On the user device side, new human -machine interfaces need to be developed
for multimodal interaction (including haptic modality) between the human operator and the
digital/physical world. These augmented reality user interfaces will enab le efficient and intuitive
human control of the physical, virtual or biological worlds. Last but not least, new security and
privacy preservation and trust mechanisms need to be developed in order counteract new security

attacks on multimodal 6G communicat ion networks, e.g. jamming attacks on industrial networks
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[9]. Akeyto

the 6G development is to provide a unified, distributed, and agile framework to enable data
pipelines coming from the entire sensing stratum that includes distributed endpoints (e.g.,

embedded devices) with sensing and actuating capabilities, ed

computing servers, fog nodes, micro

ge platforms (e.g., edge/cloud

-datacentres), and remote cloud datacentres [100].

In the following, we provide existing activities in the area including projects, platforms, and data sets
available for multimodal research and analysis.

6.2.1 Multimodal teleoperation related

projects

Multimodal sensing, communications and control enabled remote operation use cases, testbeds

and pilots dominate demonstration aspects of majority of recent 6G
Extreme and conflicting requirements for data rates, latency, relia

-focused research initiatives.
bility, AI/ML integration present

in multimodal remote teleoperation use cases described in the previous section need to be verified
in pilot proof -of-concept demonstrators which is a commonplace ambition of 6G research

initiatives. In Europe, as part of 6

G Smart Networks and Services (SNS) framework within Horizon

Europe research and innovation funding managed by European Commission, the first batch of 35
projects have been approved. In the table below, we present a representative sample of research
projec ts, mainly funded by 6G SNS scheme, that develop use cases, testbeds or field trials in the
domain of remote multimodal operation over 6G.

Related

projects

Table 8: Multimodal teleoperation related projects

Field trials and use
cases

Description

Umbrella

5G-encode

VERGE

Swarm robotics and
other Industrial l0oT use

AR/VR to support
design, manufacturing
and training

Monitoring and tracking
of time sensitive assets
Wireless real -time in -
process monitoring &
analytic

XR-driven edge -
enabled industrial B5G
applications

Edge -assisted
Autonomous Trams

www.one6g.org

This cobot testbed is part of a larger open Industrial 0T testbed
which has been deployed in the UK. It relates to warehouse
robotics, which aims to permit flexible experimentation using
different end devices to evaluate algorithms or new practical
application scen arios as each robot node supports multiple
sensors and a number of wireless communication technologies
[35].

5G-encode is a collaborative project in the UK, aiming to develop
clear business cases and value propositions for 5G applications
in the manufacturing industry.

The first use case focuses on the design of industrial products
that require collaboration of engineers from different locations.
Using 6G XR tools, designers can work on the same product
design simultaneously thus avoiding costly and time -
consuming travel. In the second use case, autonomous trams
integrate multimodal sensors such as lidar, radars, GNSS, IMU,
inf rared and visible cameras to promptly detect and avert
critical situations. Due to a high computational complexity,
computation is partly offloaded to the edge, where it is fused
with other smart city 10T data for improved situational
awareness.
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REEED Field trials and use o
Description

projects cases

Extreme eMBB for

immersive Extended
ADROIT-6G Reality

Extreme URLLC for

collaborative robots

The ADROIT -6G use cases will aim to: 1) demonstrate the
proposed Al network architecture to support holographic
telepresence services, 2) focus on distributed and collaborative
robot and drone systems.

Idiada focuses on 5G and beyond technology use cases and
f f demonstrations in the domain of cooperative perception of
Idiada automotive . L X
testbed connected vehicles and digital road twins. RWTH Aarched
TARGET-X RWTH Aachen Ind Industry Campus Europae is a large  -scale 5G industrial testbed
c EC =1 Iniebit for connected robotics (line  less mobile assembly lab),
ampus Europae connected construction site and connected and smart energy
grid.

Large number of trials Support for a large number of beyond 5G use cases in the

TRIALS-NET domain of infrastructure, transportation, eHealth, culture,
for beyond 5G . .
tourism and entertainment
Three large -scale test infrastructures in Greece, Norway and
FIDAL Field trials beyond 5G Spal_n targetlng_ the_augmentatlon of human capabilities,
media and vertical industry players to perform advanced large -
scale field trials.
Four advanced 5G experimental facilities in Norway, Spain,
Large -scale Portugal and France to support firefighting and forest
experimentation surveillance, port surveillance and inspection, crisis
IMAGINEB5G L - . - L .
facilities for various use management, media production, localisation for transportation
cases and field trials. and logistics, telepresen  ce-aided maintenance, Industry 4.0,
education, smart agriculture and forestry.
Automated Fully configurable, manageable and controlled end -to-end
6G-SANDBOX experimentation networks, composed of both digital and physical nodes on
capabilities through a distributed infrastructure located in Malaga, Oulu, Athens and
rich toolbox. Berlin.
Deliver an evolvable 6G experimentation facility that will
Building reusable integrate 6G technologies and federate two testbeds to
6G-BRICKS . : - .
testbed infrastructure validate and showcase advanced use cases in holographic

communication, metaverse and digital twinning.

experimental research 6G-XR will develop an experimental infrastructure
exp demonstrating the performance of key B5G/6G candidate
infrastructure to . . .
6G-XR . technologies, components, and architectures and focusing on
enable next -generation S . S N
XR services demanding immersive applications such as holographic, digital
twins and XR/VR.

6.2.2 Multimodal Datasets

Many of the possible tele -operation use cases rely to some extent on extended reality (XR), as a
group of technologies that seek to enhance and expand human perception of the physical world.

The interactions between the multimodal sensors and the wireless network are studied in [59],
where the data exchange between the algorithms and their hardware requirements are analysed,

leading to the identification of the required network key performance indicators (KPIs).

An XR offloading IP traffic dataset is available in [60], which can be used for simulation or
prototyping. It contains traffic traces that have been captured using a novel implementation of a
Transmission Control Protocol (TCP) for XR offloading. Besides, a full stack 5G Radio Access Network
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(RAN) emulator fully scalable in terms of users and throughput handling capabilities is described in
[61]. DeepSense 6G [62] is a multimodal dataset that comprises coexisting multimodal sensing and
communication data, such as camera, GPS data, LIDAR, and radar, collected in 30+ scenarios and

over several locations covering a diverse vehicular, drone, RIS, human, robots for indo

or/outdoor

scenarios are designed based on realistic wireless environments to enable different novel

applications. A list of other available datasets mainly from IEEE DataPort platform are listed in

9.

Dataset for Influence
of Visual and Haptic
Feedback on the
Detection of
Threshold Forces in a
Surgical Grasping
Task [63]

Opportunity++: A
Multimodal Dataset
for Video - and
Wearable, Object and
Ambient Sensors -
based Human Activity
Recognition [65]

VibTac -12: Texture
Dataset Collected by
Tactile Sensors [67]

A Unified Perception
Benchmark for
Capacitive Proximity
Sensing Towards Safe
Human -Robot
Collaboration (HRC)
[68]

ExoNet Database:
Wearable Camera
Images of Human
Locomotion
Environments  [69]

Multimodal grasp
data set: A novel
visual Mtactile data set
for robotic
manipulation  [71]

Table 9: Publicly available multimodal dataset

Tactile, multimodality,
Haptics, surgical robotics

Al and machine learning
research focused on the
multimodal perception
and learning of human
activities

Signal feature extraction
method and the Fourier
transform as input to
machine learning
classifiers

The perception gap
between tactile

detection and mid  -range

Large -scale hierarchical
database of high -
resolution wearable
camera images (i.e.,
egocentric perception)
of legged locomotion
environments

Integration of visual and
tactile data for
understanding the
grasping process and
deeper analysis of
grasping issues

www.one6g.org

Anova analysis; Force threshold
vs lteration analysis; Threshold
force analysis

19.75 hours of sensor data
annotated with multiple tracks;
sensors placed on the objects
produced a total of 3.92 hours of
annotated data; Overall, the
dataset comprised of more than
24000 unique annotations

3D accelerometer recordings;
sound recordings

Speed and Separation
Monitoring (SSM)

Power and Force Limiting (PFL)

Capacitive Proximity Sensors
(CPSs)

Over 5.6 million RGB images of
indoor & outdoor real  -world
walking environments

Approximately 923,000 images
in ExoNet were human -
annotated using a novel, 12 -
class hierarchical labelling
architecture

2550 sets data, including tactile,
joint, time label, image, and
RGB and depth video

Table

Data in brief, Elsevier
2022 [64]

Frontiers in Computer
2021 [66]

IEEE Access 2020+
publication record from
2010 [67]

IEEE ICRA, 2021 Xi'an,
China + Based on ISO/TS
15066 [68]

Frontiers in Robotics
and Al 2020 [70]

International Journal of
Advanced Robotic
Systems, Sage Journals
2019[71]
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Learning hand
coordination for
robotic grasping with
deep learning and
large -scale data
collection [72]

-eye

Complex urban
dataset with multi -
level sensors from
highly diverse urban
environments  [73]

Create: multimodal
dataset for
unsupervised

learning and
generative modelling
of sensory data from a
mobile robot  [74]

Hard dataset and
normal dataset for
robotic tactile sensing
[76]

Tactile Information
Dataset TacAct :
Physical Human -
Robot Interactions
[78]

First experiment:
Learning -based
approach to hand -eye
coordination for robotic
grasping from
monocular images.

Second experiment: test
transfer between robots,
how data from a
different set of robots
can be used to aid
learning

Light Detection and
Ranging (LIDAR) and
image data acquired in
complex urban
environments

Mobile robot that can
navigate and learn
multimodal
representations of its
environment

Tactile sensors for
detecting grasping
stability and slip
detection during lifting
of objects

Tactile intelligence for
human -contact safety to
complement visual and
auditory information for
human -robot interaction

First experiment, about 800,000
grasp attempts using between
6 and 14 robotic manipulators
with differences in camera
placement and gripper wear
and tear.

Second experiment with
different robotic platform and 8
robots to collect a dataset
consisting of over 900,000
grasp attempts.

