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Executive Summary

6G is expected to address the demands for consumption of mobile networking services in 2030 and beyond. These are
characterized by a variety of diverse, potentially  conflicting requirements, ranging from extremely high data rates,
unprecedented scale of communicating devices, high coverage, low communicating latency, to extensibility and high
energy efficiency and low carbon footprint of the deployed networks ,thus enabling sustainable growth of the society as a
whole. On the one hand, 6G is expected to fulfil all these individual requirements, extending 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),
cooperative connected and automated m obility ( Section 4), integrated sensing and communication (Section 5), non-
terrestrial networks (Section 6), multimodal sensing, computing, communication and control for 6G remote operation

(Section 7),6G empowering robotics (Section 8), distributed and federated artificial intelligence (Section 9), intelligent user
plane (Section 10), flexible programmable infrastructures (Section 1), and sustainability (Section  12. 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 ea
comprehensive overview of the state of the art for that technology.

6G is, however, not limited to these 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, as
well as discuss how these technologies can be glued together in a coherent system.
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1.THz Frequencies
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Figure 1 Tbps transmissions for factory automation.
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1.1. Use cases for THz communications

yoe OAANFfeaEddNr R ?2rN QArNr Reac Vo' WeBB?NAGDAAA®ER ruGRAKRIGEDEDNENR ndA\QVDY dde;
Tt N ANArA AN NADZ eR AtAN ADGEEA ddbrA RBEKk AN, EDZ QAN Niegdd'h Qe \N alDANFEAA o6
QeBB?AdQAAde AR Ae QAAdd rAaBRjNe/M AoV DZNVA A NF Re KAe s dAF R At Nr N At &aNN 2r N O

1.1.1. Fixed Point -to -Point Applications
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T 9dEeNANrr kAOQtt A?K ANDZGTRMAQNAM?‘PMACKQ/X\MN ectr NAAKAN At N SdaENANrr
R(IE/\A t A2K KdAsr ane kArN raAadeArR 2t NeN RgkaeN AdAstr AcEN Aean AW

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

CrN QArNr S5t Na&N Aan ANAraA eAN NADZ eR A {DEN¥AOW DEpR @iy Aid, AetN o N o kBRI A & to &
RNABRecEBuﬂ/X\rJN[kZNAB A EAQISADANNDR At ;e ? Pt NRRq,Qq,N/\A k NABRe&BdAP r Qt NBNr
ReNe? NAQr kAADZR I g AdAKA NAAKAN r NABANrr Vo QeBB?AdQAAdeAr AAre dA
Ni ANArdeArwme QNG ugdaEaENANr r -2 QAA ArafeMR URede i B BAANA q@e W ¢ DA AT 2 N&r dA
e tearnear dA n?k Mddr tAcDBAxX A SaAa NrIsAEAYEADr R? AOQOA de AKAdEW? AMA ZeiceX N&? F ABENNA A
ENAKGAT AR AGSOASR]edMNr dADZec NAWJdEe ABNAAr AADZ nce D2PRAlkiM wAdl REAGA! Ar e F
NAANGEA AdJABRNG A AAcEi N A?BkNaE eR 47t NAMF f elNd Ad E&INDZ DEMmAA & A AkNA Gt VA INK dANVEA A N
Rece At N Af ¢ eNf AQeNDZDBEWA 72eAaN A Ao NYBBY QAN BRF QAABEAA EAAN AnnAdOAnad
Qe AnNi WNtediD®IN QeBB? A Q&Ng2deNr OQAnAkdAdAdNr NAAKAGAT At N Ni Qt AAPN e
kNARNNA QAcr AADZ AUNUEAREQN A GE BB? XYQANGAAr r n AQNSW Ar NABER A K AMEZNDA Nn
tdft rnNNDZ DAAA KAt QAN AAre kNANRJA R@EenBA QNo e nknAl/OD%As uumA(QJeBQrpAB(Bch/\mD/
yo' KdAs dr ANrr ARRNOANDZ kr AaBernt N&dO'rAmeRlNEA ARG dO NAA AAAANde A A

1.1.3. Integrated Sensing and Communication (ISAC) at THz
frequencies

I'g dr NAWdrdeANDZAae NinAeda AtN rnNOdRJQ naeenAf AndeA Ot AcAQmM@&dr AdOr
ndAat UAANF EAANDZ ANAT AT AADZES BBBRA d/ONMM dRNA uudN >SQUAA dBnaeeW N At N r?2nne
QArNrR naeWdDHAF rda?ArndeANAX ASAEGNANrr AADZ Qe Aa NiraNAgG ARS cBAMDZe d\B A Fug/\
r NeEWBON? Qt Ar cADZHe ArnceAeBr AARUWNREG O AuNaEURRADE N B Qd AFNRNNK mkgr W Nr
DANANQNEBNAADZ Bedr A? &N  Omvé BAence NeANAER dyro©  r F AAAr QAA kN ?2¢NDZ Rec =~
r BNAAGAFT AADZ neKAK2udreh UBed N BBAKINNR ANt ecr DANBeAracAaN At N RNAr gk
QeBB?ANdQArdeAN KAdAt are dARNaE At N QeAQNArcAndeA eR QNa&rAdA 7 aeaNNAte?rN
At N naEaNr NAQON R Ot NBGOAK t A" AeDZ dA OcdrnatlNAA nAAONr R r?20t Ar RAQA® &

yo' rdf NAAKr QAN AKre kN ?2rNDZRee BNDZQAA dBAF dgAF AADZ BAAN&EdAK r NArd/
A ON&rnAdA ekYNQA kArNDZeA dar rnNOAcEAK Rq,/\rNGQGM/NSAKyAtthANlR[B(W\q,teMry
Ar ANpMYAr W N Adumnti UAADABNAGR eNBNAA e R f A? QeR Ne @V AN ARAQNLRAWN | & QAA d e/
QcenDZ BeAdaeacdA? AADZuensdNNA 2 W NdAAAAON

fecNeWNeER yo' rrdf AAAr AN raceAP A1 &E&NRANQANDZ k' BANQXERRERARNR S R ¢
Ni ABnAN aAe DANANOA At N naEaNr NAQON eR S NAREWR UrRADZ ddN  Qland, AAddQefnde afhwArtisd, e A B N/
f QAAKAT R At N D ENOAdeAAK AAA? &N eR yo' KAd/KerQARKAL N dretAN BA ArDZ BRI F A e
At 2r NAAKKQAF ANR AnnAdOQAndeAr WWeNDZe X? NQ©Mr NERBAAQUATAR BAMrdWN ASd
tekAkef cdAnt 40 /\NANnaer N/\QNR AADZ dAA NUEV-\W(.LLWH\E mAN\DZA(BmMrNI‘RtIAAAtQM NmatLB/NrRB\(;erq,
t MR DNAJAT tekKkef cABr BA" &Ne?daeN AQO?cAAN AKeQAKd' AndeA r Ne&WdONrR dA

Yt AAtr Ae AtN ?2Ade?N RNAA?&ENr eR Yo' rdf AAArR dan "dAK kKN nerdi\dk AN ae
AADZ ? AN &ENQNDANAANDZ QeBB?AdQAAde AN OQOAnAkdAdadNrs §ytdr AnnaeeAQt =-"dAK n
NAAK AN ARArNr R AADZ A%WedDZ At N ANNDZeR ?2r dgAFf Afe ulrNMiJAEAAN r"rANBrR At ?

N ufi!> ?2rN OQAr Nr DFrQ?rr NDZ Ake¥N AcN ReQ?r NDZeA aAterN aAtAan AcEN r?
2rN QAr Nr AAre AnnAdOAKkAN Ae ent N RAADZR AN ENRN& At N ENADNaE ae fANC
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Table 1 THz use cases

Use case group Use cases Reference

Fixed Point -to -Point Applications Intra -device communication [7]
Close proximity point  -to-point [8]119]
communication
Wireless links in data centres [10][11]12]
Wireless backhaul and fronthaul links [13]14]

Use cases where at least one end of the Ultra -high data rate local area networks [18]

link is mobile
Virtual and augmented reality [18]
In-flight / in -train entertainment [19]20]
Backhauling for moving vehicles [20]
Vehicle -to-X communications [21]22]
Space communication [23][24]
Factory automation [36]

Integrated sensing and Sensing and imaging services

communications
Radio astronomy and earth remote sensing [26]
Vehicle radars [27][28]
Chemical analysis [29]
Moisture content analysis [37]
Wireless gas sensing [18]
Electronic smelling [18]
Pollution and greenhouse gases monitoring [31]

e-health applications

Non -invasive tissue analysis [26] [32]
Medical imaging [38]
Measurement of glucose concentration [33]

Surveillance and security applications

Crowd monitoring [34]
Street surveillance [34]
Detect the presence of hidden objects and [18][26]
weapons

Explosive detection [30]

Accurate localization and mapping services

Massive twinning [25]
Immersive telepresence [25]
Interactive and cooperative robotics [25]
High -resolution 3D mapping [35]
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1.2. Characterization of THz 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 s ystem performance if not properly considered. In the following, we provide an overview of measurement
and modelling approaches for the characterization of THz wireless channels.

1.2.1. THz channel measurements techniques

§t N BNAr?ac&NBNAA ©R SdaEaNANrr Ot AAANAr Aan §o0o° Ra&Ne? NAOGNr ner Nr rdF,
BNAr?@&NBNAA 7 rANBr BeacN QeBnANi QeBnAceNDZae AeaNac RENe? NAQr KkAADZ s
dr NAWdrdeANDZ RedaiNo'drr at NNB\NRIDE re nNaE&Rea&B BNAr?@&NBNAAr eWN& AAEf N |
Nnogo''s ! AreR naeenNae Ot AGAOANGEd' AndeA R At N EennANce NRRNOQmsAAJ At Nr R
fie RAEGR At &aNN BAJdA ANOt Ade?Nr tA¥N kNNA ?2r NDZ RPZBAIGN Of RGAQa N@dh AR d\
ANAReact AANAKT rdr R AADZ k ce ADXSAWDZ Ot AANANA re? ADIAT

ydBdZEBAJA rnNOAcer Qen’ dr A nen?AAc BNateDZatAa tAr KNNA S dDNAT 2 NL
yo' kAADZs Vytdr ANOtAde?N BAsNr 2rN R AArN& n?A&rNr 2dat rtecan aAdBN
BAANGEdA A, PWNDARWE, ? ArndeAs ! DANANOaec AAAAT r Nr ABnAda?DN AADZnt Ar N DZRRN
n?4&r Nr Sdat AtN rABnANR 5t dQOt OAA kN NinAedaNDZae DN&dWN At N Ot ANAN,
At N NRRNOA edRQ AtaBreNmteNAE Yo' rdf AAKrR AADZare Ot AGAOANEd ' N At N &NRANOQA
GNOAeE ANAmeacs: AAAK " rdr dr AAeat NE nen?A&Ac AnneeAQt R S tvwAn NNDANAw A r
AANDZ Qe BWAAR? NDZ r QAAANEdA? NnAEABNAN@Er A eacDNE ae DNaEd% N At N Ot AANANK |
BNAr?aEN rn AMEA & QAT Ot AAANAr e%Nae ENAAAQYNAT rteacn DFHrAAAQONr R F dWNA
kN QeAANQANDZ kr " d&ENs

f JANAKKT R ke ADXAADZ Qt ANANA rre? ADFHAF AcQt gANQA?a&Nr tAWN AAre KkNNA
AEAArBdAaANGER Rt dOt A cAANBAMDZ BA ndVeA e DN en> NWO@®R AADZ A NONdW¥ NER 7t d0
nNERe&ZBOQe eeaNAAAde A Ae Ni AcAQOA At N Ot ANMANARLGB @T Amie r &Nk ENA mes niNgeRte @Bt «
BNAr?@NBNAAr R At N R?AA r7rANB kAADZ DAt R AADZAre BNAr?2&N At N naeenAf
eWN&E AdBNs

yt N ReAKern dAf AAKkAN QeAnAdAr A Kdra R yo' Ot AAANA BNAr?&NBNAAr AWAQC

Table 2: THz channel measurements

Reference Frequency Method Use Case

[41] 260-400 GHz VNA Intra -device communication

[42] 60 and 300 GHz 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 Broadband channel sounding Wireless links in data centres