LIiDAR sensor data (2D and 3D),
navigation sensor data with
commercial -level and high -level
accuracy, stereo camera images

of the environment, position
information of the vehicle

estimated through

simultaneous localization

mapping (SLAM)

Stereo RGB images, stereo
audio, inertial measurement
unit (accelerometer, gyroscope,
magnetometer), odometry,
battery current, motor
velocities, infrared and contact
sensors, atmospheric pressure,
air temperature

PVT points of robot arms and
grasping
parameters/timestamp of
gripper, tactile files with
timestamps, images of each

grasping

Real-time pressure distribution
of 50 subjects who performed a
total of 24,000 touch actions

International Journal of
Advanced Robotic
Systems, Sage Journals;
2019 [72]

International Journal of
Advanced Robotic
Systems, Sage Journals;
2019 [73]

IEEE Dataport 2018,
updated 2022, Linked
paper: Optimality of
inference in hierarchical
coding for distributed
object -based
representations [75]

IEEE Dataport 2022,
Linked paper: A Robotic
Grasping State
Perception Framework
with Multi -Phase Tactile
Information and

Ensemble Learning [77]

Data available on
Zenodo, doi:
10.5281/zenod0.5138841
[78] https://zenodo.org/r
ecords/5138841

6.2.3 Standardisation and related industry initiatives

Relevant Standardisation activities for multimodal remote operation are further discussed in the
following:

Tactile internet P19181.1 standard [1]was the first standardization activity for haptic communication

started in 2017. IEEE P1918.1 has been further adopted in 3GPP 5GS Specs [27] in TACMM [15] XRM
features [16], Cyber-CAV [17]and Metaverse [18]as well as in IEC TC100 PT63448 [19], standardizing
ultra -low latency communication for control -centric applications, addressing the use case
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requirements and enabling technologies. IEEE P1955 [20] is a recent standard for 6G ~ empowering
Robotics: Use Case Scenarios, Requirements, Architectural Impact, and Technical Assumptions. This
standard defines a framework for 6G empowering robotics applications. The framework
incorporates potential robotics use case requirements, 6G enabli ng technologies, and defines the
architectural impact necessary to enhance robotics and automation processes.

Tt N M?cenNAA §yNANOQeBB? AQOAAde A AAAADAEDZ uArAada?2adeA uM;
on ISAC [21] concentrates on pre -standards research efforts on ISAC with a focus on use cases,

channel models, key performance indicators, and evaluation assumptions, for subsequent

evaluation by standards organizations. This includes defining a prioritized set of 6G use cases and

sensing types, developing advanced channel models for these use cases, specifying performance

indicators and evaluation methods, studying system and radio access network architectures for 6G,

addressing privacy and security aspects in the con text of 6G sensing data, and studying the

potential impact of widespread ISAC deployments.

IETF Tactile Internet was also discussed in a number of groups within IETF, primarily as a use case

that demands improved networking technologies that satisfy its stringent resource requirements

namely, INTAREA working group [81] presents the service requirements for haptic and Tactile
Internet use cases. Activities in Network Function Virtualization (NFV) Research Group (NFVRG) [22]
suggests that a combination of radio access and core network components must be isolated into

network slices for addressing specific requirements of emerging use cases, such as Tactile Internet

services.

From the outset, 3rd Generation Partnership Project (3GPP) 5G System (5GS) was designed to
provide service -based, highly reliable (e.g., URLLC, Time Sensitive Communications (TSC), Edge
Computing) low latency communications and enablers for Industrial Auto mation, e.g., Network
Analytics and Network Slicing. Although great progress was achieved, many existing and new Use

Cases still remain to be addressed, e.g., UCs with stringent requirements, as those needed to
support tactile and multimodal communication services over the 5G system. To address these
challenges, 3GPP TR 22.847 [15](multimodality SA1 feature) and 3GPP TR 23.700 (  XRM SA2 feature)
[16]intend to create a gap analysis between new potential requirements and existing requirements

and functionalities supported by 3GPP. Especially, for use cases that are immersive real -time
experiences, including closed  -loop feedback and control under varyin g DoFs. Requirements for use
cases under consideration include (but are not limited to), parallel transmission of multiple modality
representations associated with the same application. Also, their reliability, availability, security,

privacy, charging, an d the identification of KPIs for specific use cases are considered. 3GPP
multimodality feature provides an example of new requirements motivating 3GPP 5GS
enhancements to meet the needs of demanding applications as those seen in the healthcare

industry. In residential/small environments, this gateway is referred to as evolved Residential
Gateway (eRG) (3GPP TR22.858) and they are considered from a 3GPP System perspective as User
Equipment (UE). Nevertheless, they also provide connectivity and Quality of Ser vice (QoS) handling
to other devices connected behind their realm, e.g., Personal 1oT networks (PIN) (3GPP TR 22.859),

which might correspond to sensors or actuators remotely controlled by e.g., a factory worker or a
physician. It is thus quite possible th atin an end -to-end scenario where a surgeon wearing a tactile
glove, which is a wireless device connected through an eRG, may connect to actuators in a remote

location, far away from the surgeon. In that case, the eRG at each end of the connection will ne ed
to satisfy reliability and latency constraints, using technologies that may further extend the existing

5GSs. To support the XR KPIs requirements, prediction of, or fast adaptation to, RF conditions
changes is critical. Key vertical UCs (especially for factory and process automation) are studied in
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3GPP System Aspects (SA) WG1 (SAL) (SGPP22 104) and SA6 (3GPP TR 23.745) [81]. XR-based services
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users in the proximity or remotely. The 3GPP Localized Mobile Metaverse Services in Study Item
(Rel19)[18] supports the XR KPI requirements, prediction and adaptation where coordinating input
perception/sensing data from different user devices (such as sensors and cameras) and
coordinating output data to different devices at different destinations to support t he same
application is required.

Besides multimodal communication based on device -based sensing, a key role in wireless
communication standardization, is actively involved in advancing the standardization for ISAC by

defining the service requirements and system architecture aspects [82]. The early study items for
ISAC are focusing on both communication -assisted -sensing and sensing -assisted -communication,
while currently Rel. 19 puts a great emphasis on communication -assisted -sensing. There are 32
industry use cases for various industries identified for functionality requirements. In parallel,
discussions of ISAC for 6G have also been started in various industry forums, including the 3GPP SA1

study, which has identified use cases with requirements for Vehicular -to -X (V2X), unmanned aerial
vehicles (UAVs), 3D map reconstruction, smart city, smart home, factories, healthcare, and
applications for the maritime sector [83].

The Focus Group on Technologies for Network 2030, which concluded its work in Summer 2020,

studied the capabilities of networks for the year 2030 and beyond. The group selected Tl as a
representative use case for network 2030, among other use cases such as holographic type
communications and Space terrestrial integrated network. Recent Metaverse focus group (MV -FG)
was established under TSAG in December 2022. The group aims to analyse the technical
requirements of the metaverse to identify fundamental enabl ing technologies in areas from
multimedia and network optimization to digital currencies, Internet of Things, digital twins, and
environmental sustainability [96].

6.3 Multimodal Sensing, computing, communications and

control
Multimodal sensing, computing, communications for remote control and operation can be
achieved based on a fully integrated and unified, next -generation architecture serving the edge -to -
cloud compute continuum, integrated sensing and communication and commu nication and
control co -design as three key architecture technology aiming at serving the most demanding
applications and use cases, aligned with the 6G standardization discussed in subsection 6.2.3.

Firstly, the integration of high -performance computing devices into cellular networks with the
performance expected for 6G, gives rise to the development of multimodal computing concept.

This term that englobes sensing, control, communications, and computi ng, can be applied in most
of the industry 4.0 and 5.0 scenarios. For example, in industry use cases, the requirements vary in

terms of latency and data throughput, although high security and reliability are a must. The
extraction of data if processed in d istanced servers (i.e., the cloud) can significantly increase the
latency but also pose risks to the security and data privacy. To this end, the notion of edge
computing and edge devices are introduced to address such concerns, and to provide computing

(
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remote operator requires the perception of the shared operation environment (i.e., a digital model)

for decision -making process and control. This can be achi eved by processing and interchanging the
data generated from external (ambient) and internal (on -board) sensors or from RF sensing
technique such as networked sensing. Finally, the communication \control co -design methods can

also optimize remote control op eration by including both communication and control constraints
in the design.
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The high -level illustration of the concept and its key enabler technologies is shown in Figure 17

Comixn & control

Communication JEFEY-Xes

Edge‘computing

Figure 17 A high -level representation of the 6G logical building blocks for multimodal remote operation

6.3.1 Edge computing

With the fast growth of multimodal edge devices and network infrastructure, 6G mobile

communications enable resource -intensive applications by delivering quick, efficient, and
intelligent hyper -connectivity. Edge computing has become a promising solution t owards efficient
and low -latency multimodal communications [97]1]98] . Currently, there are two approaches about

the location to integrate edge devices in the mobile networks. In case of use cases with a limited

area and thus, a limited number of radio infrastructure, edge devices can be connected to the Core
Network via Us er Plane to transfer data and Control Plane (Network Exposure Function) to have
access to Network information, as specified by ETSI [98] . However, this approach could increase data
latency in large deployed networks. In this case, edge devices could be integrated directly in the
access network, reducing the distance to the multimodal user equipment, but then requiring

mobility support sinc e processes must move from one or a set of edge devices to another (set) to
maintain the distance with the end devices. More specifically, edge computing reduces the
requirement for data transfer to centrally located servers or the cloud, resulting in impr oved real -
time processing capabilities. Especially in the case of multimodal communications, edge
computing contributes towards:

Reduced latency : Multimodal communications frequently require real -time processing of
heterogeneous data across several modalities. Latency is considerably decreased by
transferring computations near the edge, closer to the edge device level and data
generation. This is especially critical in time -sensitive applications and services (e.g.,
autonomous driving, remote operation) that require real -time decision -making.

Reliability: Edge computing further enhances resiliency of multimodal communications by
avoiding a central point of failure, thereby improving the reliability of the system.

Reduced communication overhead: Multimodal communications often involve frequent
transmissions of large volume of data across different network domains. Transmitting vast
amount of data to centrally located network entities or cloud infrastructures could
potentially lead to significant communication and signalling overhead, causing network
delays. However, edge computing enables processing and analysis of multimodal data
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closer to data generation, contributing towards communication overhead reduction by
decreasing data exchanges with the core network.

Privacy preservation: Although centralized computing for multimodal communications
could provide accurate analytics, it may also raise some privacy concerns. This relies on the
fact that highly sensitive or private information (e.g., personal images, audio, or biometric
information) may pose restrictions in data exchange. Edge computing performs processing

and analysis of multimodal information locally, without requiring any raw data exchanges to
third partie s. This approach enhances data privacy, since sensitive information is kept in a
trustworthy environment.

Consequently, edge computing architectures have been adopted and proposed for enabling low -
latency multimodal communications, including a high level three -layer hierarchical scheme
comprised of a sensing, an edge computing and a cloud computing layer.

Sensing Layer : The sensing layer's primary function is to gather raw multimodal data from
diverse sensory devices, conduct lightweight tasks such as filtering, and communicate
important inputs to the hierarchy's subsequent tiers.

Edge Computing Layer : The edge computing layer receives as input data the output of the
underline layer and performs demanding tasks such as data pre -processing, feature
extraction, data fusion, lightweight ML model training, and inference tasks. In critical
applications, it is essential to analyse and act real -time on the provided multimodal data
towards quick decision making.

Cloud Computing Layer : The cloud computing layer could further improve edge multimodal
communications. The cloud computing layer may be utilized for long -term storage,
centralized analytics, ML model training, and edge device orchestration.

Section 6.5.2 further discusses distributed Federated Al at the edge for low -latency and reliable
multimodal communications.

6.3.2 Multimodal communications and control co -design

Cloud, communication and control systems are generally designed independently, which leads to
substantial wireless resource consumption. In communication \control co -design methods (aka
Integrated communication and control) [86], the strong correlations between control and
communication systems are in two folds: 1) control optimization problem with communication
constraints and 2) communication optimization problem with control constraints. To apply the
communication  Vcontrol co -design, the essence of the co -design problem should be explored and
then build an effective co  -design model to help with communication and control optimization. For
instance, for AMR UC (Section 6.1.5, a communication -control co -design can help lowering the
requirements on the coding rate and lower the consumption of wireless resources as well as
achieving better results in the probability of system instability and the number of admissible AMRs.

Additionally, communications and control co -design introduce various KPIs beyond the
conventional ones used in communication networks. For example, age of information (Aol), could

be used for measuring information freshness in remote monitoring and control scenarios [87]. The
age of incorrect information (Aoll) [88], urgency of information (Uol) [89] as well as value of
information (Vol) [90] are other KPIs that have been considered to quantify the application layer
performance, as an alternative to latency, throughput or jitter.

Each of these metrics captures a different aspect of control performance and offer great potential

for future industrial networks, adding a new dimension to control and communications co -design.

Despite being well -accepted and employed by the research comm unity, the adoption of such novel
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standardization efforts.
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6.3.3 Multimodal sensing and communication

Multimodal sensing can be implemented with multiple sensors in the same device or through the

fusion of data from several distributed sensors. In both cases, communication is key to convey the
information to where it will be processed, enabling the offload of this processing to powerful
devices, as well as data fusion when needed. At the same time, sensors that estimate the position

of objects often rely on wireless transmission, used for localization or radar techniques.
Synergistically, sensing can help ¢ ommunications as well. For example, beam training can be aided

by positioning information and camera images [85], and the same applies to multiple access [91]
The fact that sensing and communications must eventually make use of the same (scarce) radio -
spectrum has motivated many recent approaches to combine sensing and communications, using

either the same frequencies by multiplexing, the same radio interface (same signal format and radio
resources) by a joint design, and/or the same hardware.

The so-called integrated sensing and communication and sensing (ISAC) are seen as key
ingredients in the evolution towards 6G [60]. These are thoroughly described in Section 4.
Simultaneously performing multimodal sensing and communications motivates new
requirements in the waveform design, which needs to be more energy -efficient to be able to cover
large sensing ranges [92]. Several works address the multiplexing of signals dedicated to sensing

and communications  [92][94] [95], while it is not clear yet how an optimum waveform from the ISAC

point of view would look like. Also, new ways of scheduling the radio resources dedicated to ISAC

need to be devised. Multiplexing of multimodal information (audio, video, haptic, tactile) f or efficient
transmission over B5G/6G air  -interface is an important challenge which has not been addressed in

5G.

The fusion of data gathered from multiple sensors that is shared and combined through wireless
communications is a powerful tool to enhance the environment awareness, achieving cooperative

perception [93]. Local information processed locally in any device can be combined with that
obtained at the edge nodes, reducing the needs for local sensing and computing. To maximise the

efficiency, the multi -sensor information fusion, the information sharing strategy and the
communications need to be designed in a coherent way.

6G Networked sensing can also complement device -based sensing to increase the sensing
coverage and reliability of the final perception. This is as part of the environmental sensor fusion or

as data stream by taking advantage of the dense deployment of 6G n odes. For instance, in remote
robotic operations, active multimodal sensing and data collection by robot internal sensors or
ambient sensors can be used for 6G network services optimisation (such as coverage, rate).
Networked sensing enabled by RAN and dev ice sensing are new key technologies and enhance
environmental sensor fusions gained from device -based sensing. It is obvious that 6G networked
and device sensing are complementing state of the art sensors. It is clear that the dense
deployment of 6G nodes increases the sensing coverage and reliability of the final perception.

Furthermore, the ISAC co  -existence of a diverse range of sensing modalities, including vision, audio,
motion, environmental, biomedical sensing, etc., will provide information for applications such as

augmented reality, immersive experiences, smart surveil lance, healthcare monitoring, and
environmental monitoring [103]. ISAC based use cases and enhanced 6G capabilities will provide a
paradigm shift to the 5G infrastructure and mobile services [104], such as deploying energy  -efficient

and spectrally -efficient solutions  [105]- [109]. There are several user -assisted enhancements that
ISAC signalling will revolutionize such as edge computing, where adding a nominal computational
k?@DNA Arn At N ?2rNEeyr NADR r NWNeAA kNANRdGAar Qe?ADZ kN AOQt
data sto rage closer to the network edge, b) reducing end -user latency, c) possessing real -time
processing capabilities, and d) enabling context -aware services. Accordingly, ISAC based networks
can support a diverse range of applications. Another enhancement can be achieved in terms of
environment monitoring, since by integrating sensors, devices, etc., into the edge -computing unit,
wireless networks can provide real  -time environmental insights to facilitate diverse applications,

e.g., smart city initiatives, enviro  nmental sustainability, proactive decision -making, etc. Accordingly,
this enables the networks to collect and analyse vast amounts of data for various modern
applications.
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Within the indoor factory setting and of particular relevance to ISAC for Industrial 10T (1loT), the
following use cases have been considered: detection of Automatic Guided Vehicles (AGV) and
measurement of proximity to humans, collision avoidance for Autonomous Mobile Robots (AMR)

and AGVs, the combined use of sensing and localization for accurate positioning of AGVs and AMRs,

gestu re detection and recognition, etc. Additionally, THz frequencies can be used for  multimodal
sensing and communication, for applications such as localization and tracking ; simultaneous
imaging, mapping, and localization , such as in virtual urban city and in ~ door factories, augmented
human sense applications such as in remote surgery, detection of product defects, sink leakage
detection, etc., where very high range and cross -range resolutions are required ; and gesture
recognition , emotion recognition, heartbeat detection, fall detection, respiration detection, sneeze

sensing, intrusion detection, etc., can be implemented in a smart hospital in the foreseeable future

For instance, a robot arm equipped with ISAC -THz module is used to represent a human arm
holdi ng a THz imaging camera. The prototype is built to operate at 140 GHz carrier frequency with

a bandwidth of 8 GHz  [110] In terms of multimodal sensing and communication, one should note

several challenges that exist in ISAC based deployment, such as channel modelling for the co -

design, maintaining network reliability and security, cost effectiveness, efficient dual -functi on
waveform design, regulatory considerations, and large data volume handling and processing. In

this regard, several solutions such as efficient dual -function ISAC waveform design [111])[112] and
channel estimation approaches for sensing and communication co -design [113]

6.4 TACMM device capabilities and functionality impact

On top of audio -visual information, next generation immersive communications will involve
TACMM information. Immersive realities will blur the boundary between the physical and the virtual

worlds, inspiring new types of interactions between them. Such disr uption will enrich
communication experiences of users and bring forward new use cases such as 3D telepresence,

online interactive sports with unprecedented realism, and game changing immersive learning, and

many others. The same paradigm could be applicabl e to human -machine interaction and
collaboration and robotic tele -operation in, e.g., industrial environments, and to set a cornerstone

for the next industrial revolution. To this end, significant progress has been made in recent years in

new terminals equ ipment and sensor systems and data capturing techniques, data processing and
computing frameworks, and rendering and display devices. TACMM is expected to coexist with XR

and holographic communications delivering technologies that will enable users to have lifelike
experiences of the physical world, in the virtual world, or a combination of both, with interactions
using 3D audio -visual and haptic information exchange. In concrete, multi -sensory XR will leverage

human senses and perception (e.g., visual, aud itory, olfactory, and tactile) into XR content, to provide

a highly realistic immersive experience. This will be achieved by combining multiple disciplines, of

ultra -high performance and low latency communications, computing and networking, Al -ML,
computer vision, biology, robotics, etc., providing a fusion of real and virtual worlds.

6.4.1 Multimodal teleoperation terminal equipment and capabilities

Terminal Equipment (TE) provides the functions necessary for the operation of the access protocols

by the user, a functional group on the user side of a user -network interface  [58]s Yt N y Myr § 7?1
layers' may be in more than one device, e.g., VR glasses, gloves, etc. New TEs with sensory/actuator

integration result in new user equipment (UES) capabilities and functionalities required by future

multimodal applications, further incre ases the demand on processing power required to execute

the computation -intensive and low -latency tasks.

Simple, intuitive, multimodal, and easy to use interface to interact with devices, services, and
surroundings, are needed. While current handheld smartphones are mainly used to provide
audio/video services, immersive remote operation would require addition al device capabilities such
as smart glasses, haptic wearables, etc., which can be distributed to other connected devices for
providing enhanced user experience. The use of such dedicated devices is driven by the
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technologies like telepresence, haptic user interactions, holographic displays and content
distribution, multi  -dimensional imaging, and extended reality, and metaverse applications. New UE

types could be classified and used by health, entertainment or indu stry verticals. Some examples
are as following:

Connected nano -things and bio -nano -things, which could interact with biological systems
and act as sensors and actuators to interact with the environment. That could be part of
development for multimodal user interaction and human -machine interactions;

New sensory/actuator integration results in new user equipment capabilities and
functionalities required by future holographic XR/multisensory XR applications, further
increases the demand on processing power required to execute the computation -intensive
and low -latency tasks;
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and pumps are mainly used for medical purpose, e.g., a battery -operated pacemaker. Also,

Biomolecular Sensing devices (DNA microarrays, Chemical sensors) that can pot entially be

used for people who may have devices on or beneath their skin that monitor heart rate,

glucose, or oxygen saturation and help control chronic conditions like diabetes or respiratory

disease. The monitoring could enable people to live at home in stead of having to move into

an assisted living facility;

Wearable: Sensors that are embedded in some type of garments/textile to monitor. Example
sensors are electrocardiogram (ECG), Electroencephalogram (EEG), Electromyography
(EMG), Dblood variation pressure (BVP), galvanic skin resistance (GSR),
Photoplethysmo graphy (PPG), accelerometers, and glucose sensors. Use case examples can
be paramedics and firefighters may eventually be required to use wearables that track their

heart rates, emotion and stress levels.

Tattooable: Ultra -thin electric mesh for human skin, or temporary skin that can store data

and deliver drugs ¥ and electronic second skins made of microscopic semiconductors;
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imaging, surveillance cameras - fixed or on drones);

Actuators: Haptic devices to provide feedback for navigation or alarm (haptic buzz), display
interface (braille language), interaction (haptic gloves/belt/suits), and remote industrial
control;

Robot hand and arm: A robot hand, especially one with multiple fingers, is necessary for
conducting various tasks in daily life. The robot hand should be able to make flexible human -
like motions using a design inspired by the human and integrated with robo t arms to
construct systems with a high number of degrees of freedom (DoF). Skin or touch sensing

is desirable, which sets requirements for haptic signal amplitude range, temporal and spatial
resolution. To match the human hand for remote operation, a robo t hand should be
equipped with multimodal tactile sensors with different types of tactile sensing modalities

(thermal, fast adapting and slow adapting afferents). The development of autonomous
dexterous robotic manipulation systems is a complex process of an interdisciplinary nature
involving such diverse research fields as computer vision, force control, motion planning,
grasping, sensor fusion, digital signal processing, human -robot interaction, learning and
tactile and multimodal sensing.