[46] 300 GHz Broadband channel sounding In-flight / in -train entertainment

[56] 300 GHz Broadband channel sounding Vehicle -to -X communications

[57] 142 GHz Broadband channel sounding Factory automation

1.2.2. Modelling approaches for THz channels

yo' Ot ANANA BeDNAr OAA kN DZWJDADZ dAne At eNN BAJA OAANFecdNr i DANANCGEE

ENANEBJAdrAdQ BeDNAr BAsN ?2rN eR A °eE &Nna&NrNAAAaAdeA R At N r?2cce?
AA?ANQt AP ANQt Ade?Nr Ae BeDNA B?AndnAat naeenAf ArndeAs ytdr AnneeAQt N
k?A @ENo WDfems NgINMKNDZ N R At N naenAf AndeA NAWLEBOBRAO AND2 Ace D2 GNn N 8
Ot ANANA BeDNAr t AWN kNNA DAWNAenNDZ Rec WAEde?r r ONAWRMd® r R dAQK? DI AT

AN At N eAtNae tAADR raeOQOt ArndQ BeDANAr AN ekaAdANDZ kr nNaE&Rea&BdAF Ot A
eaNna&Nr NAAAadeA 5t dOt NArNBKANr At N raAadradOr R &NAA Ot AAANArs I«
s AeR ANDZ N R AeN Natgde ABRNAA AADZ At NeNRe &N &Nna&Nr NAaA A WAK?AKAN aAee.
Ot ANANK BeDNAr AAcEi NAdAF DHRRNENAA ?2¢ N OQAr Nr utdAjdle nAeArcNNDZDAK AR ANNDAA Nceee |
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rAeOt ArndO BeDNA DANcEdWNDZ RaeeB BNA & YurllB B /Am e DR ODEDZE B e QRI/Kr e ReRe ¢ADZe
AAND2 DRIAAA 7 dAtw AR esAEAG® Or? &N r ONAAEdes

f QAAKK" R tr ka&edDZ BeDNAr AcN QeAr DN&NDZ Ar A BJDDZN 7 ce? ADR Ar At Nr d.
' A Ni ABnAN eR Atdr AnnaeRQFt NeN DArwWcl &Y PA oAt A QAKX BeDNA Reac yo' OQeB
neener ND3

yt N ReAKendAf AAKAN nceeWw dDANr AA eW¥NaEWdNF R yo' Ot AAANA BeDNAr AWAd/

Table 3: THz channel models

Reference Scenario Notes
[48] Data centre Cluster -based model derived from measurements
[49] Laboratory, Conference  room, Cluster -based model derived from measurements
Office
[46] T2l inside station Quadriga -based channel model with custom parameters
derived from measurements
[9] Kiosk downloading Ray-based channel model derived from measurements
[51] Indoor office Ray-based channel model
[50] THz indoor communications in a Geometric -statistical channel model for system -level
rectangular room simulation
[52] Small indoor scenario Abstract scattering model in the
AoA/A0D/ToA domain for THz propagation simulations
[58] Indoor Extension of 3GPP 38901 for 100 -300 GHz derived from ray -

tracing simulations

[59] Nanonetworks Wideband multiple scattering channel model for THz
frequencies

[60] Indoor office Spatial statistical channel model for an indoor office building
up to 150 GHz

[61] Different scenarios whose Three -dimensional  space -time -frequency non -stationary
transmission distances range from geometry -based stochastic model
tens of meters to a few centimetres

[62] Intrabody Nanoscale Novel channel model for intrabody communication in WNSNs
in the THz band

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

[64] Urban micro Spatial statistical MIMO channel model for urban microcells at
142 GHz

1.2.3. Mode lling challenges and new approaches

' Ante?ft BAAT Ot ANANK BeDNAr AAci NAGAF Yo' Ra&Ne? NAQr kAADZ t AWN AKXl
dA dar dARAAOrs uADANDR r NWNEAA enNA Ot AKANAF Nr naENWNAA At N Ot AGAQAN
AADZ ?r NROAT NeNRe &N ANZ f"ect tAr ae kN QAcEdNDZe?as

gt N Rdaera Ot AKANAP N dr @ENAAANDZ ne At N DRWNAenBNAA eR ADNe? AAN BNA;j
ReNe? NAQdNr AADZeWNE AKAcf N kAADZdDAtrs uA aAtdr ENFAEDR At N rtecan OQet
raNNDZ R AtfdtANn KetNr t B n N&ed NAONDZ An At Nr N R&Ne? NAQdNr &Ne?d&Nr tdft DI
fecNeW NwRNANEAAde A SdaENANrr rrrraANBr AN WAMNQKNDA n8ABAANNAANr e RADZA
AAANAADE NAA r?2cRAONrs §t N dArncEeD20OadeA R At Nr N AN AWVKNSB NMa rk M e A f N/
dAAe QeAr dDNEAAdeAR r?20t ANVRBGRADZAKRRONOMAZAF AADZ ANAc

fQAAKK" R At N uf!> nAcADhiB &Ne?da&Nr ANAZ Ot AAANA BeDNAAKJAFT BNAt eDzAe
ANNDZ Ae kN YedAAaAAr OQeAr ¢ DN&ND3

Near field modelling

gt N Arr?2BnadeAr AD2nANDZ ne DNr QxedkN NANOAceBAF ANA G
Qt ANANA BeDNArs §E AN Anfg NewiAGB\VANA de A t Ar A cADIHAde ANAK

x O
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rtANBrR At N NBNa&Pf NAQN eR AAci N AAANAAAR AaNE AR X BHZANADR e NSl ERA Qg Nr ABAIBN .
re?BnadeAN dAQENAr gAF AT dAAQO? ®AANs CADNaE At Nr N QeADHAdeAr R At N O
ADZ naeenA? And®ONr Bk NODNAQQe eaDHAF Ae At N DZHrAAAON kNASNNA At N AcEAArB
tdr DZHrAAAQNR At N NANOAceBA?F ANAQQ RJINADZF NANEAANDZ kr AA AAANAAA gr
t N ENAONKR,Y NADR At N AmR QR APZAF ERNANA & W ddNeADZ Ry f AADZ At eNR Niteh s NGENL AR AW N A D
RNADZ QeacacNrneADZ aAe At N &NfdeA ¢BBNDHAANAT rr?2cEe? ADHAF At N AAANAA/Z
D2BJAAANr eWN&E& At N EADHAANDZ NANEf's uA atdr &NFfdeAR At N RINE®AJr t dF
eR At N NANEf'™ @&NBAGAr ke?ADZ ae At N AAANAAA cEAat NE At AN WRGEeKDZF dn d A
QeBBeAAT Anncel ¢BAANDZ k-

ph> > P

(0]

Q 1@ ¢ T
where Ddenotes the largest antenna dimension and 1dr AAWNANAF AL S

A2ardDAN At N @ENAOAGWN @ENFdeAR At N AAANAAA enNaEeAANr dA At N cEADZAAGA
neenAf AANr ARA ReeB At N AAANAAAR At N SAWNRaEeAr rAdAKA Nitdkdar A Ae
WAEdNr 7dat AntdM AN ®B M ABRAON AADZ dr BeacN A0QQ? aMMANA BeNDRN&ENr N/AAJNDZ kNP dfe Ar
?7n Ae At N faEA?AteRNeE DIrAAAQNR

Q

2,
""o

ntd0Ot BA@br At N WRANWDZeR At N RAG

=NreADZ At N f&A?At eRN& DHr AAAQNR At N OQO?2cW%WAn?ac&N eR At N SAWNREeAA kNOQe
At N NANOAcEeBA?P ANAQQ RGNADZ ane k NsUAderthisappapBnfatioN, B maximuin phageidavition A % N
with respect to the exact spherical -wave model is bounded by A B, with the bound attained at d=drs
fece AAANAAA AdREMNADZ knet PN\ DBAaee  dr DNANEBJANDZ kr At N e%NeEAAK AccAr AnNc
r QAP AN EADZHArAdAFT NANBNAAS ! QQe eDHAF AT R At N fcA? At eRNE DIHrAAAQN dr Ni
. Q)
@ 1
where Larepresents the largest physical dimension of the array. In the case of a square Uniform Planar Array (UPA)
containing W0 identical antenna elements of size D, the array aperture becomes  La=DW0," d, N ADZ A

o ¢ ‘OO

]
ytdr e?ADZEAAdQ DANNADNAQON eA At NRANAEDZ K e YADA B n g4 QeNAL Hn cAgBR e Ar
lr dKAA? rFigwd RPRDAGa&A" r Sdat DZHBNArdeAr eR eAA" A RNZ ANAr eR QONAAGBNAN
Nitdkda f E&A?AteRNE DZr AAAQONr ©A At N ecDNE eR r NYNEAA ANAr eR BNANa
enNaE&AArdAF Anr o VR OEADAI AAADNRAR Annacei ¢BAANAT NI BR JADHOQAAGAT At A
r ONAAcder AAA?EAKAT eQ0?c AndatdA At N fa&aNr ANA &NPF deAs

200
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150 f =300 GHz
E
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Figure 2: Fraunhofer array distance

gyt N DZLrA(LAQA(LEAVRISLNADZ\IMENMK)B(Q(EEQArA/\q,eA t Ar dBnecrAAAN dBnAdOQAAdEAT
I’[CEBI’[ATAI\Q,E/\ BeDNAr AcN NrrN/\/\d,AA Reoz NwAA?A/\q,/\r AANDZ DN dF AQAT R? ? &l
Qe AN dA? NeEMAr NQAMOADZ enNeEAAdeA t dRAT nuAvaeDE | tNG INteEM e NK &N © PQN/B@V\r k AA Rﬁ(q
BeDNArR dAQA?DHAF At N 7dDNA" ADEQNNBZU?\@&&&D&\IGECL%’N@ZJ‘WM\ADM\I‘IENA&QJN?WAWV\ AN
At NeNRe &N ANF ANOA RAWNRaEeAA O?a&WAA?a&Ns !'r A &ENr?2AAR At N QAAAenr AOC
f €Nr ANA &NfdeAs §tdr AdBdaAadeA tAr BendWiRaNGEIDAW MNAr BY NN AZN QR A n A ko
dAQecne EAA QAR AY Nt Nae QAKAA de A ANDRNg NN RNDEADZYRN R RN QN U
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1.2.4. Machine learning tools for channel modelling

TAQt dAN ANAEAJAFT ufT-U ANQt Ade?Nr Qe?ADZ Arrdra ¢A BeaN NR
t dft AdF t ANDZ Kk NAern7 r QNAAGde { (ORBNGRYQAL JOARr BN&d 4Ff AADZ Ot

Scenario Identification

dOdNAA  OQf
A A

R
A K n «NDZ

lr tdftNe enNeEArdAF RENe? NAOdNr R A daENANrr QeBB?AdOQOAAdeA naeeW DN At
cAANr Reac QeBB?AJdOQOAAdeA Qt AANANArR nAat Kerr kNQeBNr A AdBdadAFf RAOQA
AdAL 1t AcNAADEBmN@®Z R dat At N ?2rN eR A KAcf N A?BkN& eR AAANAAArs fecNed
AADZ dr BeaN r?2r QONnAadk AN Ae DZrnNe&rdeA dA A dBNAAADAR cPlte R NXNNDA r DE /BBZd R
nNENADZs Vyt N ARecaNBAARNO@ARDA @4 AdMr R °t 40t F NANEAANr ?2A?2r 2 AKAENAAEE N
2r ONnAdk AN Ae RAraA AdBN WAcdAndeArR neeBeaN AtN ?2rN R - dArndaeND
t NAt Ne da dr A -endn eace A , -ef OQAr Ns

¢

11~

iONAAcde ¢DNAAJRGOAAdeA dA At N QeAaANi A R =-efs$, e Ot ANANAr dr Nrr N
Ot ANANKA #BJeNON A F NANEAAs uA nAceandQ? AAcR -efi Ot ANMANAr AacN R?ADABNAAA,
s ANeadAf At N naEeNr NAQN eR A -efi AdAt B4gfita dBnAQa At N RNArdkdgAdar eR
At N Akr NAON eR"TAANBA DRGHAF RNE Bdf tine ENORBER? AGOBAEaNr At ce?ft éufir ea
eNAKAr r odat DHRRNENAA BNDZHAAJAF naEesreQeAr s

Channel Prediction

TAQt AN ANAEGAdGAP R NrnNQJAAKA" DANn ANAGAQAFR t ArKQAENAGQA dBr KBARAAAAR NG
Qe AANIi A R Ot ANANKA BeDNAAGATR At N &aNAKAndeA kNASNNA DAr daEeNDZ Ot AANANK
Ni t dkdrnAeMyOINAcEda's Vt NENRea&NR At NeEN t Ar kNNA nANAAT ®BR ReaEb BA 7?10
QeArAcE?Qan BAnndAf kNAZGNNA Qe AANOANDZ BNAr?2&NBNAAr AADZ At N AAcf NA Qt A/
gd¥NA A ONa&rAdA AeNA eR QeBB?AdOQOAAdeA r NA?RWR NgAQed NeRNANRBGOQEBBRAJ
aNre? @ QONr re Ar aAe ADAH?rA AtN DNrdfA ec dBneeWN At N QeBB?AJdOAAdeA g
Ot AANMANA Ot AGAQANGEdrAadQOrR r?20t Ar nAat Kerr dA A KActiN QeaBIARA At die DEAS
Qerars ye aAtdr NADR QeBkdANDZ ndat At N &ENONAA ADZAAOQONBNAA ¢A OeBn?aN
BAA? &N OQeBn?ANa WdrdeA AFNOYNMEMAN rB Aner DIRENOADZH e &Nre? €QONr F W NA At N
r ONANr Ar dAn?aAs

NIR U AANAAKGAN ntener ARl ce QNP ecNBAAAEGNANAGQOdA AT &ENna&ENr NAA At N Ae Qf
KYNOArR At NA RNDZ Ar dAn?a Ae FNANcEAAN At N EeNONdW¥NeE rd?f AAK rAENAF AL
>, ., Us ANNOQOdRJOQAAKAT R At N &NONGY d/%r eA NMNe/DAMDEZ dd\\ Re dIB A m ded IQA DZENA BBZ At N
rdBdAAc AnnaeeAQt R k?An "dat A QeBnANAN cADze BAn Ares?AnNry /ANANDZAKGSB ?
Rgaernk® OQAANfPecd' N At N nAat Aerr nAcABNANa&r AADZ At NA AnnAdNDZ >, ., Ace
dBAF Nryst R, |  dr AnnAcLNDZWENrEKW\A\Iaj;EE\/ANGAmw BAnr eA B?AAd RN\ eBAP MR R
dBAFf Nr rN/\NCEAANDZvW(CEARZ\AACEkLRV\ KgB?AAAndeAS

y Pac @

UA Yo' OQeBB?AdOAAdeAR St N&N At N Ot ANMANA Nitdkdar tdft DIHENOAGW AT
ANOt Ade? Nr BNAAdeANDZ Ake%N AcN Ni nNQANDZ ne d¢DNAAJR' DHENOAdeA AADZ
cArr Ar dIMFEBNmMmeADZ s f?2aErt NeBeaeNR &ENQNAA ADZAAQNBNAAr daeDegBAN? A NN
nerrdle@®NIWEAXed DB e *FfAOM At N nedAn OAe?DzZz eR A r OQNAN Ar dAn?as fec
Ar yo' Rt Na&N At N EAAFN eR QeBB?AdOQAAdeA Qe?ADZ kN ENAAAQWNAT rteca
WdrdeA Bdfta RAOGAIAAAN At NAF NANGEAEJe ONARcEQEAAANA Be DA

B s

Clustering of multipath components

TAAT Qt ANANA BeDNAr Arr?BN At Aan AdaENANrr naeenAf AndeA t AnnNAr At ce?ft
aNn&Nr NAAgAP A nAKAAN FAYN AcAWNAKGAP AKeA?r A DZHRRN&ENAA nAats MAQt E
ABnAdn?DNR DA AA" R RDZA@NEG Y AAX AADZ DAnAcr? &Ns §y' ndQAAA" R B?AndnArt OQeBnx
f ae? nNDZ dAne A OQA?rANE&s uA Atdr OeAANi AR DHRRNENAA BAOQt AN ANAEAJAT
A?reBAAdQO BANRUNAXSAtUAET n&ENr NAANDZ At N ©OaenNaE] NBNAR M A ARA mgeOQBYRANT N n
Recd At N neaNe eR B?2AAdnAAt OQeBneANAAr aAe QeBn?aN OQA? uhA R&MZ RY = ce d Dz
At N dDNAAGRGOAAdeA R B?2AAdnAAt OA?r ANGr uAQUEKENONN DE ODZANN'N AR BNA? R AR
y0o' Ra&Ne?NAQ4Nr AADZ AnnAdNDZ mtEN JEIFAAI 4, R T A AfteNE g8t A d, n Ausd INUQERer oANNEDZs Y o>'t
Qt AANANA BNAr?@&NBNAAr AADZ cAr AcAQdAF rdB?AAndeAr Reac QA?raANa&dA?T AA
B?AAndnAat QeBneANAAr ekr NeWNDZ A &NAAK BNAr?&eNBNAAr AcN OQA?r AN&ENDZ ?r
QA? r ANEAADENDBAdAt Ater N ekr NeWNDZ A A &Ar AEAQdAFf rdB?AKAneac kAr NDZ
BNAGEd QR WA? At eEr naeener NDZ A QA?r ANEdAFf AAfeacdatB At Aan dDNAAGRINr d/
BNAr?2caNis* RWA AeWNA OQA?r ANacdA? Anp@dlAQr HAr NDNeNB\UADEt ' wwddr naeener NDZ A
QA? r ANEdA? AAFeacdat B kAr NDZ eA At N ¢®WUAQe /e nQaiBrgN Md e AANARf eAabAPtNB e &d,F d
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dBAF N r NF BNAAAAQeAR AADZ AuNRUD&EReANaEdBNAQ? cNEANARDDZ A dBdr AAGAQZA N Ee K 2
Ni nKedar AtN ntrrdOAA naeenNaEa™ At AA At N neaNae eR B?2AAdnAAt OQeBneANA7

1.2.5. Characterization of dielectric pro perties of materials

gdWNA At N rtecn naeenAf AndeAN EAAFNR At N BAYeadar R ?2¢ N OQOAr Nr At An t A
UA At NrN NA¥YdaEe ABNAAr R AdaENANrr rdf AAKr gAANGEAQA "dat B?AAdnAN ekY
nt NAe BNARsk Kt A¥de?c eR At NrN nt NAeBNAA dr JdARA?NAONDZ kr At N DZENANOAC
nt"rdQAA RNAA?a&Nr rr?20t Ar rtAnNR BAANEdAAR ce?ft ANrrR NAQs fe& AtN
BNAAr eR &Ar A ooy AFAF Ot tANEADRANANOA &d O naenNaEadNr R At N dgAANEAQA QAT
ENr 2 Anr s veytaNQueBENADAA dw A ¢ agretidd/DNr 7 ? dDNAJANr AADZ nAcABNANGr Reac &
kNt A¥de?xc R OeBBeA k?dADHAF BAANEdAArs oeaNWNa&R Bera BR At N nAcEABNA
go' R At?r &Ne?da&dAf R?aErt N& Rect Reac NODgNADHYAF At N BeDNA ?2n aAe Vo F

gt N BNAteDZAef? Nr At AcN OQeBBeAKA" AD2nANDZ Rec BNAr?2a@cdAf At N DIHNAN

t Aa
At €NN BAdQA Ffae?nrif udU SAWNF?2dDANrR uddU &ENreAAnear R AADZ udddU R&ENN

Waveguides

Yyt N r ABnAN ?ADNE ANrA dr dArNe&aNDZ A A rNQAdeA eR SAWNF?2dDN AADZ Qt Ac
QeNRRJQ4NAAr eR AtN MT SAWN naeenAf AAdAF AKeAfF z_xot,eN.'Nl&cU,ﬁElﬂs dnt deNeB N AENe |
Ae ANEAAONr Reac At N rlcerlez AdeAN R At N rABnAN AADZ dar dArNEadeA dAAE
BNAteDZ k NOQeBNr dBnaE&AQadOA KNOA?r N At N rd'N R At N SAWNF? @M GNQe BNy

Resonators

ytdr BNateDZNinAkedar At N nNeEa?ckArdeA At Neca’ eR a&NreAAAA OQAWHQ dNr R d
ReNe? NAQdNrs §t NA dAAcEeD2QdAT AA ekYNOA dArdDN At N QAWdA'R dar cNre
At N DEELAOnEen NEAdNr R At N ekYNOAs ! RANe BNAr?2a&dAf At N nNae&a?ackAade,
DANANGEBAAN dar nNEBNAKdgAdAT AADZ nNa&Bdand¥dar Kk AnnA&r ¢AFf At N QA da
QeBBe AAT ?r NDZnRwrm ex tNd d AMOMWWIDIN oA deaNedM eaen Re rf /A c@lN RUJAA D2 afNr e AAnecr kAr
gt dr nNEdA?T gAAANEY ENrerDPWN n el DHYAF AQO? ®AAN @ENr?2AAr R At Nr N BNAt e D3
AnnAKdQAKk AN Ae BAAN&EdAA "dat tdft KerrNrs

Free -space methods

gt N rABnAN ?2ADN&E ANraA dr nAAQNDZ k NARNNA Ac&AArBda AADZ eNONgW¥ N AAANAAZA
t 40t dr ENRANQANDZeaEc ENREAQANDZAt ce?ft At N rABnAN AADZBNAr?@E&NDZkr®™ A
drat AADARdgANe? ABnANR da dr nerrdk &N aAe DNANE&BJdAN At N A&EAArBdrrdeA |
neenNaeardNr eR At N rABnAN OQOAA kN DNemdiNMDZ AAF 2reltyBAdr ABNAL DR BER BN Ae
AN OQOeAAAQA Sdat At N rABRANR At ?2r a&Nna&ENr NAAGABN A e DA NANM Nr a A3 A dee
ANOt Ade?Nr A&N AWAdAAK MNy ARENE BQWRAN DRENBREMA r REMN N Beran nen? AAe KMPEF I
AdBN DZBAJA rnNOAcer Qen's gdgat AtN KAaAaANaE &E&NONAAAT A?BNaEe?r A" ndgOQA
n?@e&ner N eR ?2rdAF da dA rdB? AAngeANr Rec o' QeBB?AJdOQAAdeAT

n
n
n
n

1.3. THz device technology

gt AN R EeAWVKMADZWE 1 go WR/ *go' U AcN AAENADZ AWAJAAKAN dA At N BAcEt NAR A
go' dr anBEBAAAAT N ANWNAs yrne BAYeac ekranAOQOANr tAWN aAe kN &ENre AW NDZ
Ne?2dnBNAA Qer arse Ry NWwra NeAR ADZEd, e A t dft Ne& At AA BCLQCEE.—.AWN ﬁmNe?NAQQNr uNst
At N rABN &AAFN nerN rNaededr meNQtAvedheR ™ arQeMrAdgeisd Ak ? DZ Nas  § tiNA AKelh A €A
neaNe& ABnAdRINaEr OQAA kN nAacandAAAKr QeBnNArAANDZ kT A tdft AANNAAA 7 Ad/
DEJU At NeN AR nEAKAYB QArN eR S dADR AAcGfi N ReeanacdAn AADZ Qern D2N At

AN At N entWNa' tAQADR AAANA?AndeA dr AAre ADZAAAAFT Ne?r KNQA?r N da nNaB
EN?r N AADZ Ker JAANGERNENAON Woh AODAAEKeA! 8 neaNAAdAA eR

UA ENONAA " NAErR A?BNce?r r FN&EN S gaENANAA NDZeE2\A AWNAD2 P go' adat DFRRN
nNeRe BAWNOWIG kr A AAANGAK ADZAANQNBNAA NANAGEB&NOR @nNDZAG A Ar NDZ e A DZLRRN&ENA
r?Q0t Ar >TAAR uA®R gA!rR fid gN AADZ gA)® B@nnﬁwmaaﬁmmwmr@mmmqmmmmoAc
Ni ONND#Z,A?F nnr gksé$r SAr &ENnea /\NDZ Rec Bera eR /\tN neener’ nNrs oen N¥ N
uBAi ¢B?B nnnyU R BNAN&ErR :¢ At N AdDZ eR t dFft AdA AAANAAArR D2N ae
rANdMPRT AR AP N&e AdAL @EAAF Ns A(L?B , d A cEdDN ggA’LJ dr At N Bera neEeBdr d
n&ENr NAA AT KdBdgAaANDZ ae ARE’)/\ nnn go' swHRANNeABN&]RGNeEEr AAN JyEYLBREN RNA
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r AKX