6.4.2 TACMM functionalities

TACMM communication combined with XR will pose new requirements in forthcoming 6G
architectures. In general, XR has stringent latency requirements for accurate and smooth content
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playback based on user motions. Furthermore, in order to achieve low content delivery latency, an

ultra -high data transmission rate is required for delivering XR content. The computing capability of

both network servers and user devices dominates the perfo rmance of interactive XR applications,
and limited computing capability in the network can be another bottleneck for XR content delivery.

Multilateral TACMM communication procedures will take as a working assumption that even if

there is no direct TACMM interaction between two users, they can still share haptic information. For

example, the data format and content of the transmitted TACMM in formation may differ from those

of the transmitted haptic information in direct haptic interactions. The end -to-end (e2e) delay
tolerance of TACMM communications can be as low as 1 ms while the packet rate of TACMM data

could reach more than 1,000 packets per second. In practice, the e2e delay requirement of TACMM
communication is defined by perceptual sensitivity of receivers, the changing aspects of TACMM
interaction, and the concrete operation or interaction among any others factors. In addition, the

reliability of TACMM communication in immersive gaming is required to be above 99.9%, whereas

higher reliability is required (i.e., above 99.999%) in telesurgery and remote machine manipulation.

6G architecture must embrace a number of technologies to tackle the challenges of TACMM
communications. An indicative sample of them is mentioned in the following (i.e., a fulland in -depth
analysis does not fall within the scope of this White Paper):

The nominal communication delay of 1 ms for TACMM, is translated to a physical -layer delay
of less than 0.1 ms.

Queuing delay in the downlink transmissions could be reduced, if TACMM data
preempt the data of other types. Non -orthogonal multiple access (NOMA) can
improve spectrum efficiency and reduce channel access delay of TACMM in uplink
transmissions.

Grant -free user scheduling has been exploited to remove the scheduling delay by
saving transmission resources, which could be assigned to TACMM -based devices.
In packet retransmissions, interference in multiple access should be dealt with. In

grant -free NOMA, such interference can be managed by device activity detection

and successive interference cancellation (SIC).

In addition to low latency, guaranteed latency is an important need of teleoperation and can
allow for predictive algorithms to operate reliably in, e.g., teleoperation.

Guaranteed latency is often harder to achieve in mobile communications, and
require deterministic approach to various processes that are stochastics in nature.

The communication reliability of TACMM could be improved by adopting several solutions
offered in the literature.

Low -density parity -check (LDPC) codes and short polar codes could fit with the
requirements of TACMM communications.

Massive multiple -input and multiple -output (MIMO), IRS, and multi  -connectivity
techniques.

NOMA can improve retransmission efficiency where the transmit power of a device

can be optimised to retransmit the required minimum redundant bits for satisfying

the reliability requirement.

Low delay and high reliability of TACMM communications, could be enforced by network
slicing and in concrete via:
Resource reservation in the network slice for TACMM communications.
When various tele -operation slices are considered and when delay should be
considered, customised transmission resource reservation should be applied.
Al-based learning methods should be leveraged for the traffic patterns of TACMM
based scenarios to efficiently assign resources.
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In short, a battery of advanced signal processing techniques, distributed edge computing and Al -
driven innovations should enhance the proposed 6G architectures in order to efficiently integrate
TACMM communications, tackle their challenges and satisfy thei r requirements.

Furthermore, t he distributed user equipment requires additional functionalities and interfaces to

be exploited in 6G architecture, e.g., for multimodal synchronisation to provide highly reliable
immersive and inter -related multimodal communications in 6G systems. This i s due to a crucial
requirement in scenarios where the application experience is consumed over multiple devices.
Multimodal data belonging to the same application/session must be delivered, and ultimately

presented to the user at the same time addressing different synchronisation threshold tolerance. A

high -level illustration of the multimodal data flow over 6G communication system for an operator

using multiple devices (i.e., VR and haptic gloves) to remotely operate a robotic hand in an indus trial
domain is shown in  Figure 18

User Domain Communication System Industrial Domain

Figure 18: High level illustration of an E2E Multimodal remote operation example using a robotic hand

6.5 AI/ML techniques for multimodal  operation

Audio and visual information have been traditionally captured, processed and communicated

across networks for remote consumption. With tactile Internet, communicating tactile information

is driving current trends in connected robotics [36]. Including smell and taste information in future
multisensory communication systems will round up remote perception of all five human senses.
Furthermore, although humans are restricted to visual sensing in visible light band, the machines

are not. They ¢ an make sense and learn the environment by sensing across different bands [44] .
Establishing environmental features (e.g., location and movement of objects) can be done across

different bands which drives current interest in integrated communication and sensing.

In the above scenarios, machines will collect and learn from multimodal data in order to execute

one or more tasks. In order to do so in an efficient manner, cross -modal perception can be applied

for loss recovery in multimodal applications which demands d esign of combined classifiers  [39] for
the purpose of Data recovery while maintaining precision and resource efficiency trade -off.
Furthermore, they will have to exploit fundamental principles of multimodal and multitask learning.

In particular, learning and decision making from multimodal data usually involves learning suitable
multimodal representations from which different decision -making tasks can be executed with high
efficiency. In this section, we review learning methods that are likely to have significant impact on

the design and im  plementation of multimodal sensing and communication systems.
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6.5.1 Multimodal learning techniques

The gains of integrating Al in domains requiring analysis of high -dimensional unstructured data, as
in the case of multimodal communications, are evident. In order for the Al to provide an
interpretation and understanding of such complex systems, correlati on and extraction of latent
information from multimodal data is required. The underlying motivation to use correlated
multimodal data is that complementary information could be extracted from each of the modalities
considered for a given learning task, yie Iding a richer representation that could be used to produce
much improved performance compared to using only a single modality [37]. Towards this direction,
multimodal learning aims at creating models that can process and relate information from multiple
modalities. Such information consists of data from various sensors monitoring common
phenomena, towards being exploited in a complim entary manner in order to identify patterns and
interpret a complex task. The following five challenges in multimodal learning have been identified

[38]:

Representation: The heterogeneity of multimodal sensory data poses significant challenges
in terms of learning latent representations.

Translation: The relationship (mapping) between different modalities towards interpret the
multimodal information is another core challenge, e.qg., different ways to translate an image
or an audio.

Alignment: To align different modalities, a model has to measure similarities between them
and has to deal with long  -range dependencies. Other challenges in multimodal alignment
include the absence of annotated datasets, the development of acceptable similarity
metr ics between modalities, and the presence of numerous accurate alignments.

Fusion: Another challenge is to provide predictions, combining data from two or more
modalities. This relies on the fact that different modalities generalise at different rates and
Ar A &Nr?2AA A YedAAn AcEAQAQAT rAcEAANFT dr Ayan AKRAr ¢

Co-learning: Finally, another challenge is to transfer knowledge between modalities, their
representation, and their predictive models, especially in the case of modalities with limited
resources (e.g., annotated data).

As previously mentioned, different modalities generalise at different rates and as such a multimodal

fusion approach is required, involving better combination decisions of multimodal data, either by

removing correlations between modalities or representing the fused data in a lower -dimensional
common subspace. The fused data can then be exploited towards anticipatory decision making.

Some well -known techniques for multimodal fusion are listed below:

Early Fusion: A method of modality combination at the input level before fed to an ML model
[40].

Late Fusion: Late fusion involves an independent training of models for each modality and
the integration of their outputs (predictions) throughout the decision -making process.

Intermediate Fusion: = Combining modalities at intermediate level of model training.

Currently, deep learning, a subfield of representational learning, focuses on the use of artificial

neural networks (ANN) to automatically generate suitable representations or hidden features from

raw data for specific tasks, resulting in a richer represen tation [41]that can contribute towards better
decision making. As a result, it is critical to develop joint embeddings in order to better describe

such notions by using the complementarity of multimodal data. A list of well -studied models for
multimodal representati  on learning include:

Multimodal Deep Autoencoders (MDASs): MDAs are neural network  -based models that learn
sequential and joint representations of different modalities and use a decoder to learn to
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reconstruct the initial input [42][43]. Indicative examples of such encoders could be
considered a Long -Short Term Memory encoder, a Transformer encoder, a Convolutional
encoder etc.

Graph -based Neural Networks (GNNs):  GNNs are neural network -based models that can be
directly applied and capture relationships and interactions between multimodal graph
structures [44].

Generative Adversarial Networks (GANS): GANs are known for their ability to generate
realistic artificial data in the original space. As an extension of their main functionality, GANs

can be used as means that allow cross  -modal translation from one initial space (e.qg., text) to
another initial  space (e.g., image), enabling the capture of joint distributions of different
modalities [45].

Multimodal Zero -Shot Learning (MZSL): MZSL comprehensively integrates the benefits of
both multimodal learning and ZSL, resulting in models with greater generalization ability.
The multimodal ZSL aims to distinguish unseen objects in the principal modality with the

assistance of a secondary m odality in which the entities are seen [46].
The outcome of the above described approaches could be further exploited by Al -driven
approaches such as forecasting ML models towards early event detection for anticipatory decision
making. The provided forecasts can provide insights into prospective outc omes and enable

proactive adaptations.

6.5.2 Federated Learning  Techniques

Multimodal learning can be efficiently applied in complex sensing tasks such as person tracking,
activity detection, audio and video analysis. However, integrating multimodal learning in a wireless
network environment, where data from heterogeneous data so urces or modalities is distributed
across devices and locations, poses new challenges. Data sizes for distinct modalities (e.qg., video vs.
audio) can be substantially asymmetric, resulting in considerable network delays or decreased
performance accuracy [47]. Therefore, distributed federated learning (FL) paradigm has emerged

as alternative solution, enabling collaborative training of models, while reducing network delays,
preserving data privacy and decreasing data exchanges.

Federated learning  has improved the security of multimodal learning by enabling a distributed and

privacy -enhancing approach. In a multimodal system, devices can provide data for FL either

through a single modality or multiple modalities, such as cameras and sensors in the same scene.
The FL model is trained locally by fusing data collected by different sensors extract common or

correlated representations between multiple modalities, without requiring any data exchange. A

server with the role of coordinator combines encrypted FL model parameters to update a global FL

model that willbe re  -distributed among the involved devices. The use of FL accelerates the learning

process, while saving communication costs. FL in multimodal systems is classified as horizont al,
vertical, and transfer learning based on how the data is spread in the feature and sample space [48],
as described in the following:

Horizontal FL (HFL): HFL considers participants that share the same feature space (same
multimodal data types) but may differ in the sample space.

Vertical FL (VFL ): In contrast to HFL, VFL is applicable to the scenarios where different
participants have the same number of multimodal data samples but differ in feature space.