"t ANBR AKre (
ANEAAAQYN Reac naeelW DN AAAUKSWNA nersNa& Fda Ft N

t td
ytN rtecen "RA¥YNANAPAt uNsfsR e BB Aa nnnp go' R n BB Aa enn U BA:
D BNArdeAr R nAear AADZAtN &Ne?da&NDZ BgQaeA ANWNA Ae ANEAAQNrs §yt N
RAOAecrnB®f @HANmAer BNAAs gdat At N dAOENAr N eR RaE&Ne? NAQ' R RAka&®dOQAande

p-14
C

'A At N rABN AdBNR At N r?2krAAAANQAK ADZAAAAFN R At N rtecn RAWNANAF AL
dAANF €AndeA AADZ Aen ReeanacedAAR NAAKAGAFT AA NArdNaE& dArAAKAKAndeA AADZ
END2 OgAF AT NAQe eNAal| AT s

@®e QA e AN ANDEBPeA/dMn e QAN DI rAcEdk?adeA Arn Yo' RaENAZENAQOQARNVWEBDA R e Bd A
r?nnecadAf J g QeAONnArs yre M?aEenNAA n ceuY NNQAr ARe ayNGOM Mjtotk ANBENDE FC ~§ é | § !
go' UR W/MDYDE Ynndtenss go' U Reac @edAA Ae uB RAMNDIkIseDZANS 1IDFa W ERk @ mpeedd\Vna
AEAArneaceas Yt N 5N AAcf NA dr A Ker OQOera nN& kdaR OeBnNadadWNANrr 7d.
dr At N dgArncEeD20OadeA R A AN7 7 NANcAadeA R AcGAWNAAGAT SAWN A?2KkNr kN
AEAArBdrrdeA necWMa AntNAA BN AdWA Ozt dF t AEAAr BdrrdeA nen bka MOTA dnABGkBAGN ru N
Ke ANt EAAFTN AdAtr OAKer N ae n 1B keat dA nedAa aAe B?2AandnedAAr AADZ nedAr
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2. 6G Radio Access (6GRA)

2.1. Introduction and Motivation

I g GEADZLB AQONrr dr Ni nNOANDZ rAe nce% dDN Ni ANADADZ r?nnecea Reac At N A E
UNT==UReER K4 ERAN Ker AAANAQT QeBB?AdQArdeAm' n6é QeBBR AADBZI BV, dd T8 A Qt
dAQ&NAr NDZ At €e? Pt n?AR AeiNe& AAANAQr AADZ dAQa&NAr NDZ aNAdAKkdAdAr" R AADZ i
g AnnAdQAandeAr SdAA kN B NKd DABR, AG A BANDEY/O RRANIEY Q ON AWAGAAKdAdA"
NRRAQO4NAQ"s yt NeNRea&NR At N rQenN eR Jg «cADze AQONrr Ni nAADZ SNAA kN
At N T g «cADZe AQONrr DANrdf A BWNRREQ]RANR Kk RYARAAQA A KindRBNeR  KAeDZN A F A t
q,/\R(ﬁAQN\?GDEN AADZ At N ?2rNE& ANEBJAAA r dDNR 5t dAN AAre R?PARJAAJAF At N An
QeAr dDNe ADZKNHNBEZ RABIAT BNAcEdQOr r?20t Ar !'fN eR uAReaeBAandeA uy!euUR
dARecBAAYNAR A cBAANDZ BNAEdQr At An Fe SNAAK WKNYNADA B YA cBDE Eq@NAKA
eNAdAkdAdr"s EedAf re Re?ADZ AKKer At N ANarfeact Ae QAna?2aN At N ENAK
enAdBAKA &ENre? cQRAAQAAQJANRZ AKKeE r Ot ND2 AQAF adat BAI dB?B NAN&Ef'™ NRRJOC

2.2. Reference use cases

2.2.1. Tactile Internet

eQ?2r NDZ eA t A% dAF Bdi NDZ A cARRWMQs NW cd ADEA NDZ r /B ¢ &N-e¥>, ONF odft DAAA
dDNesA?DZe RNNDXZAQs 7t NaENAr At N QeArnceX QeBBAADZ AADZ r NArea udsNs
en AAANAOQOr AANDA T di GdesPNAUBSAKEMN naecek ANB kNOQeBNr OeBnANi Ar nU aAtdr Oe
eAt ?nAdAs AADZ D2ZRAKdAL QeBB?AdOAAdeAS NU AtN re?cON eR kae ADK AADZ
ADZ e U AtWdEB-~=EARRGQ "B Ay N dA\jeeADZKQR ROMX dar nAaaNaE&A BAr Qt AAF N DANnNADZ
eens VYt NaENRe eNDANRAANDA cfhfe 2 E@Nr Are Cé-->wmeeR@RIOANBAFT ANBDA rBe el NER
RANI gk AN AXKeQAndeA dr ANNDNDRZENBNF BENAXKNDRR Wd&sBREARENANBNNAGOAANdeAr A
AANDZ k ®xe ADK AADZ A ®€ARR4Q OQeNidras ANNOJRJOAAA' R KAcEi N WeA?BNr R DZAAA
RNNDX% AQt AADZ QeAnce Xk BNrrAf Nr B?2raA kN ArcMAdBiddAQDOZ RLANYWNAN  ADRtneAXfAL A df
nNAQOs NA Kerr Nr Bdfta kN aAeANaEArND3

PN

2.2.2. Remote control of cyber -physical systems

ytdr 2N OArN RERDPNAroOanr REMFARNENAT ENAQANkEGAdAT s e gaee ENONAAAT DANRJA
BAi ¢B?B AdBNnAr OQON&E QeAnceX r" raANB BAr OeAAdA? N dar enNcEAageW [dat
ANYNEAKX ent N& BNA&EdOQr r?20t Ar ' N R uAReaEeBAAdeA u!eulU tAWN AAre kNN
ANANrA ?2nDAAN ¢BBNDZHAANAT &NnAAONr naeNWde?r ®©ANrs | NWNaE&at NANrr R !
AEAArBdrr deANKNYADZF eAX R At N QeBB?AdOArdeAN nae&eONrr AADZ BAsNr At N r
DAAA kNAeAfr ae ?2nDAANr oeRNWN &R MONMIRIAO MNEeRENER A QN BAr DANRNADZ eA  ?r R
RaeNrt ANstrUyt dr ekr NeW Aaes? NBeanRLW AARe eBAAde A uGeuUR r NBAREQQAAA RDZ d A
QeBB?AdOAAdeAr ugA>eBU a&NA" eA tAcANrrdA? At N RAQA At Aan DAAA dr O
NAEAdO? AAc NADZ FeAA ru\eny ol )An WK dAn DAd QIRA dyv N Oe Ndy G K AR ANEDS OB &r d DN &d,
At dr ekiwWd@@QNAGNNDZ ArnNOA f"e?®®Z BaW Nk Nk Nyeer AOZk KA DZ A e AAKX &ENre? aON NRRd(
Ni ABnRANR NAN&Gfr nNa& kda AADZ rnNQA AKX NRRJGQINAQTr R AADZ AQt gNW N ?2ANn&ENQ
ANrr DAAA k?2n Ne?AA ABe?AAr ©R dAReacBAAdeAs

2.2.3. Industry 4.0

ytdr ?2rN OArN ReQ?rNr ©A rONAAEder At Arn JAQA?DN uey DNWJGONr At Aar A
QABNCEAr k?2n AKre eat Ne& DNWJGONr At Aan AEAAr Bdna v NBagaeADZ)/ORe YeA®@ rr neeRE AR NOA
fPaEart NEBNENA WA, e ABNAA B?2r A aENrneADEeENAAAKRNQAADEZ "NBRNEPMAGA r da?Arde
e?AAF NrR dAQ&NAr N dgA ANBnNEAA?&aNR e BAAR?AQaAdeA R JdADHWJID2AAK NAN
ANAReaEs B?2rAa r?2nnecAANDHBRRNENAGABGEHRMAr N At N NRRJGOINAOQOT ©R QeBB?AJdOAAd«
e?NradeA Ae AAraNE ae dAQENAr N At N NRRJGOGNAQr ©R QeBB?AdOAAdeA dr te
DAAAs Vit NENRea&NR Qe Ar dDNaRALfJaA Nd r NBRAANGEYT r e R B\eR@ A AQN Ae @END2 QN At
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AEAANrBdAANDZ DAANA Sdate?n ARRNOAQAFT AWNRABRRAAAAER e Al Rt ND2 §NRa eBIARG
aNre?®&QONr enaAdBAAKK" s

2.2.4. Smart metering

ytdr ?2rN OArN ReQ?rNr eA NinAeacdAf AADZ Ni nAednadAf At N gARA?NAQON eR
1t Nr N gARA? NA@NN Burg eNe A A AQedidalN AAA deA eR At N DAAAR 7t dOt B?2ra kN QeAr d D2
dr R dABNMBMEspAF AnnAdOAndeAr R At N rnAadAA DFHrAcdk?AdeA DNANEBJGANr At N
Ae dar ANdFftke?a@cr AADR RNAONRNr QeBnNAfA EAA Reac &ENre? ®aQNrs uA ADDAHA G
At N Qe KANQANDZ DAAAR Ar rnAON dAD2ZONr OeacacNAAndeA ABeA?f At N rNArec &
DANn Aer BANNDZ Ann AW, QNOdRA QO AQOMmrrs BNOt AAGr

2.2.5. Smart city

ytdr ?2rN QArN ReQ?rNr eA AtN QeNi draANAQN eR DZ¥ Ner N r NeWdONr Sdat t
dAQA? DHAF A QeBkdAAndeA eR naeNWde?r A1 AdraNDZ?r N QArNrR An A KAci N

GNv H e?B'\Bq,QAAd,e/\rR cekenr AADZ QekMANARANquAW@BmAeMMqumAMADZBMrrq,WN AOQOlI
AdAt WABEKN QAT ®ARR{Q DANBAADZ At Aan "e?ADZ kNANRdA ReeB DZAABJQ r QAKG.
ANAG B ES NANBN/\Ar r?QRAAAGA DB ANKRA Re,&EBr R AADZec r AKNAARCEMr Axed Qo R ReAls A D

2.3. SotA on the main topics towards 6G radio access

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

AidAON dar dAAceD2QOadeA dA At N e &DZ gNANcAAdeA @&AcaANaErt dn @ceYNOQOA ueg
N¥eA¥ NDZ kr dAQA? DZHAT BNOt ANGABDZ Quin KAWOR QRAMNNO st N r dBdAAcE nAnt tA
UAANGEANAT e Ryyeyd\ ANOQt AeAef dNr 7 QuelAy AEZeefAN AR D2 QBPZ g A= 'gleget BNHNA
NAt AAONBNAATr JAQA? DN ANZ A2 ERNENNA axfAQ\NDZ Bd, M GONR r P AA/UR: ANDZ BNQN BZAFdE B/ R AA
ndat naedeacdar t AADAEJAFT BNOt AAdrBrs éNPFAEDHAFT At N REABN rAcE?Qa?&NR At
eR A  BgmMdBRtBN eNre? aQN 2Adan Reac AAAKeQAandeAY dA At N AdBRUDZBAJA kr

UA At N DBAAAGAL R kNrdDANr At N AcADIHAdeAAK r Qt ND2 KgAF BNOt AAdr B kAr NDZ
nNaNBnAadW¥N r Qt ND2 Aduy NcErAJWDENANB dr Qt ND2 Ad AT ufieeiy BNOt AAdr BAKRA NAQY Ot /
Qe BB?AJQOAA gheBsA RGN ND2 KIBU R r 2 AKAT ENRNaEEeNDAWRU AL A aRAOMe c@MAONA At N A E
AKew ede &d A’ udsNsR kceADX WRaDdb DBMOX  dD® ArAMANJO\ER N r e PBEONT re At Nr N QAA k
eR tigé&Ede edr’ WwWONNsKA EANWADAAA dAr ANADZ §t NAR rAA kdNA x NNaA@? maaeN DZt AN AAARr RENGDY
At N eatNe t AADR fAeaeid Arrd? Ar &Nre?@QONr ae A CM nNa&deDH QAAAT R re At N
DEARAAQAL eAKk" e0Q0?2ac&r dA OQeAANOANDZ BeDANs oensNWNaE&R ?2n&AdAt DBAAA ArcA
Dz, r Qe AANOANDZ Be DANr s

CnAdAt AQONrr dA Qe AANOQA MDXBeDEN ydirN aNPREeNAN R FAGANAA? r NEr B2 r A
udANADZ At NAR At Nr B?2raAn &ENONGWN A rnNOQdR4Q f cAAA RaEeB At N 7, = AtAar dAQ
CAnNd K éNANAr N nJ R ?2nAdAs r Ot ND2 AQAF r?2nnecnr fAaeAR AKeAf "dat OAAONAK
-ds NWNBBENJWN r Ot ND2 AdAF dA At N D @RAADRNE R Gt NDRAEANTr dAe @ teN? W n Ad At s fAnN
r NADZ A >u BNrrAfPN Ae A ?2rNa& fdat ?n&dAs a&Nre? cQNr AXKAeQAANDE neENW de
r NAr dadWN DAAA mAAGAENMR Bt N 2 N& &NONGWAAF At N >u SdAA QAAQNA At N Ac

gt N kAr NAQAN AQONrr BNOt AAdrB dA DZr Qe AANOQAKBY B e AN DZg 4 i WMkehx /NaDBA Dzet By, rA Q
BNOt AANdrB dr sAea A Ar At N cAADZB AQONrr uyBNUr AteM ONAB2WRAY AARZE QRAKIR Ae
ARANE QeBnANAGAFT At N nEeQND2Z &N "e?ADZ At N CMr kN AAXAKeaiNDZ ae AcAArBda
NAt AANQNBNAAr t A%N kNNA BADAN are At N nEeQND2ZaEN ae &ND2ON At N QeArce A |
NAtMONBNAA dr wAt&! yi@NOND2 N DANRJGANDZ duWsENEKNA NN Nen ce RNOD eNék NF dAr 7
AcEADZAde ANA K rlczNABkAN AEAANrBdrrdeAR k?a da dr AQQeBr[AAq,NDZ kr A rtea
DANANEBGgANT At N VRENQ@IRAOQ AdBMNe? EQNr Rec At N ?2nAdAsR Mae ARG rAcDEQ/Ns_rryt,
neeaeQek nter N OAnAQdar dr AdBJANDZkr aAtN A?BkNE& eR na&NABk ANr s

ENrndAaN AtN ADZAAQNr dA r Qt ND2 AGAF BNOQOt AAdr Br Re gk Aer dDZ eaf AeNVDRAB BRIQKOW N
At NeN AcEN raAdAA r NWNEAA ArnNOar At Aan aENe?daeN A @ENDNrdfF A eR At N Al
NRRAOQINAQr AMNDBE e At Ne NRBkN&E ©eR r?2nne&aNDZ ?2r N&r dr AdBJdANDZkr rA&EdOQ:
AN Ni ABnANR r Na&¥W gOdNsr N fgMe ? FCENB-NAA T k?2A Adat ?2AQONEAAdAAT dA At N AQadW
A BDe Ar ?BAFWKAEADPAIAQQNNSF sR WdA fAé AADZ >u Re/gUpceN¥gBNr Re cBAEKRQARNBZ 2|
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Ae &ENre?ac&ON SArAAfNs f2Ert NaBe &NRONGNDA rAtelRd t k BRXA 4 aEaNY &k Ar ADZ AN &
dAREAr AE?0OA? &N DZNr Aean nerrNrr rAAADAEDZ' NDZ BNQt AAdr Br ae R?AAT Nir
At N dBnANBNRBNAD AQt BNOt ANdr Br AADZ QeARGFP?cAnde AN nAEABNANaGr AcN ?2r?A
r NANQANDZ k' BekdAN ANafReacs enNaecAaeacr ufl, Ar UR Sn AJAQN A NODE N ARGl QW Bndge eBYAdr
OAnAkdAdadNr R At N JARGEATr N&? QNBAMDAADZYrt R? ARGXAKt N rnNOdRJO &ENe?(
AnnAdQAndeAr St dAN BAI dBd ' dMAAGEdeAcQEANBRQDANAOBR RBARNAEABNANG r N2
€ADZle AQONrr a&Nre?EQNr B?2ra kN n@mt dA Aed DEK AONR] MW Qe kAIQGWrdre AB Ot AAd
eR QAnAkdAdadNr dr QAMBANDZ uAANAKAJF NAA MDZ N

2.3.2. Orthogonal and non  -orthogonal RAN slicing and resource
allocation

UA At N DRZRAKJGALR €!, rrKAdQdAF dA g kNARNNA Nf= AADZ Cé-=-> ?2r N&r Qe
dAQeBdAFf DAAA Sdat aAne DI RRRAUENAM AE’J\I/Bt?HL(EHNBrN(Amr{Esr NJDZA DZ\qu (ENq,/\Re(EQNBI
AKKe QAAN cNre?acQNr are keat rNE&®¥dON A"nNrs ytN &drt eR A rnNREGRIO AKX/
dA At N RJAGAN kAeOQs ANAP At ENRA/BNATYrAPNMNDE At Mt ®Qé gAx ?2hr Maer AS MEN ? AdR
At N ONAK AcNAR NAQt Cé--> nAQ:tNA dr AcAArBdaaNDZAe A DHRRNaENAN Cé-->
Arn NAQt Cé--> nAQtNa AcAArBdrrdeNARAr eNKQDE d &#d OAKOR AR ANN R ENA @ Nier  d,/
DZ, N QA AT AnnAdoNDZ d A qczAQ/\q,QN DZN Ae AtN rdBnAdRJOAAdeA R At N OQAKOQ
GARK?NAQNDZ ent NE fRecbr At Aan AAcEf NaA B ANBRAR NNON AX dgQId/A T eé?RClébMN]_stfEB'RHE(
Arc?BdAf At AAR R Cé--> dr r Qt ND2 ANDZ "dat r?2RRJOGNAANAUNRYD? KRN NAO" R
t N dBneacrnAAQON R At N Aerr BeDANA Reac At N n?2A0A? @NDZ NOR =A A DZAKRRADXRA Ok ¢

A

BeDNA Ar A R?AQAdeA eR At N n?2AQuRP &UDZe&Ne? esQONrgefARN&EA g N&dBe BNBRAdBd" ¢/
ndat RANI gk AN A?BNaceAeir dA RaE&Ne? NAQr D2BAJA AADZ WAEdAk AN REABN A&
AT nNr eR &Ne?dENBNAAr dAQA?DHAF Cé-->s

ENrndaN Aen kNdAF dAQA?DANDZ dA Ve ENt &ige ArAKA NDBARDEIN AN R QAN rAe Ay, AT! U n«
ADZ AAAAP Nr 5t NA QeBnAaeNDZ ae eaeatefeAAK B?AAdNAN AQONrr uAf! U r Ot NBNr
ENre? ®aON NRRJ OANNDA d A A NRDZ AARAMT S dat AenaNae AAANAQr At AA AcGADHAdeANAK

rQt NBNr ?2r?2AAKA" &Ne?daeN A (dft ANWNA eR QeAANi A?AK ARAEGNANrr uNsfPsR
QeBnANIi NAQeDfHAF AADZ DNQeDZHA? BNOQt AAdr Brs

'A NI ABnAN eR At N AArQYSBndredmee ing N DIAJVEF © Qe Ar ?BnadeA BR 2 q,/\f Ag!

rek?ndeAr Reac Nf== AADZ Cé--> aAcARRJOs uns NI amMe@hA MmarN /\RW NA d/AQtk MCBIN rOt
dAReEBAAdeA u>AuU R AtN Nf== ?2rNa&rR .-.tq,AN ENAT AT ' A cAAADT CLQAA >
keat rNE¥%dON AfgrerUseﬁélil\rt,?MAr, AN AanAdAr KeiNe nenNc QeAr?Bn/\d,e At AA
At N AWNEAP N Ot ANANA FAQA R At N Cé--> 2rNa& dr NI QNNDZAF AT t dfts MyN/

ANF AdP?P gk ANR rtendATF AtN QA n Ak dnAedbAN e eORe A r ATB!n Adee A NADEADENE BAA a AL B A KN e @ A e, B W A
nNERe €BAAON ¢A naEAQrdOAAAT NUNE' OeADZAdeAS

UA At N ?2nAdAs R Nf== BAr OQeNidra 2dat GCEGE-N 7 NaebdONr RS &Rt DBIE¥ REG N AA 4 B
feacd Ni ABnANR r NE¥dONr At AAn @ENe?daEN 11U tdft cENKYNAKNAALGBALABNA &dOt n K
usel o U wAaed MAKNDZ BNA&d QO At An &NRANQAr At N ?2r NR? AANr ruteRJ eNQNdGW NDZ ? n I

yt N nNEeReacBAAQON eR | Af! AADZ Af! BNOQtkANG\ Br A 20X, DT O X NDZ2GA@ N AtAREd, e r +
teBef NANe?2rue®mWN@rent NeBe eNR Af! AADZ , Af! BNOt AAdrBr tA%¥N kNNA JdAWNraA
uey ?2rN&rR Rt NaE&N At N AAaaANE a&Ne?da&N Ndat N& Aern KAANAQrunkMADIUNUWNA &N A
Ate?2ft At N OeAAdrdeA Ot PEANANBRDPAA  Af! Re ENRAKRr rteraNDZ At An |, Af! B
AAAN® QYNAANDZ r Ne¥ d QeraR, NANAN®R Qrr Nleeru AN ANrr r NArdad¥%N aAe AtN r NANOA(
eaNAreA Rec At rAGEdNAAAALBNr JANR®Z e ADBDRGARAAON At N? RRGOGNAAAT t dFt I
DI RRNENAQWAOQHNA N HEANAQr kNAZNNA | AT! AADZAYT! tAWN A rBAAAuUQWBWADA e A
ANEN &ENONAA AT uNMENADNONAA Ede rdat AA NA&dOt NDZ Ot AAMANA BeDNA -t N&N O
eAN R At N eWNaEAAnndA?P rrdf AAAr dr r?2RRJGOGNAAAT tdfts ¥yt NeENReacNR At
neek Ak AdAdNr SNEN QeAr GBRNEBBA DY BDREAWN AADZ nAT! dA At N ?2nA&dALs Vit
neek Ak dAdar R QOAna?a&N 7 &NAAAT NAt AAQNT vena gNN ASDREDE A AQRFANA e deeFR | ABKTAle RddM T A T
AQt dN¥ N QeAr dDNaEAKk A7 Wewn dEMAKA M NARBZEBARONER2 2 r Ner R 7t Ot AaeN 2AAAAA
ENAAANDIKRENBR AANAKT Q@wd/xr ddP®WN Er At N Qe Ni dr A NAQNK gsRN A Nean¥ed ACRIK GAB\NDIZZ NS 7=ceQl L A

AEAQL gAF uey  NaeWdON ?ADNE fET! AADZ , AT! R NWAA?AAQAT At WaeEeiE ONEHRQI
AADZ ? nDAIKN % N X XA eQefr AfRJMN tk ce ADXK AADZ r NeW g ON At ce?ft At e B taNr 2 Ah/k DZdM/DRYER
At An ,AT! OAA eRRNaE A kNeRRR medEAgOANAGA AZEADAN NANEF ' NRRJOINAQr dr

unda N gAANEn AAT KNAGNNA DNAAr WdeAAndeA naeekAkdAdar AADZ At N AWNcEA
B?ArndnAQs NA &NONnadeA OAnAkdAdar AADZt NANacef NANe?r AcARRGOQ Ot AcAQA Nc
PrNe At ArBALGBYAN At N 'eu Sdat rNQeADA&' ?rNa&r At Aa QeBB?AdQAAN AB
rA?DIYNDBZ URNt N AAAANGE dAA?rAcAANr tefn AtN leu &Ne?d&aNBNAAr R At N na&d
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r NQe ADAcr ?2rNa&rs f2&at NeBeaeNR dan dr rteaA AtAa At N AFF aeNFAAN At ce?
r NOeADA@r ?2r Ne&r kNOQeBNr AA&Ef Ns

f AAKBENtRe F e AR QA @A e AA KA eeQPAn@Ne A nNaEr nNOAdW N dr AAre ENANWAAA Reac A
Re&ABNr BAT ANNDZ ne r?2nnecAaBiKenAf NOe @B QAW DA grll/X B2 NINA d d RNENAQHATF =T
AAANERNENAON AR AW NaROMN] K d A A GiRr ug@dNDZ ufi! > r Ot NBNr OAA kN ?2ADNGEr Anece
rAE?QOA?aENr Reac r NQRAEAAQAFTR r?2nNaEner gAfFR ec& YedAwWRriUuselNr e KW QAF  NAr AT