Transfer FL (TFL): TFL is a supplement to horizontal and vertical settings, and is suitable for
scenarios where the sample space and feature space of each participant have less overlap.
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6.5.3 Multitask Learning Techniques

In multimodal setting, we are usually interested in exploiting different modalities for different

learning tasks. This is traditionally done separately and independent models are designed to

perform different tasks across different input modalities. Howeve r, by focusing on a single task in a
presence of parallel learning process on related tasks, we might ignore useful information and
representations obtained from these related tasks. Multitask learning (MTL) exploits such
relationships and advocates for sh  aring the representations between the related tasks, enabling

better generalization capabilities of the resulting models for each of the tasks [47]. In general, any
scenario in which one is required to optimise across multiple loss functions leads to multitask

learning. Even in single -task scenarios, exploiting the domain -specific information of related tasks
may improve performance and reduce traini ng complexity.

Multitask learning is simply integrated into deep neural networks framework using two main
approaches. In hard parameter sharing, most of the DNN architecture is shared across the tasks,
except for several final task -specific output layers. In soft paramet er sharing, different DNN
architectures are used for different tasks under certain regularisation constraints that ensures
parameter similarity. Many intuitive arguments on why multitask learning is useful and improves

single -learning approach includes imp licit increase of sample size, extracting more relevant or
reusing (eavesdropping on) similar features, favourising joint representations, and by introducing
regularisation effects.

Multitask learning has a recent history of successful applications across the mainstream machine

learning fields such as Natural Language Processing [48] or Computer Vision  [49]. A number of
recent studies investigated multitask learning in the domain of wireless communications, e.g., in

the context of connected autonomous vehicles [50], network management and orchestration [51]
IoT network traffic prediction [52]. Multitask learning naturally fits multimodal sensing and
communications, leading to exploration of multitask multimodal learning for training multimodal

navigation agents  [53] and remote robotic grasping [54]. Multitask learning is also suitable for an
evolving concept of semantic or task -oriented communications. Multitask deep learning models

may be developed as a core part of a semantic communication systems enabling serving different

tasks based on multiple  modalities [55].

6.5.4 Summary of ML multimodal techniques analysis

Table 10 provides a comprehensive  overview of the latest multimodal machine learning  techniques
applied to both  private and publicly available datasets . It encapsulates the state -of-the -art models
referenced above ,detailing the analysis conducted, the solutions developed and the advanc ements
achieved in multimodal and tactile technologies

Multimodal Learning (Section 6.5.) encompasses several advanced Al techniques, notably the use

of Multimodal Deep Autoencoders (MDAs) and Generative Adversarial Networks (GANs). MDAs,
demonstrated through tasks such as digit classification and network simulation, emphasi se the
denoising process to achieve high accuracy in data reconstruction and clustering. GANs, especially

in video hyperlinking applications, leverage the power of Conditional GANs (CGANS) to create high -
quality embeddings that improve cross -modal mappings. These models not only perform
effectively in their respective domains but also pr ovide a framework for enhancing data
representation across multiple modalities. Future study is required to expand these techniques to
more complex scenarios and improve their generali sation capabilities by exploring different
architectures and processes.

Federated Learning (Section 6.5.2) is explored through Multimodal Federated Learning (MMFL),
which distributes the learning process across multiple clients, each handling different data
modalities. This approach is particularly beneficial in scenarios where data privacy and localisation

are crucial, as it allows the development of deep learning models without centralised data sharing.

By employing techniques such as hierarchical gradient blending and optimal aggregation of local

updates, MMFL can achieve significant performance improvements. However, challenges remain

www.one6g.org




one6G white paper , 6G technology overview

in handling computational costs for clients with incomplete data and ensuring the real

V4™ Edition, September

2024

(oneec)

applicability of these models. Future research is directed towards unsupervised learning and data
augmentation to mitigate these issues.

Multitask Learning

network layers across related tasks, which improves the generalisation performance and effic
of the models. Examples include the use of CNNs and LSTMs for audio

(Section 6.5.3) integrates tasks such as speech recognition, event detection, and
network traffic prediction within a unified framework. This approach benefits from sharing deep

leveraging deep architectures like LSTMs for tracking 1loT backbone network traffic. MTL models
high accuracy. Further research is
required for extending these models to handle more modalities and improving their scalability and
robustness in diverse application scenarios.

show promising results in reducing latency and maintaining

Table 10: Dataset, models, analysis

AI/ML Technigue: Multimodal Learning

Multimodal
Deep
Autoencoders
(MDAS)

Multimodal
Deep
Autoencoders
(MDAs)

Generative
Adversarial
Networks
(GANSs)

Multimodal
Zero -Shot
Learning
(MZSL)

Variations of
MNIST digit
classification
as discussed
on
Larochelle et
al., 2007

Data
generated
using the
discrete -
event
network
simulator
(NS3)

BBC video

hyperlinking
dataset
(MediaEval
2014)

Multiple
datasets
(e.g., Animals
with
attributes,
Caltech -
UCSD-Birds,
Oxford
flowers)

www.one6g.org

Denoising autoencoders
map corrupted examples
to uncorrupted ones, and
can be seen as a way to
define and learn a
manifold.

Enhancing performance
using clustering
techniques like k -Means
and HDBSCAN, and
ensemble techniques like
Weighted Voting model
enriched by base models
like Naive Bayes, MLP and
SGD.

Evaluate classical and
state -of-the -art
multimodal AEs and
BiDNNs. Obtain
multimodal embeddings
with CGANSs. Generator
network visualizes
crossmodal mappings, and
obtains high -quality
embeddings.

ZSL distinguishes unseen
objects in one modality
with the aid of another.
Multimodal learning can
endow ZSL with high -
quality multimodal
representation and the
derived MZSL model has
enhanced generalization.

, and solutions for Al/ML multimodal

Stacked denoising
autoencoders (SdA -3)

Ensemble Weighted
Voting Model, combines
the predictions from 4
supervised ML models:
DT, RF, k-NN, and SVM

Multimodal mbeddings

with conditional
enerative adversarial
networks (CGANS)

Numerus ZSL and MZSL
models e.g. E -PGN, MFF,
TF-VAEGAN, FREE, f-
VAEGAN -D2, and other

techniques

SdA-3 algorithm
performs on par
or better than
the best other
algorithms

High accuracy
96% for Device,
92.72% for
Service and
93.68% for
Network

Improved

multimodal
embeddings
over initial

representations.

Improved
recognition for
both seen and
unseen classes
but still
challenging for
high accuracy on
all classes.

-time

iency
-visual event detection and
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Al/ML Technique: Federated Learning

MMFL based
on modal
conditions,
the
distribution of
modalities
and the
availability of
modal
annotations

End -to-End
multimodal
models

A general
deep NN
architecture
for NLP

UniT:
transformer
with separate
encoders for
each

input
modality
followed by a
decoder

Kineics -400,
RealWorld2,
IEMOCAP,
ModelNet40,
Vehicle
sensor,
mHealth
dataset, UR
fall detection
dataset

Lip Reading
in the Wild
(LRW)
Dataset

Audio -Visual
Event (AVE)
dataset

STISEN
dataset

PropBank
dataset,
Wikipedia
common
words,
Stanford
Named
Entity
Recognizer

COoCo
Dataset,
Visual
Genome
(VG) dataset,
GLUE
benchmark,
VQAvV2
dataset,
SNLI-VE
dataset
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Classification based on
modality distribution and
annotations.

Homogeneous
Multimodality,
Heterogeneous hybrid
modality.

Supervised MMFL,
Semi -supervised and
unsupervised MMFL

AI/ML Technique: Multitask Learning

Speculative inference on
multimodal data streams
optimize multimodel

BeDANAyr AQOQ? cA
minimising end -to-end
latency.

Training NNs on related
tasks improves features
produced and thus

improves generalization
performance. Great
performance for NLP tasks
when sharing the lookup -
tables of each task.

Jointly learns tasks from
different domains,
including object detection
as a vision -only and
language -only tasks.
Jointly train the model on
object detection and VQA
tasks. Then, language
understanding tasks and
SNLI-VE as an additional
joint vision -and -language
reasoning task.

The speech recognition
model predicts the
inference class

Event detection model
used to classify audio -
visual events

Activity recognition with
dedicated CNN to

extract features that
combine through fully -
connected layers to

infer output.

All tasks were trained
using the NN. POS, NER,
and chunking tasks

were trained with the
window version. SRL
with 1 convolution layer,
hidden units, and

lookup tables

Training on object
detection as a

vision -only task and
VQA as a multimodal
task that requires
jointly modeling the
image and the text
modalities

Effective
gradient
blending, and
optimal local
update
aggregation.
Potential of FL in
multidomain,
multitask deep
learning without
sharing data.

Slight accuracy
drop (1%) but
significant
latency speedup
(2v128x)

Significant
latency speedup
(7V24x) with
minimal
accuracy drop
(1.4%)

Embeddings
obtained in the
word lookup
table were
excellent. SRL
improves by
learning auxiliary
tasks.

Strong
performance on
multiple tasks
with a compact
set of shared
parameters.
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Real dataset

The method predicts [loT
backbone network traffic
by extracting the spatial

. and temporal features of PCA method, Accurate
LSTM and sampled via . .
i TM. LSTM tracks the the sparsity tracking of lloT
MTL-based the Abilene . . . X
deep and GEANT spatial features of regularized matrix network traffic
. network traffic features. factorization (SRMF) with enhanced
architecture backbone . : N
Multitask regression to method. generalisation
networks ; -
train an additional task,
which improves
generalisation.
Achieves
Jointly learning semantic Two naive baselines, superior
The Dual - goal navigation and Image and Text only. accuracy for SGN
Attention embodied question Two baselines on prior and EQA,
Chaplot et al. . . )
model, answering through fusion semantic goal compared to
(2017) - o .
Gated - instructions of textual and visual navigation, Concat and baseline models.
Attention and modalities. Adaptation of Gated -Attention. Two Spatial auxiliary
. dataset . . . .
Spatial - baselines using baselines on Question tasks lead to
Attention multimodal fusion Answering models, FiLM better
techniques. and PACMAN. performance for
all models.
6.6 Conclusions on multimodal operation

Advancements in multimodal and tactile technology, including high levels of co

time, which demand ultra

interpersonal communication experiences remotely. Compared to 5G tha
-Public 5G networks), 6G is expected to democratise tactile and

business customers (Non

-presence in real

-reliable low latency platforms over distance to offer high quality
t offers haptic services to

multimodal communication to mass consumers enabling remote skillset/labour delivery, in a
similar way the Internet democratise the knowledge
including, healthcare, education, manufacturing, mining, warehousing, and so forth.

sharing. This is revolutionizing many sectors,

In this section, we have highlighted the 6G technology capabilities that can enhance remote
operation and control in several vertical use cases including industry, education, emergency
response and health. Multimodal related academic and industry research, and in multiple SDOs
discussed in this section, need to advance in parallel, initially with focus on 6G vertical requirements

and architectural design, and later through harmonization of computing, communication and

control and their interfaces and APIs.