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

ye AQt dNWN At N nNeReaBAAQN &Ne? deNBNAAr R At N ?2rNer R DZRRNaENAA é! B
AEARRGQO Ot AGAQANEdr AdOQOr AADZ At N A?BkNa eﬁ Qe AANADZHAF ?2r NErs EJQRRNa&N
AADZ At Nt AcMeAk&mN? BNODZd % NR AN R At N BAJA Ot AKANAF Nr dA é! dr AQadWd/
DA Qe DZAF At N DAnNBZ §EANAr KkNNA SdDNAT ?2rNDZ A ¢g AADZ BAA™ entNa& '
At NeN At N e¥ Net NADZ e Re Mt NN @u\BLM d, AKN &t Ad\DZ K ANk A r MIPDR NeQ A df elKAINR TAct AW\ AA QA W g
neek ANB kr ?2rdAf ecntefeAAA ndAen rdfAAAKr uNsfsR naeNABKkANr dA ¢g A
A?BNaEe?r f"eacbr naeeWNDZ dar dANRRedQOAQ s NgsAR ¢ERAT M MNAENNR eéelN Rr AN A AT AQRJOAAAN AB
t Ar kNNA nNERe cBRKDNe £&! f @AQ4AANLDZBe A ? ADNEr A AADHAF At N AAA?EN eR nAOQ:
RJNLABNO: ANAF utt 0B iud BN

M¥NA Ate?ft rAKeaaNDZ! -Ao! BNOQt AAdrBr tA%YN kKNNA Ace? ADZ Rec BAA"  NA
WAcdAndeAr R At NrNs feac gArAAANDPER AN RAONDZ eBNOEAAGBBEAAGAT, Oe Ar NO?
nAQs Nar dA BPEAARDANARNA! r Bt ANANAS Ry eBoRs dr QRRNOAA Y NEKT Qe ? AANEAQA
RADZAF k?2A QeBN Aan AtN Qeran eR dAQa&NAr NDZ eNre? QN ?AdAd" ArdeAUAADR
uls Uye JdAQE&NAr N At N OAnAOdar ®eR AtN AQONrr Ot AANANAR daEaNFf?AAcE &NnN
D&, r A &dk?AdeAR 7t dOt dr A R?AQAdeA aAe n AAQNuvst Bin NelNd) NG elA d@tAe d GMA DBZBEN C
At N KAKAAON kNARNNA @ENAJQAK dAdA uR RASENWNWIOA JRN/BZA DD QN Ao Ne@diig, Q¢ Bligs® NUDX A t e *
FABMt NeaNAdOQO &NRA&EDZ DNr df A Ae rANNeE W RRKERQDENA A r Naxer dustgiikIaNpBoR A Ru ey A NDINY/®),/
ANAcEAr WRaeN®AENNLNAJArdeAN nekdQOr ae BNNaA AKAANAQr AAc?f Nar At dAN QeNi dr A
rt AegeDANDZ ®@dAen ! OQONrr u>@! U dr A OAer NAr «ENAAANDZ BNOt AANdr B Ae uéh!
rdf AAAr At An AdDZ At N DNQeDHAF eR mts® UDAAA dA BArrdWN TuTA rrraNBr

' AN AeNA eR &Nr NAcEQt At Aan tAr AAAcEAQANDZ r df AQRGOAAAN ArANAAdeA ENONAA A
ANDZ AKf ecdat Br QAA Aein kN ?2rNDZae reAWN ?ADNEDNANEBJANDZ rrrANBr &R N
!l Be AT AR NQ®WBN&Nrr NDZ r NAr gAF u>AU t Ar kKNNA " dDNAT Ni ruAuwedesNDY AR eBaA r A QWd\Y
AQONrr r QNAAcder >i QAA kN AnnAdNDZae DANANEBdAN At N AQAdWAAde AN AADZ

R
r?2krNA 2R ?2rNa&r RaceB wENdef eWREAA g i RBZAA S A

2.3.4. Multi -connectivity

TAGANAGAGAT B2AAQRAN AdAtr ae At N gAREArAE?QOa? &N AAAKesr ?2rNa&r aAe A
ytdr dr AQt dNW¥NDZ kr W KedddNf eRt Nt BAQ&Y e ABNAA A ANEBr eR rnAON u
AANRZE Ra&ENe? NAOQr uNsfsR k' OQOeAANOAdA? ae AtN rABN =i k?aA eA R&Ne?NAO
AKKe QAANNDZUf By Mkedd Re N RID&EA AMOIA BiRdEm'd, BAT kNANRGA rnNQdRGO ?r Nar R QA
ANNDADZ ne A%¥edDZ &Nre? QN SArAAfF N AADR t NAONR At N A?BkNE& eR ?2r NaEr
f2&rt NeBe&NR At N DANRNADNA®YNA R@NARNNAr Ag dis PERRAGAL r U QAA kN NinAkedaN
AADR nerrdkA' R enndBd ' N aNre?cQNs"AKAKe QAR gednr ABDREGAL t NNAYQA de Ot ND2 A
BAi ¢Bd'  Nr At N ANAGRe&Es AVDEEAANQNQW(L/RTE(I\E/BWE«LQKI@(KN/A@IEE ANAGRe @b g U;LtNr[(Eer[I
Qe Ar ¢DN&NDZ AnnaeeAQt NinAkedar A ONAAcEAAd NDZ AcQt dANQA? &NR RAr Ad A%
Re en AEDA AT NAGNRAY BJAAQBNA elNe dAAr AADZ At N ?2¢ Na&r s

=

f2EAat NeBe eaNR A r n NQHRAMN QA qiNg rer R 7B PNANy,  DPRr RNNDENGA A M BUNEBFZADOANA Nice RAJON  DZY, ¥
AEAArBdrrdeA neAdOdNr AADZ At N kNANRdar R dAANGERAOQON D#WNaEr daw S dAat
nt rdQAK r raANBr St NeN nNEdeDZQ ?nAdRUNNWKANRBNOA deRr kR &L N' WAEARRJ Q/
I FF &aNF AN QeWRABMKENDZ ANAReact dr JdAWNrAd?fP AANDZE §yt N -yM kArN raAadeA ce?7
~yM AADY FEAALr JGADANNNADNAA AT s A?2nNaEner r dredBNAGEeCoZNX e dire dAN DZ! Aoy x teN A+
r NEWYN =g§! ¢ May ANDZEr§dr dB? AAAANe? r AWAS AENNERNGZNBer A friNeenndeQe & dr AnnA&d |
dBnNNDHAFT At N nNERe eBNWONA RBZ AN NG ea@tl s

A detailed discussion of 3GPP support for interface diversity can be found in Section 6.

2.3.5. Self-optimization mechanisms

yt N YedAan OQeARdfF?axcAndeA R At N AOOQONrr nAcABNANGr WAY/BIEZ ANDZ %dR@RNK dr AANG, BN
dr A QOQeBnAdOAANDZAArts ye AQt dNWN AA enadBAA ?rN R ANAReads &Nre? cON
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Ot ANMANKA QeADZHAdeAr R AADZ QAnAkdAdadNr eR At N rNeWNDZ ?2r Ner B?ra kN
ANOt Ade? Nr R dAQA?DHA?T OQeAWNi enadBd' AndeA AADZ DZ AABJQO naef ecABBJAFT R
FPAEAAANNr AADZRN\N Q&DBAE =t dQt enandBAAdA" OQAA kN AOQt ¢NWNDz f?2cErt N
ANOt Ade?Nr AAKerr ?2r u?ADNcE reBN Qe ADZAdeAr U e PADNEr AAADZ At N nee (

>eAr Ne? NAAAT R AGADIAde ANAA e MDE g NEBMdIRA A/\tN\Qtﬂ/‘G{i[\bR?MOZ\de MmdieeM  FBeN t rANALR
oesNWNaE&R At N dAQa&NAr NDZ QeBnANI ¢a’ QA?r NDZ kr AtN ?2rN eR DANAAQANDZ Bel
?2r Ne&r QeBnAdQAANr At N ?2¢rN ®eR ACEADZZI?ANZHENA(%AI,EQMI,(H:B(LDZS&M@?E/X\ ANDZ AQAANT & /

AOONrr r Ot NBNr s

TAQt AN ANA&EAQAF ANOQt Ade? NrR f°t dOt AcN uNRWDAGe ANDZ?x N DA Ak’ Ok BEARNBE Aa
enndBd' AndeA ANQt Ade?Nr dA eWNeA™ QeBnAdQAANDZ r ONAAcders fead dAraAAA
dA «&AADZB AQONrr r QNAAcder na&NrNAA A BAYea Ot AKANAGrRBsr yetWNraR dBBarAnd Re R
DZHLRRNENAA Ot ANANA Ot AcAQANEdrAdQr AADZ nNEReEBAAQN a&Ne?daENBNAAr eR A
DZLRRNENAQNr Ac&N ANF ANQANDR AQONrr BNOQtAAdrBr BAr Ngat N& r?RRNa& Ra
nERe ®BAAQON F2AEAAANNr R AtN ?2rNaE&rs - ANOQtAde?Nr JAQA?DZHAF R ABeA
ANAGEAJdAWREBNYDEA e Qe AANI A?2AK KAADZAr Rihn QR AT WANDKRNDZdreeN @t GNWNN éeA R Re
¢!, r Ad@gVDZ ENre? aON AXKAeQArdeAs f2a&rt NeBeacNR AdftAanNdfifta T- ANOQt Ade
ADZLYW D2 AAd' NDZ ADAnaAndeA eR AtNe@r §er y AKQNRAY DA QBA udh Ald RN DZeWwNDE AJg A |
QeArAncE&AdANDZ uey DAY JONRENN ADDNAr AnBEEOBEAAAE  NANcEe? NANe?2 rut @ NJEY ¢ ON
oeaN¥NER reBN R At N BAYeac Ot AKANAT MDZERAeNs\ AenmaAd BIGN FA Afde M ADM Gt/ dNec® NDZA A
ANEAGAQAF DAAA At An dr ANNAADZ kt NAdBnA@RR eeBAA BN t Aed ANDZ N AADZ R? ADZAB N
At N NAWdaEe ABNAAR Reac NINABNRANR At N Ot ANANK

AiN#gRADBG ArndeA BAr AAre DNQOOWKDZ kMeABIA @AEDZ A Ae ANR Ar R?A?2c&N r N&WdoO
QeBB?AdOAAdeA DAOdrdeAr ndat AeOQAAM@eBNRndAl e Ot AdOR rdsA Re e BRI A r NA
enndBd' AndeA B2eArARDO¥RH4AA REBNAOA R naEeONrr gAFT R AcEAArBdrrdeAR AAAN
cEArt Ne At AN AeNAAdAF At N QeBB?AJOAAdeAN AdAt dA dreAAndeAs

2.3.6. Advanced Channel Coding and Modulation

feDNEA Ot AANANA QeDHAF Ot NBNr Adt N -Eae> AADZ e KAcE Qe DANr RIDAAA QY D2 QN DZ
Nece & QeccNOAadeA nNEReEBAAONs oenNWNa&E&R 5t NA QeBkdAdAFT AdRMANADDAt t di
Ni doag UAAN R At N acNAreAr Rec varirdBAe rnmagk ADRA]me DI NA cdgkN? A e AU R A
ANnDZe mre k Ak g AdrAdQO rt AndAf AADZ F NeBNA&dOQO rt AndAf r Ot NBNr RQABNKNDY QA d, 4
rtAndAf Aerrs uw RWPBAA r @@ IMAKQDADr AdQ rt AndA? OAA kN ¢dBnRANBNAANDZ YedA:
AtN r?2QQNrrd%N QAAQNAKAndeA DANQeDNe keat Aan NAQeDANDZ AADZ DANQeDNE r ¢
AKieednrnt B SAr naNr NAANDZ  TeW dd\NBRe/AmArA @DE ARAN®FR  ANRR dgeNgpRPA Qr R AAA NA QS
Ni nNOANDZ ne dAQ&NAr Ns ytdr DNBAADZ R?@EAt N& JAWNradfAadeAr eR A tAc
rOt NBNrs éNONAAKT YedAn naeekAkdAdradQ MADE A Ne BAMARG &t Ad/LAT A e NA Qe DL
ANAEA At N QeAr ANAAKAAde A eWNae A 5dDAN cEANEeNK AeaR e, DAN rn NOERe akBN, W A AQRARA ANK A €
TufA ANQt Ade?Nr R AADZ ADBdAa NRRGOQdNuMms YedAnrn DANANQAdeA AADZ DNQeDIAF

fP@Eart NEBea&NR J g rrraANBr SdAA tAWN Ae r?2nneca r NWNEAA A" nNr R AcEARRJ
Nece e cAMBNRDANDABA A AKAANAQr R DAAA kKeQt rd' N AADZ AncAAr QNg¥ NeE neaNeE Q
r?2nne A NDZrkqf ety A N Reacrh AceDZ Necead Qe acaEaNQadeA ANQt Ade?Nrs feaE s$gR A
QeAnce A Qt AAANKA eAA"R At NaeN rBAKK kKeQsr eR DAAA AcN AcAArBdananNDR DZ

1. Long polar codes require large list size in the successive cancellation list decoder to achieve reliable performance.
This results in a high decoding complexity.
2. The successive cancellation decoding algorithm and its derivatives suffers from high decoding latency.

enNWNER r BAAA kAKeOQs ANAFTAt neAAc QeDNr OQAA AAKre naeeW dDN Ni ONAANAA n

Pnneca dAF B?AANAN A" nQNr eR QeDANr &Nr?2A&Ar A Ni ONrrdW%N OQeBnANi gar
AceDZAENs uan dr At NeNRea&N t dft Ar DANrdaENDZ ae t AWN A ?2AdRJNDZ Qe DR AF r
Acde?r AcAPREFEeOsn MNAAALt r AADZ Rne? KDZ RAQdAdAAAN DZ RRN&ENAA DANQeDHAF
QeBn?AdAf nernNae AWVAJAAKAN An At N &NONdW¥NaER ARRe &DAk AN AAANAQr AADZ A Z

yt N O&?QdAK nAcABNANE 7t dQt ENAAANr At N nNe&ReeBAAQON AADZ k Ae Qs ANAF At
r QAK4AT Ni neANAA eR N dr AQtRJUGHINNDEZ NKA r ot AJDZ2ABA QeeDBWE Oe DANr AADZ -E@> O
Ni neANAA eR osfint yRead At N QArN eR At N kug/MAk UedlkAc? @ADL AAANK UK A&DR °
rteaAN Ae ArfBrl/\E/\q,QLA"ﬁ@AUnNANQ\lGIJAWI\QeE/\orNACE'PQAq,eAr e R new(eﬁumldg U re G eNAY NEceNRce A N Ard,
ncEAQ/\doQAA BNcEd,/\r DANNADZ eA At N QeBnANi dar BR aAtN t NeANA nczeQNrrd,Ar

QeBn?aAdAF WA INNMKptfeeDZ cAnder Acdr dAF dA At N r?200Nrrd%N QAAOBIXKAMAAde A I
KN OAcGNR? AA" enandBd' NDZeRRAJAN ae NAr?2a&N At An dar naEeONrr dARA AT rdBn
eeDZst Wan dr nerrdk AN veam ardiBegn NDZ ANCERWEr s RAONE r?2 OQ0ONrr W N OAAQNAKANAd
AAQA keat kNaaNE nNeEReacBAAQN AADZ Aefi N DANQe DHAF Qe Bn AN gag/Od BnAcEN

o
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eart NeBeaeNR da dr nerrdk AN Ae ¢dBnANBNAA QeDAN ANAFP At ADAnaAandeA k-
RURt 40t ADBJdAn ?AdRGNDZ t AecDZAEN ¢dBnANBNAAAAdeA R At N naEeONrr dgAF Ap

yt N neek ANB eR t dft DANOQeDfHAf AAANAO'R "t dOt dr dAt NeNAA Reac At N DAOe
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2.3.7. Access mechanisms in distributed MIMO architectures
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2.3.8. Radio access for semantic and goal -oriented communications
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r'rANB Rec r?20t A AArts rte?KADZ kN DNrdf ANDZ Adat At N ASA&ENANrr eR |
eaNe? daEaNBNAAr R At N AnnAdQAndeAR Rec Ni ABnANR Ae naEaNWNAA At N cekea

UMNeRUAt N DANr d MEE@NRA MN DZe>AeABB? A QAAde A ug
AANDZ A ENQeDAN&E ugAEUR r NnAcAANDZ kr A SdaeNANrr Ot AAANAR AaGN YedAnaAr
rdf NAAs»*aEeN ear At N P NANEAAK 7 rANB BeDNAR 5t N&N At MRg AW Kd A feNmgel r NeAA NI
ALJANAE BAnndA? nAcEABNAEd' NDZRANDZNAGMABRENIGnAGCABBNN®RARGAKIAA RIAOAJe/
AdANAE BAnndA? nAcEABNA&d' NDZ%& ' ANAGAAKkAN nAcABNANGr

A>eBU rrr NNBd NAA N DBZe M/eQNDARE 2u N
CE

Figure 3: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 is@he corrupted symbols by the
channel with transfer function H, and y iS@he decoded output of the Goal -Oriented Decoder (GOD).

yt N ReABNReaet dr 7P NANcEAK NAe?ft Ae tAADZEN AA" £t dADZeR ANAGAGAF AArs
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ANA(E/\(LAr ANDZ eNd,/\RECEQNBN/\/\ -NAEAdAF ué-U AADZ n&ENr NAANDZ At N QAr N rAa?
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Figure 4: Data plane including Extract/Combine functions.
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3. Next Generation MIMO

yt N dAAcEeD2OandeAN AANDANNNAARAQRNORR]B?Wn ddA ¢ g AADZsg tAr ? &aNAAKT dBnc
AADZ k Nr e ADRr TNITAN@ENBHIAND E? Od A A RRNAR BAGECRABt Ae tdftNe QAnAQdAT At ce:
AAANAAAT R 7 MernQAMAIDDee & DAr A &dk ?ANDZ AQaEerr At N rrNE&¥dON AcENAs ytdrR
Ot AKANAT Nrs ytdr rNOadeA t dft AdiitNANaEAW d NB\NRRFRKIME rof e MNEEr g A ANI A

3.1. Fundamental MIMO gains

T2&Adn AN AAANAAAr eRRNa& r NWNaE&AKX R?ADABNAAAA ADHAAAAFT NrR k?2a At NrN kN
eR Ot AAANA raAAAN dAReacBAAdeA An At N AcAArBdaaNcE AADZeac ENONGW N&ER At R
nNAAt Rextr U AdALw AT endWA au niedds\ NBEUARN AADZ At N DANF &aNN e R Qe eind\saWBsaR] et NkaN ANRaN NYAe
nEe ONrr gAf ©R AEAArBdAaANDZ ec &ENONGWNDZ r df AAKr dr nerrdkANs yt N DNr g
DANnAer BNAA R QNAAcqiaeN dr Ae ?AdW NaEr AKX AnnaceeAQt s &cAQOAdQAA QeArancAdAAT
AAANAAdeA B?2raA kN vgRBDZ h BABRNNAAEARNNDZ,RRNENAA A" nNr 2R JufA FAJQArR &t
Array gain V=" OQet N&ENAA K™ OQeBkdAdA?P At N rd?f AAAr eR T AAANAAAr uAe BAAANC
AANANNAAA dr enNEAANDZ A AcAArBda ec E&NONJWN BefBRURN NN DZ& QALr k NndBix
dr AQt dNW¥NDZ kr BAI ¢B? Bt ismdascjable © wiftikgdjsh hétiesn atray 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.

T12AAdnANI gAF AADZ B? A/AdRANMDABOMMA AT AANRIA ©R OQOet NENAA AAANAAA QeBkgd
dAANGERNEGAP rd?P AAKrR k' OQeAnce KAQAF At N AAANAAA SNdPtAar r?20t At AA ?
ytdr dr NinAedaNDZ A Dz RPENaNAe AR B AR dMANs ARDQMN r rid A GRE 7O UA AN ADHAR Ne @ RRBG
B?AAdNANI AT A @BAdANAeRt ABRQRArs ! A" nNndOAA Arcr?BnadeA dA atdr OeAaNi
f ENAANGE At AA At N A?BkNaE eR ANWONWIMANrE A ad DENSAXNIBEA AdVeEcfe'e e AN QAA r NnAc
rdf AAAr Adate?an dAANERNENAOQONs ua rte?ADZ kN Ae veNDR Kk ReAmNNNVERB At dAB\d, 'Ad AN
AADZ t NnAcArdAF rrd? AAKrs >NaE&rnAdA Ot AANNMNE OeAr MNAKAAde Ant DAQANDNAA KNG
rdf AAAs ytdr OAA kN AWedDANDR BNABNNAAR nkae QO B idd\A d AfdAB? AnQf ND2 Ad AT s ¥t
DA R d A N DZ dymptotictsipe Af the (sum) spectral efficiency vs. SNR in dB (for a given error probability).

I AANNAAA DWW NEREM G NFAAGA necenAf AndeA rn&ENADZ A At N AA?P AN DRBBAJA dr OQA?
AANANNAAA DZHr AAAQONr AcN r?RRJOINAAAT AAcEPi NR At NA NAOQt A dMin NAAAr Wi e R ae Ny
AANANAAArs Vitdr drArNBdmaeddWNDE ck " e NQNA W g AF &ND2 ADAAA JdAReacBAAdeA dA n
BNeEf dAF da AA At N aENONdWNeEs Vyt NeNReacNR AAANAAA Dz W N Eivasity gaiBid st Nr At N
defined as the asymptotic slope of the (average/maximum) error probability vs. SNR in dB (for a given spectral efficiency).

ANAr gAF >AWAKRIEJGAKNANRGA ©R B?2AAdNnAN AAANAAAr dr At N AkdAdar ae Nragd
e B?2AAdnAAt OQeBneANAArs MradBAAdAP At N AAF AN eR AccedWAA ule! U dr

Qe BN ANBNAA d N RRY BNENEONY AX uyEe! U BNaAteDZR 4t dwt AQRABNA dr Mad/efAN AaN e R d| Bl
KNARNNA kArN raAndeArs §t N rnAadAA eNreA?2adeA eR rdf AAK QeBneANAAr
gt dAN At N A, é FAQA dr dANADAQNWANDANABRZL eRANQNR JAMANNAAA DY NEr dar F NANEA A

AANANNAAA NANBNAAr RAc ARAT RaeeB NAOQt eantNa&R 7t dQOt DANQeacaENAAANr At
B2 AndnANI gAF AQDz B8? KNANRKRMAAREeB A rnArAdAAAKT DZr AcEdk?ANDZ AVREKXKKNRDB NA A
XQt ANANA cAAt X AADZ t NAnr Ae r NnAcAAN rdf AAKr dA rnAONs

3.2. MIMO channel modelling

>t ANANA BeDNAAQAF dr A R?PADABNAAAK raANn dA At N BeDNAAJAF eR AAT Sdc
A ONa&aAdA Ni ANAA ten QAerN ae ceNAAdar At N &Nr?2Aar ekAAdANDZ AeN AADZ A
Reace t dgofrtXNARQENr St NeN At N RAWVNANAF AL dr e?2daN rBAAKAR At N BeDNAAJAF eR
rAQON NWNA dBnNERNQadeAr A At N r?2@c &RAQNr ©R k?dADIHAF rAE?0OA?cENr e E ¢