Considering the existing technology enablers, we highlight a number of open areas of research that

a) are required for the interoperability between the discussed standards in order to realise a
communication platform within millisecond and sub -milliseconds latency depending on the use
case requirements, b) highlight advancements in other technologies (e.g., Al/ML) that can support
improvement in haptic control and multimodality scenarios, ¢) present terminal innovations that

can evolve into immersive experi  ences and communications including bi -directional tactile and
multimodality remote operation.
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7. Distributed Federated Al

'GAQRQQQAA dAANNAAQT NAQN y!uy AADZ TAQt AN - NAEAGAFT uf-U
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Figure 19 A carrier network along with connected terminals forms a distributed platform.
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QeBn?AAndeA AArtr R AADR At ?rR Ae dAQa&NAr N At N rnNNDZeR
DNQ&ENAr gA? AKAAANAQ' R AcAArBdrrdeA eWNaE&t NADR AADZ Qer AS A/

UuA At dr rNOAdeAR AN naceWdDN Ni ABnAN ?2r N QAr NrR Ar G NKK
neeBdr gAFf DANWNAenBNAAr dA AtN NinAedaAadeA ©R DZr A Edk?
e &Qt Nr AcAnde A AADZ eW NeAAA e nmtd B g\ Ndawndeeass Ayet N ?NreeAcdan dieeny N
DAnAer BNAAr dr AKre DZ#r Q?rr ND3

7.1 Use cases
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QeBneANAAr At Aan "eact Aef NAt NaE ae AQt g NANNAA DNT aENBZ 7 o @ /
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Af NAA rrurdeNBrt N A cADZHAde ANAAX AcNAr eR DI rAcdk?ANDZ!u rek
QeBBNaEONR NANa&ir DfHracdgk?ade AN AADZ ncARRJGQO OQOeAnce As oe
QeAr ¢DN&ENDR r AON At N WAraA AWAQAAKJAdAT™ r RF OANAEA MDZAR N
ennecAa? AgAagdNr k?Aa ONAAcEAAd' NDZ AnnAdQAandeA R 'u dr ?2AR

'A NI ABnA&N 2rN QAr N dAQA?DANr r NeE¥dON naeeddrdeAdAr AAL
r Ne¥ ¢ QNr  kNdAF Ni NQ?ANDZ AQaerr B?AAdnAN DFrArcdk?ANDZ
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Qr QAdr Ar R ceADZ AAANFigureA2BYNTF > 2aEMAEr A'urNANN eR At N Bera ?r
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Figure 20: Autonomous navigation is an example use case of distributed learning.

7.2 State -of -the -art

7.2.1 Standardiza tion & Related Initiatives

NOt Ade?Nr OAA kN AnnAdNDZ ae d¢dBnaeeW N At N nNaEcRe&BAAC
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ADXZ?r A eRRNa&NDZ r NeW dONr kAr NDZ eA Ot AANF Nr dA ?2r N& ANND:?
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7.2.2 H2020 research projects
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t ANBERR A?2AeBAAde ANVADAGAN BUAABINOt AAdr Br Ae AQENNDZN d/
e Ot Nr A €ArdeAs

7.2.3 Academic literature

7.2.3.1 From the cloud to the edge: towards distributed Al
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e NONAANAT" R A Kean eR a&Nr NAEcQt dgAdadAAdY¥ Nr t AWN kNNA DAWe:
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Qe AANQANDZ DAAA AADZ DA At N n&ENr NeEWArde NIsRIVAPN R ad WA @GN
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7.2.3.4 Al-as-a-service
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7.2.3.5 Al Towards Green Communications
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7.3 Ongoing research

7.3.1 Distributed Privacy Aware Learning Framework for QoS Prediction

=Nr eADZsg ANaAmeactr kaedgA? A ANZ Na&A dgA r"rANB A?2areBAade
dA AN&E&Br R e?2AKdAa" eR ANaEWdON ueéedyU ?2rN OQAr Nr AADZ Ann
A AndBNA" BAAANE AADZ NAAKAJAFT r N d @M ADIEAWOWN ed\ BNt Re
DAF cADAArdeA dr eR tdft dBned@dEdAQPBRARNr ANQAABKA d Rere AR
QeBB?AdQAndenAsAXANARY At Nk RNN &RQef Ad' NDZ Ar A s Nr NAAK
ANA G e Esk" kenat uAD2QADR By AeNiDZ RAER BAQAKT ONAAEAKd" NDz
uswsug Ussll sl sUt BWN KkNNA NBnAker NDZ Reac éefdl naEeNDZHOAdeAR a&Ne?d
DAY dONr Ae ONAAGAAAT KeOQOAANDZ DAAA ONAAa&ENr AADR At ?2rR
QeBnNANI dar AADZ e rgINAEMAM @/ e AMEY Delrin rr e A2 adeAr t AWN AAre &NO
~NAEAdAT R f NDNEAANDZ -~NA&AQAF UR DZrAncdk?ndAF !u &NAAAND:
uNsfs AKeQAA AcAdAdAFU Are A A?BkNa eR udA 7 NANGRMKA T NaNeee
DAAAr NAr AADZ AWedDHAF ANnssdArR DAAA Ni Ot AANF Nr

yt N KNANRdar ®©R D#rAcdk?ANDZ ANAEGAdGAFT AcEN SNAA 2 ADNGEr /
rdfP ARGOQAAA Ot AKANAF Nr AcEN ADDZENr r NDR &ENAAMWNWN AceR D#EfrN
BAYex Ot AKANA?F Nr AenAeDZ AA NRRNOAQWN ANAEAGAF dr RAQA:
A" nNNr R DAAA D& rAcEdk?Ade AR AANDE DA N NANa®ANMKN QAN AR AA A A
D2N Ae nerrdk &N WAcdAndeAr dA BeDNA AcEOt ANOQOA? EAA enac
FeeDZ kK AKANONt NNARNKNNAK BR dAANFEAndeA eR t NANcef NANe?r B
NRRNOA ¥ NMNKASANE ANONrrdAAANr At N dA¥NrAadPAndeA Rec Be
nee D2 Qg Af @cek?r A AADZ ANAA nNacReacBdAf BeDNArR NrnNOdA
AnnAdOAndetArr A € AT NAA  ee i Aa NMeDDPENENVRA rSAT r Ae QenN 7dn
dAQENAr NDZ k? aDNA eA ANAReas &Nre?@QNr AceN ANNDADZ DZ
Qe AAdA?e?r BeDNAK ?nDAAN /\(EA/\qu,rrﬁAAk@A@QBAGQ,eR/\BEBZ&Kﬁ((
A k?@&DANA At Arn dAQaENAr Nr naeenecrndeAAKAT re At N A?BkNc e
BNQt AAdrBs uA ®dNR eR AtN AdBdanAndeAr eR ONAAGAAd' NDZ &
g A DZerAefdaArDZj\erARci\lch\?do/\Nl\NDZfANACEAq,ArR d A kNQeBNr Anr[ACEN/\/\ A
A &N CENe’.)q,crNDZ Reac eéefi na&eND#OandeA dA R?A?cN BekdAN ANARe
DA, r n €,k ? ANDZ ANAaEAGAF Ni NO?AadeA AOQaerr t NaANDgigMNOARrENA I
nt AN QeAncEdk?AdA?F Ae naEdWAOr na&Nr NeWAadeA AADZ NAr ? &g Af
TeandWAANDZ k At Nr N enNA Ot AKAN&NN DR, r A cd\ke?¥ ANNKQZapXAA/Od A |
ncee neBMDZdf NAENDBZY ARk Br NDZ e A rWa?N/ARQNNON A2 ABNOAg BAAN e
neeW dDHEAF AQO? €AAN na&ENDZOAdeAr aAe NEAMDZYUr, dgr ORAGDEA) K NN «
nedW A@Nr NEWKA'A dRZNr A €dk ? A AP UuABeA?f DA r A NOQANAB PXEL Wu A, B?
MAQeDN&r R QAnAk AN eR NAQe DZ NKd AJWinad A K ADBAWW  grN\wece NA N A A
ANEAANrBdrrdeAs EuAdyu, ey AAKre AAKAernr DI R RM/AENNDN ARE QDAY W/ORZ
eA At N DAAA A" nqNr QeAANOQOANDZ Andat NNDARRNENAN NAYDRe &£ t:4
5 Aed ANDZ N A Nabhitecw@N A Are A re AN ANAEAQAFT naEeONrr At AN G
AADZ t NANEAKd' AndeA QAnAkdgAdadNr eR AtN RJGAAAK eéed n&NDZ,

<

)

www.one6g.org




one6G white paper , 6G technology overview V4™ Edition, September 2024 (OHEBG)

NET 1 NET ¢ NETE
(Passive) (Coordinator - Active) (Passive)
worker 1 worker K1 worker ¢ worker 1 worker KE

mam NN LI | mmm nm
Encoder, :

Global NN-Encoder, jj Merging Layer § Global NN-Encoder_

Local NET 1 Aggregator NN-Decoder Local NET E Aggregator

QoS Output

Figure 21DISTINQT's Architecture Overview
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Active NET : An active NET holds data samples related with the learning task, as well as the
set of ground -truth data (i.e. QoS KPI). Only one NET can be assigned this role.

Passive NET : A passive NET holds data samples related with the learning task, without any
ground -truth data. Multiple NETs can be passive.

Coordinator NET : A coordinator NET coordinates the learning process in a synchronized
manner, by contributing to the learning process with its own data samples, while also
orchestrating the communication of the involved NETSs.

Local NET Aggregator : A local aggr egator is assigned to each NET by collecting and
transmitting all the necessary inputs, aggregating and updating the trainable weights of
the involved nodes of a specific NET.

AcOt ¢gANOA? &N dr Ar |

NN-Encoder : Each node is equipped with one NN -Encoder that may be comprised of
multiple encoding layers. An NN -Encoder processes an input sequence and encodes it into

a fixed -length vector, named as context vector, while applying a non -linear activation
function (e.qg. the rectified linear activation function - ReLU). This preserves data privacy, since
the mapping of the input sequence to a non -linear latent representation is of higher
complexity and as such cannot be easily reversed by any other worker or snooper [60]. The
nodes of the same NET employ identical NN -Encoders, in terms of number and type of
encoding layers, as well as number of neurons per layer. The NN -Encoders used by distinct
NETs may differ in their NN structure, depending on the use case, data types (e.g. visua l,
aural, numerical), and computational capabilities of the nodes . DISTINQT's flexibility in
architecture configuration could enable and support a multi -modal learning process. The
rest of the NN architecture is located at the coordinator NET and incl udes a Merging Layer,
an NN -Decoder, as well as a number of Hidden Layers.

Yt N rAaE?Qa?a&N eR At N Eudyu, eysr
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Merging Layer : This layer is responsible for applying a merging function (e.g. summation,

concatenation, average) to the context vectors produced by all nodes , including the
coordinator. The merging is pe  rformed between interconnected nodes resided on different
NETSs.

NN -Decoder : The NN -Decoder is responsible for constructing the future sequence over the
selected time horizon, based on the output of the Merging Layer. It should be noted that the
NN -Decoder despite its name, does not attempt to reconstru ct any initial input sequence.

Hidden Layers : This part of the DISTINQT's architecture includes a set of hidden layers (e.g.
fully connected), where their number and type could vary, depending on the prediction task.

Global NN -Encoder : When all NN -Encoders of a NET are updated (trainable parameters)

during the learning process , the respective Local NET Aggregator produces a global model

update, named as Global NN  -Encoder, by aggregating the updated trainable parameters of

the corresponding NN  -Encoders. The Global NN -Encoder can integrate collective and

heterogeneous knowledge from the participating nodes , enhancing the performance,

convergence speed and the generalization capabilities of our proposed framework.
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Figure 22 Distributed QoS prediction scheme
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7.3.2 Decentralized offloading decisions
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Figure 23: System model; right: an example topology, left: message sequence.
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7.3.3 Autonomous Navigation
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Figure 24: Description of the transition process from exploration to exploitation through three types of
knowledge
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compared to other approaches. Another important fact is since the training was performance using

multi -target and multi  -source points the generalization problem is approached. Summarizing, the

algorith m shows high performance and robustness, as it needs less time to train a policy than other

algorithms, even using only the CPU. This demonstrates that it does not require equipment with a

high computational capacity. Moreover, its efficiency is demonstrat ed since it is able to optimize the

path chosen by the agent both in terms of time and distance. Therefore, the paths traced are

smooth and short.
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Figure 25:Description of the process of storing data collected by the agent in three different memories
depending on the trajectory performed by the agent
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Once an agent has been provided with autonomy , the next step is to implement a multi -agent
navigation system. This process presents numerous challenges, not only related to network
requirements  but also in terms of fostering cooperation among agents. Many authors use
Independent Learning (IL) to teach agents in a  multi -agent system . Where each agent assumes
that the other agents are static elements of the environment (see Figure 26). Consequently, each
agent may require more time to determine its optimal policy, as it relies only on its own experiences.
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Figure 26:Description of Independent Learning  :each agent selects its action based on the assumption that
the other agents represent a static part of its environment

Conversely, Figure 27 illustrates how an agentlearns by considering its actions and those performed

by other agents, it is called Joint Action Learning (JAL). This approach allows finding the optimal
behavioural policy more quickly, however the computational cost increases as the number of
agents in the system increases. On the other hand, IL has the advantage of avoiding the

computational complexities associated with JAL, i.e., it offers a scalable solution.
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Figure 27:Description of Joint Action Learning. Each agent learns by using its own actions as well as actions
performed by other agents.

Recognizing the trade  -offs between IL and JAL, [101]proposed a novel approach that combines the
benefits of both methods. They use the concept of JAL to search for the optimal behavioural policy,

but instead of relying on the actions performed by other agents, these actions are provided by a
self-advice mo dule. This innovation allows the benefits of IL, maintaining a constant system
complexity even as the number of agents increases.

This approach is based on a semi  -decentralized architecture, where all the data collected by each
agent is sent to a common memory located in the cloud. Therefore, all the data collected by each

of the agents will be used for training the behavioural policy, b ut these data will be treated as if they
came from a single agent. As a consequence, an optimal behavioural policy will be derived in a way
that guarantees a simple learning model that does not increase the computational complexity with
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the number of agents.  The author s simplify their algorithm by limiting the number of actions to
two: one chosen by the agent's current policy and the other suggested by a self -advice module. This
keeps the system manageable and efficient.

In addition, this approach reduces third -party data manipulation, as agents send sensor data to the
cloud and the information is only accessible within the cloud, which enhances security and privacy.
Regarding the self -advising module, it has two components: the first one is in charge of building a
2D map in the cloud using data from all agents, and the second one involves a routing and obstacle

avoidance algorithm, which suggests the optimal action to help the agent avoid collisions. This
innovative approa ch offers a promising solution to the challenges of multi -agent navigation and
cooperation.

A collision controller is also designed to evaluate whether the expected future distance between

the agents will result in a collision. If a potential collision is detected, the controller determines which
agent has the priority tag and applies the k -neare st neighbours (KNN) algorithm to select an action
that moves the agent away from the collision points (see Figure 28).

Performs the action
selected by the
collision controller

Agent chooses another actid
and avoids a collision with the

purple agent or the wall on the
j : {.I ‘

; Agent 2
57 No prionity tag

i v-! Possible
D Agent | b L.j collision IJ
mn the next

step

f 1 4. X
Goal I:] Agent 1 "H D : "—' p°::‘|’:_'" =
Agores PO, — behavioural pol

Figure 28:Explanation of the process performed by the collision controller to minimize even more the
number of collisions

Within this module, each agent calculates its future position according to the action chosen by its
behavioural policy. For this calculation, the authors considered that each action has both linear and
angular velocities associated with it. Thus, future po sitions are calculated considering the current
position, the expected action and the respective linear and angular velocities.

Summarizing, the cooperative navigation algorithm proposed in [101]has been shown to have high
performance and low computational complexity. This algorithm generates a global policy based on

data from all agents, where each agent is treated as an independent entity and only two actions are
required for each agent, regard less of the number of agents in the system. The action chosen by
the global policy and the action of the self -advising module.  Within this module, each agent
calculates its future position according to the action chosen by its behavioural policy. For this
calculation, the authors considered that each action has both linear and angular velocities
associated with it. Thus, future po  sitions are calculated considering the current position, the
expected action and the respective linear and angular velocities.

The above approach assumes uniformity among the agents, since they are all equipped with the

same type of sensor. However, what happens when the agents have heterogeneous systems, i.e.,

each agent is equipped with a different sensor? To address this challe nge, [102] introduced a
homogenization algorithm and a data estimation technique.

The authors considered for the homogenization process that the neural network input requires a

vector of 24 data. These data correspond to the distances detected by a laser with 360 -degree vision.
Since the objective is to train a global policy on a system of heterogeneous agents, the data
obtained by each of the agents with cameras will be transformed from Point Cloud type data to

Laser Scan type data. In simpler terms, the 3D points that are captured by the camera will be
converted into 2D data as if they had been captured by a Laser Scan.
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It is also considered that when an agent is equipped with multiple sensors, a synchronization

process will be executed to ensure that data are collected not only in the same format but also
simultaneously. Depending on the field of view of the sensor, the angle will be divided by
considering a minimum an gle, a maximum angle and an angle of increment. With this increment
angle the number of individual scans and the position within the input data will be determined. To

calculate the remaining data, an estimat ion process is employed using an arithmetic approach. Is
important to note that t his process varies according to the last action performed by the agent.

Finally, for those missing data that could not be estimated by geometry, a linear interpolation is

used to estimate them  (see Figure 29).
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Figure 29: Process of data homogenization, synchronization and estimation proposed in [102]

7.3.4 Enhanced Client Discovery and Client Selection in Federated

Learning
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7.3.4.1 Studies on MQTT -based Client Discovery
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An edge -based FL architecture aligned with the European Telecommunications Standards
Institute (ETSI) Multi -Access Edge Computing (MEC) specifications to make the most of
natively provided MEC services (see grey boxes in Figure 30) in retrieving information about
clients. In particular, position and link quality information are retrieved by the FL server to
make, with the support of other parameters, a more conscious client selection.

The use of the Message Queue Telemetry Transport (MQTT) publish/subscribe protocol,
suitably configured to enable the FL Server to interact with potential clients to discover their
capabilities, e.g., in terms of computing, battery, datasets. The MQTT brok er (in Figure 30)
decouples the clients and the FL server to allow a greater scalability, because the FL server

does not need to keep connections with all the clients.

The use of the Open Mobile Alliance (OMA) Lightweight Machine -to -Machine (LwM2M)
semantics in the MQTT topics to pursue low communication overhead and interoperability
in the presence of heterogeneous devices which describe their capabilities.
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Figure 30: Reference architecture for research on Edge -assisted MQTT -based Client Discovery  [73]
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7.3.4.2 Studies on SDN -assisted FL Client Selection
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Figure 31 Possible reference scheme for research on SDN -assisted FL Client Selection.

7.3.5 Resource -aware Federated Learning

f NDNa&eAANDZ ANAEAGAFT t Ar nae®NAN NRRNONB M N odn NANKERN A cAq
Nr nNQdQAKAr A DANNn , wR Mire’A WdVeE' A NehB e?REQNe BN ? A Arnde AR NANR
AADZ At ?2r dA dr ?A(ENAAq,r/\q,Q /\/etI)errf?rB/NNBtQ\A/\ArKMCERwdEIBDAIM&C
QeBn?AAndeAr AKKA At N AdBNs Eq,r/\czq,k’.)/\NDerr/\NBr e RANA Qt
DHLRRNEdAF OQeArancAdAar dA ANaE&Br eR OQOeBn?aAaAandeAAA OQAnA
AQONANcEAGEAEKYRNABABeer R neaNa& uNstT sR kNOA?r N R AtWEBAA
DZed %W NA DANW dONr e& DANWJONr E? AANGAF ' A f eNNA NAN&E?fr UR A
ANAcEAGA? dr DI rAcEdk?ANDZ e¥ Na DZ\INQ N I % DMmpcpszeArr?rAnxrAr/\
A DAWJdON OAAN DNAJGWNaE dar BAJGA AArtr adate?an AAT dAANaE
DAY JdON rte?ADZ kN AAAe QAANDZ Ae At N AcAdAdQA? naEe QND2 &Ns

ENre? EONr R r WINAZAROr e A®d k' AAA?a&EN aAdBN WAxEdAAA AADZ
t NANce?f NANdAr dr Aean BeAA" KNAGNNA At N DAWJGONr k?2a AKre
AWAQAAKAN oA A DANWJON Reac A cAdARiduef32BAr WAET eWNa& At N A

www.one6g.org




one6G white paper , 6G technology overview V4™ Edition, September 2024 (OHEBG)

Federated Learning
Knowledge Aggregation

low power devices high power device

Figure 32: The availability of resources at devices can vary over devices and over time. These heterogeneities
should be considered when applying FL.
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Figure 33: Convergence with CIFAR -10 and CIFAR -100 on heterogeneous devices where resources availability
changes randomly over the time with rate 1. DISTREAL achieves a higher convergence speed than HeteroFL
[77] and Fed. Dropout  [78], and the highest final accuracy.
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u A v R dpropose an adaptive mechanism to enable an efficient training of a deep Neural Network

over such setting, tuning the computation , memory, and communication overheads of learning

tasks to the capabilities of participating edge devices. We propose a novel technique,
Communication and Computation -Aware Federated Learning (CoCoFL), that allows all devices to

calculate gradients based on the full model, irrespective of their capabilities, through partial

freezing and quantization of the mod el at constrained devices. We show that quantizing frozen

layers but keeping trained layers at full precision results in a large reduction in resource

requirements, while still enabling efficient learning at devices. Figure 34 shows an overview of the

proposed solution.
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Figure 34: Overview of CoCoFL . At design time, different configurations of frozen/trained layers are profiled
w.r.t. communication, computation, and memory in training. At run time, a heuristic selects a suitable
Qe ARd?F?xcAnde AN eA NAOt DAWJON SVEVAV AtN DANWJONAar

Freezing layers reduces the required gradient computations, the storage of intermediate
activations, and the size of the parameter update, while quantization further speeds up the
computations of frozen layers. Partial freezing and quantization open up a | arge design space,
where each layer can be frozen or trained on each participating device. The selection of trained

layers has a significant impact on the required resources and on the accuracy. We introduce a
heuristic that allows for server independent s election of layers with respect to the local resource
availability at run time, based on design -time profiling of the performance of devices.

We evaluate performance of CoCoFL in an FL system. We consider three types of devices, strong

(with sufficient resource to train the full model and transmit the data to server in time), medium

(with 2/3 of communication, computation and memory resource of strong devices), and weak
devices (with 1/3 of resource of the strong devices). For each experiment, we distribute the data from

the datasets CIFAR10/100, FEMNIST, CINIC10, XChest, IMDB, and Shakespeare over devices. We
evaluate ResNet, DenseNet, MobileNet  , and Transformer NN models.

We study several data split scenarios:

An iid case, where data is randomly distributed to all devices, and hence, every device has
about the same number of samples per class.

A non -iid case, where we vary the non  -iid -ness with the value of | of a Dirichlet distribution,
similar to [99]. Hereby, the number of samples per class varies between devices.

A rc-non -iid case, where data is resource correlated non -iid. This means that information
about certain classes is only available on specific device groups, increasing the necessity to
include them in the FL process

We compare CoCoFL to several baselines: state -of-the -art HeteroFL and FjORD  [100], which are the
closest to our technique. Additionally, we compare to a theoretical bound and a straightforward
baseline that drops all but the strong devices from FL training

Centralized: All data is centralized (on one device), serves as a theoretical upper bound.

FedAvg (full resources): FL is applied, but all devices have full (homogeneous) resources. This
baseline serves as a theoretical upper bound.

FedAvg: Devices that cannot train the NN (e.g., due to limited memory) are dropped from
the training (therefore also their data). This serves as a naive baseline ,used in production use
cases.
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Table 11 Accuracy (Top 1) in % for DenseNet, MobileNet, ResNet18, ResNet50, and Transformer. For XChest the
F1 macro score is given (unbalanced data).

Topology DenseNet MobileNet ResNetl18
Setting CIFARI10 CIFARI10 CIFAR10 (w. GroupNorm) FEMNIST
Dirichlet o (iicl n.-iid@0.1 can.l iid re(). 1 (iid n.-iid@0. 1 rcial). ] iid real. 1
Centralized 87.840.2 87.0£0.7 82.5+1.1 88.140.0
FedAvg (f. res 84.340.1 75.6£1.5 74.9+£3.3 84.9+0.2 T7.4+2.7 76.1 = 0.1 69.4 £ 0.5 729+ 14 86.2+0.1 82.9%1.2
CoCoFL (ours) 82.0+0.2 T71.9+1.8 68.8+4.6 83.2+0.3 72.4+2.9 T71.3+0.1 61.2 + 1.4 63.6 £ 3.5 85.0+£0.1 81.5+0.6
FiORD 73.710.1 60.4%2.1 1884068 70.14+0.3 51.9+£7.3 64.4 £ 0.6 129 £ 1.7 17.0 £ 5.0 85.54+0.0 69.3+£8.3
HeteroFLL 76.440.3 64.04+2.4 51.24+7.4 79.540.2 53.0+£7.6 64.8 + 0.1 5.2 £ 0.3 17.5 £ 5.0 85.940.0 70.94£5.8
FedAvg 76.5£0.1  60.4£4.2  50.9£7.5  TR.1+0.4 19.9+£8.7 56.2+ 0.8 528 = 1.1 159 £ 4.7 86.1£0.1 64.9£7.8
Topology ResNet50 DenseNet MobileNet(large) TF TF-S28
Setting CIFAR100 CINIC10 XChest IMDB Shakespeare
Dirichlet a (iid reia, | iicl n.-iid«o, 1 rei(), ] id)  n.-iid@0.5 ca().5 d (iid rc (Leaf
Centralized 61.6+0.4 80.5+0.2 04.240.2 84.7£0.7 52.94+0.7
FedAvg (f. res 57.04£0.3 53.0£0.6 77.240.1 53.9+23 65.1£1.1 94.14£0.3 859£1.8 93.240.2 82.6+£04 19.110.1 19.4+0.1
CoCoFL (ours) 52.5+0.2 41.8+2.5 73.6+0.1 53.5+4.3 52.4+7.3 91.3+0.3 73.0+6.4 87.3+3.8 82.5+0.5 49.3+0.3 49.1+0.3
FiORD 13.6+0.8 29.6+4 65.1+0.7 492422 41.1+£6.9 66.3+0.9 52.7+3.9 62.44+0.8 78.540.71 2.040.5 13.0+0
HeteroFL 15.940.7 31.04£2 69.440.2 504424 434472 6944+1.0 65.0£0.9 65.4+1.6 79.240.31 44.140.2 44.140.2
FedAvg 35.240.2 23.7+04 67.7+0.4 48.3+£25 424+7.2 G68.2+1.0 67.0+£0.6 66.8+1.4 78.5+0.6 40.5+0.3 40.340.1

The results are presented in  Table 11 We observe that CoCoFL reaches higher accuracies in almost
all presented scenarios. Additionally, CoCoFL preserves fairness (accuracy parity) by enabling

constrained devices to contribute to the global model. We attribute this large accuracy gap with
respect to the baselines to the fact that CoCoFL allows any device to calculate gradients based on
the full NN, while still reducing required resources, as opposed to state -of-the -art techniques that

calculate gradients on subsets of the filters of the NN.

7.3.6 Need for understanding the potential of distributed Al in various
use cases for 6G
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Figure 35: The Distributed Intelligence Framework for the Autoscaling System
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Figure 36: Three Identified Dimensions of Scalability Assessment of Distributed Intelligence
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8. Intelligent User Plane, In -Network
Computing

8.1 User Plane enhancements for the next generation
network
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Simultaneous UP sessions with a central UP anchoring point and local UP anchoring point
dedicated to specific services.

A single UP session that allows offloading locally part of the UP traffic, e.g. the traffic related
to application servers deployed in an edge hosting environment, while the rest of the traffic
is forwarded to a central UP anchoring point.
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8.2 Social development towards the 2030s
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8.3 Reference use cases
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8.3.1 Remote haptic operation
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Figure 37:Remote haptic operation
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QeBB?AdQAAdeA dr &Ne?d&NDR Ar .-.NAA Ar " AQt ceAd' AndeA
rdB? KAnecE r dOs ANrer nA/eDZeB\e ADJNeAM 1

Table 12- Communication requirement s for remote haptic operation use case
Traffic Traffic Reliability | Latency (ms) Avg data rate
direction types
Operator = Haptics 2-8 B per 99.999% 1-10 (high dynamic ~ 1-4k pkt/s (P) (w/o
Subject DoF* environment) compression)
10-100 (dynamic 100-500 (w/
environment) compression)
Subject > Video 1.5 kB 99.999% 10-20 1-100 Mbps
Operator Audio 508 99.9% 10-20 5-512 kbps
Haptic 2-8 B per 99.999% 1-10 1-4k pkt/s (P) (w/o
feedback DoF compression)
100-500 (w/

compression)

*DoF: Degree of Freedom (i.e., the number of joints in the human body . ) (P): Periodic
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8.3.2 Immersive Virtual Reality ( IVR)

uGé aENRMaEN AgAr N eR A t ?BAA dAANEAQOAdAF 7dat Wdaea?AA N
At AA At N rlNcEQer/\q,e/\ eR dAANEAOAdeA "ufaly é RRENKRAONTt An g Ad
QAN kN XGé GdDNeR Gé gABJgAf R ND2 QAAdeAR t NAAAt OA&EN AAI
AADZ r ? o 818 A X

Figure 38 AA? r AcAANr At N ?2r N OQAr IQEEB At N QeBB?AdQAAde A nE
RdAt A &eNBeaN uGé fArraNB kr rq, AAQOAQAN DANW dONr R r NA

AANDZ A? DF e s W q,DZL\Ie DAW ONr At Aa (INnczeDZJBQN Arc ANQ tBagenMdN D OZ' A 1
firrANBs ytN uGé ArraNB &ENONGWNr tAnandOQO RNNDXAQ:tr REeB

network

=0 @
- @ | Video/audio, haptic feedbacks O
> 0]

— o
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Figure 38:Immersive Virtual Reality (I VR)

Vi N QE’BB?/\(LQA/\CLE/\ ENG?QGNS\WMNQ@N[{E@@U@N@A@D\Z At Nr QA k
r ?BBAxqd NDZ Art DNW¥JdON Ae r NeEWNE QeBB? NYOANAGAK §HAAA "™ KAAI
Table 13- Communication requirement s for IVR
Traffic Traﬂ' ic Reliability Avg data rate
direction
Subject > Haptic 2-8B 99.9% (w/o comp.) <5 1-4k pkt/s (P) (w/o
IVR system feedback per 99.999% (w/ comp.) compression)
DoF 100-500 pkt/s (w/
compression)
Sensing data 99.99% <5 <1 Mbit/s
(e.g.
positioning)
IVR system = Video 1.5 kB 99.9% <10 1-100 Mbps
Subject Audio 508 99.9% <10 5-512 kbps
Haptic 2-8B 99.9% (w/o comp.) 1-50 1-4k pkt/s (P) (w/o
feedback per 99.999% (w/ comp.) compression)
DoF 100-500 (w/ compression)
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8.3.3 Haptic Interpersonal Communication  (HIC)

> )"(Aq,Br Ae RAQQAQAAAN BNDZLA/\NQZ\AL@(NQQ?INKQJANWNENAQQEBAZ
NNA At N ncer NAQN eR A &NBeaN ?rNCEu,%AJ[E’ZM\Rd\ImN\Y\cQ?\IecAmWABQQ&iAA

reQdAA ANAReacht AT R rABq,/\r AADZ NAAN&EA AQABNAAR ND2 QAA
f ABM/ddA AN Ni ABnAN ©R ou> AnnA&AdOQAandeArs

Figure 39L~Jnt,d°Qt qr AN NAAK sl K@ A neeRANG TP ot N @ABB?/\CLQA/\(LE/\
! AADZ = nN&E&ReaEB tAnadoO q,/\/\N(IAQ/\doe/\ ndAat A BeDNA R
eaNnEe D2 QN A?D#esW dDNe rAcNABr czNoNq, NDZ ReeB At N a&NrnN
nt " r dQAK NRANEAQd AN saesken U e A ¥Wdanr?AK aNnalsAMDZAWGNA L
BAr kN ntrrdOQAASWdaEA? AKX NBkeDZiBN/\/\W\cLeBR\lsDZquDAAA ArdAr 2

Q) << O
_hZ’Z <

Figure 39:Haptic Interpersonal Communication (HIC)

yt N OQeBB?AdQOAAdeA «&Ne ? dcNBaberd A MRENQ AN nkeNeAa NDB BLAcEd ' NDZ Ar
DAY ¢ ON QeBB?AJOAANdeABE JAADKRGENHQAK QR A" s

Table 14 - Communication requirement s for HIC
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