UA At dr OeAANi ABNANENEAGK ANNMA BeDNAr t A¥N kNNA DANr df ANDZ feBN BR Al
QeWNaE At N RENe?NAQ" &AAFN ?2n Ae 100 go's WOANOAARAARAAt RNBeDNAKJAR T &
Qt AKANAT N DANQgAAAf &enAf AndeAN naeenNa&adNr dA At N Yo' rnNOA@ABR ~dird Ot
D&, r OQ?rr NDZ r NnAcAs NAr dA ANOAdeA

1 ege®hUytN BeDNA naeener NDZ k' At N egee dr WAAJDZ Rec BrewfNfe YdUMION A r K
RNAA?a@&Nr R Atdr BeDNA tAr &NONAAAT KWRAAXNREs NADKDZe n A7 AMNDAR DN RR N
kNOeBN O&dndOQAKk Rec r"raANBr ?2adAd' dAF Ni AE&NBNAT AKAEf N AAANAAA
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AAAdQdNnAANDZ Rec J gs

T IMywiwUEJGRRNENAA Ot AAANA BeDNA AnnkcA ARDANBe BAAR nEr Y QDA DA 4@ AR e DN /
BeDNAUs yt N RENe? NAQ" &AAFf N QeAr dDNENDZ feNr ReaB N go' aAe I n go

1 BBYf'gumgyU ytN BeDNAK dr KkArNDZ eA At N egaee BeDNAs ua dr ReO?r NC
DA N NADNA QN weQRA &M af NeABNANeEr R 7 ¢e? ADZ eNRANQAdeAr R dAANcEA QA r ANGr
AADZ k?dADHYAFT N NANAcArAdeAR ABeAf eat N&rs

T .hC gdeN®&Nmum dr A rAANdrAdQAK rnAAqAA Ot AANANK BeDNAs T?2AAdnAN
R&ENe? NAOGNr &AAF gAF kKNAAGNNA v go' AADZte go' RWDE eNOD& e’ AKA BAE
D, aNQAde AAKX AAANAAAr AcN OQeAr ¢ DN &END3

1 eP2AEédwaUyt N BeDNA QeiddNdDBDA&JAdPAd® Ni ANArdeAr aAe r?2nneca rnAadA
?2fr NErs M ANArdWN cADZe Ot ANVANKOBNAr ®&RBNARNGEYAAAL NAI re nAcEABNAN

T uMMM ¢n N gffUARZ Rin eAQJ AT k ADINDR eBIBAdr A dQ BeDBANT NAtP Ngort e @NAAEde |
Qe ARNENAQON ceeBrR Q?kdOAMmTER Q@MW  DAACGRABA N ‘ANO? KAc Kerr Nr R 7
r QOAAANGEGAP R AADZ AcAArBdrr de ALK SceNo 7E8BADIN ANOE Ot A Qt Ad m  QABSK? DANDZ ¥ d
AAANA?AndeAs

T 1dgM=ufUun QeArdrwNANEBANGNAL@ Ot ANANA BeDNA Rec /7 go's ytN
QABNn?rR rAcNNA OAAT AR teaNAK AKekkrR kAQtt A? AR AADZENE r ONAAcder
QeArdgr ANAQT AADZrt ADBR AT s

3.3. Electromagnetic Signal and Information Theory
(ESIT)

MANOA ce BAF ANAJQ fAdP AAK AADZ uARecBAAandeA yt Neac' uMAuyU dr AA NBN&EF ¢AF
dARecBAAdeA At Neacr AADZrdf AAA naeeONrr dAFf Ae DAY NAen NANOA e BWFP ANAdQ/
| DZAAQNDZ/ g DHEBANADIORBB? AJOAAdeA RacABNReactr ANWNEAP N &ENQeARGP? Ak AN
ENRANQA QAT r?2@&RAONFrR Ni Ac&NBNAr AAcif N AccAr r R eackdnAA AAF?2AAc BeBNA
BNAAr 2?2 RAONrR NAOsR VYedArAARRcEBARdaNONAdeENr rR@eB Ar @EAAD2ZB RJNADZ
neek Ak dAdrad0O BNAr?a&Nr Rec AtN R?AQAdeAAX rnAON QeAANAdAdAF AKK ner
NAt AAQQAF At N nNEReaE&BAAQON R r?20t A Nrrrg/AFB AedenAr ArtNOt? rAr eFRREw B, F QWABAn cNE
Qe AWNI enadBdr ArndeMi RP AWABNIAR R@ALNDZ ne &Nrt AnN At NeaNAdOQAA AANAKT rdr
QeBB?AJOAAdeAr

't AAANAAA Qe?An dAQENAr NrR At N AAANAAA D#rAAAQON DNOQ&NAr Nr Rec F dWN
Qe?nAdAf ABeAf At NB ANADZ ae dAQaENAr Ns 9T2A2AK Qe?nAdAf dARA?NAOQNT
Qe xxcNAAANdeAs DEBAMae WBNDENAVE udA nAcEnrdO? AAcE QdaEQ? dna At Ne EBRUENADZBN A (e DZ/
rfrANBAAQQ Ruca AnBN 7 k@mQNwN At N KkKNra nNERe&BAAQN AALQArF@%A&%AyQ@ﬁnAQ/
ReABNFreact dr ADZAAAAFP Ne?r Ar dan BAnr At N ArndOQAK dARecBAAdeA At Neca
Ni drAdAF AKfPecdatBrs GAcde?r rfrANB ArnNOAr ¢ %% 0N elchMA NEGRA AT NN DREAS,
ronnecar AAANAAA AccAr AADZ ANAKef QeBneANAA DANrdf AR dAQA?DZHAF ENQe?
dBneacAnAAA Ae tAWN feeDZrdB?AArndeA eac BNAr?eNBNAA &Nr?2Aar eER At N AccA
DANQe?nAN At N AAANAAAr AADZ BAAOQt At NdaE ¢dBnNDAAONr aAe aAterN eR At N AB
Ar At N A?BkNaE& R NANBNAAr ENe?d&NDZ F NANGEAAATuNsQAREr AAEANZEAAGRNAXKAr AR
eaNAK]' AndeA R r?20t A AAEf N A?BkNaE& R NANBNAAr kNOQOeBNr dJdARNArdk ANs
"t 40t OQOAAAeAn R?PAKT DANOQe?nAN At N AAANAAArR Awihe &P 0B A B®E) Arfn AR A ALIOWEIX s
eaNONGWNER At N&N At Nga& A?BkNaE eR NANBNAAr eAAT Facenr AJANARWAY, eadht At
At AN 1 dFP AAK neeQNrrdAF ANQt Ade?Nr QAA kN ?2rNDZae AQt dN¥N AtN kNra nN
At N AAANBAEKEe ANR QAArr Nr eR neiNe ABnAdRdNaEr R WQWAY rd Bin ceADZ @A Ardre nR
NRRJGOJNAQr kr NANEf'™ &NOr OAdAfs ABAAAKNGE At AA t AKR A CAWNANAF vt AAANA
PAGAR BNAAGAF AN AccAr 7 AJA AKAcf N& At AA At N A?BRNa AedR\ AdA/ORAN oA & ABIN n R
ndat AAANAAA rnAQdA? AAct N& At AN t AKR A SAWNANAFTAts feae Ni ABnANR Ac
re? AeNDZ A A C-! QeArQrAQAF eR drencendQ cADHAreEr AEAArBgaAdAF dAA
unse U, eaN At An At N AcacAr FAQA dr DARRN@the@eE i GORNGANBO Pt e X RA MDZNcE N GV
DANnNADZ eA At N cADZHArndeA NRRJGOJNAOQr RNAANDIZNNeDZ OZ TN RsR @M /e @rr ndiN e 0k AN rd, r A
° ae ¢ AAANAAAr Sdat AAANAAA rnAQdAFfr rrBAAANGE ARNGAN {DREERe N AGERIANNADY A M
"t NeN At N BNAr?2&NDZ eNr?&AAar AcN OQAer N ae At N rdB?AAndeAN aENr?A&Ars
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Figure 5: Circuit model in the downlink

3.4. MIMO transceiver design

I Ante?ft BArrdWN fufA dr A naeeBdr dA?f ANOQt Aehkef"R da OQeBNr 5dat A Oe
t NAON dAQa&NAr NDZ NAN&f ™ OQeAr?BnadeA AADZ rdf NAKAKQAT e¥ Net NADZ | eAN At/
R? KKr DZF dhMar AgEBA\MA W, Ar BAAr éf Ot AQAr Ar AAANAAA NANBNAArs §yt NeEN
reBN ENA?QAAAQN W& i MBRAEKAQN ARKKLeAr R NWNA aAte?ft AtNT AN B?Qt BecaN
neaNeER?As ytdr BeadWAaNreiwmel NERNRRAALB NN daR ALK Annee AQt NIrtUWsUNE R ©t An

ANOt Ade? Nr R Reac Ni ABni#NReA&NdeAr RB2AAAQEATNEANEr R 2r N 2R QeAraAAA NAWY
k NABRea&BdAfT R Ar AN AAANEAAAGWN Reac A R?AAr DFf gAnAA AnnaEeAOts !r At N
ENGYNE r DNR At N&EN At N Bera nedNcE Oevh D ddw A AN ANBAWANar A NAae N unl t EN> r AURA Avet 7
AKdBdar eR QeBB?AJOAAdeA #eNrAeNARA d\eBA AeE >drA PR ARG UY W R DANPZ Rder ne R A Qe BB
rrrANB TGdgmNr e deA ! E>r dr Ni ANADADZ ae Au™M5 Wleas Nae NN RAREAQNBAGOY A NAGR ArNGexA
ABnAdRINEr wuee' ryU AcN At N Bera neaNac QeAr?BdAFf NANBNAAr AADZ QeAraAAA
NRRGQINAQrs AAN "Ar aAre dBRANBNAA OQeAr A AAAVKN/MAY NDE,dAIMAAKREEANY r NBogpAN o rd, PUMEA Aorr |
gt N DIHrreacadeAr D2ZN ae At N e?2AAAd"  AndeA Aar unstN) EBNaceAceNn @l Oe BAMN &N DA @
Ae dBnaEeWN At N AQt gNWAKAN &EAANr uvueac Ae DNOQ&NAr N At N Naeceac cAANr U t AW
NENQe DA E Wead P NWANG" AWPRN @BNN e A neel dDHYAF AeAKQANAE AADZ AGANAE n &R
rdf NAKAAGAMEDZ reBN t AWN eRRNa&NDZ AQANAaE AADZ ANeAAQANAE naEaNQeDHAF ANOt Al
e ?AAAND VAVSIWE MreR feaid i Qiete Wg DA DZ AN AAAK  rdr eR NANa&f' AADZ r nNOA EAA
tr k&dbDZ k NABRe&Bd AP 1 r NaiBre ABMEeA dIAE > A fu B n AN B N MeWA rd@ /A rd ek\A (DERDZAe /Q e M-
ueac QeArAAAA NAWNAenN rdf NAAARNRRAODAGBNnKee BINGAT eRe @ANARNENT TuTA dA [ ¢

3.5. Line -of -sight (LoS) MIMO

uN DEMBGAAANDZ TuTA Ot AAANArR rnAndAAK B?AAGNANI dgAF 7P AQA dr AOQt dNWAK AN
At N EAAt DANNADZ rAceAf &' eA 5t Nt NZ&d N K NZRNARDE E efft YN A/DBAE o A d Nt NS N NA
DZLr ANAANQN ne At N DAN¥dON dr kNAer At N f@c&A?AteRNe DZr AAAQNR 5t dOt dr Dz

fee A Rdi NDZ AnNa&r? eNR At dr DZrAAAON r QAANr AQARAGADZ 2 dNEA RN ? NN Q!
r2kr AAANGAKAT  Be aN RAOGINADR sn tul\ At tNN RO 5 A% N B e DA AR dANWANDE dBNer DAUARUNRA dis d\N /
AQGANAEAT GADANNNADNAA naeenAf AndeA nAatr atAa NAAKAN tdft Ne& Ot ANANK &/

ytN -efi fufA nNeReeBAAQN rte?ADZkN enndBd' NDZ#¥ dA naeenNe AAANAAA nAAC
NAAQNBNAA DZ\lrlN/\DEeleA/\NN@t/\AquAcL(E D&, r AAAOQNR nN(]zRquBAWe(DN D@er/\rAN\/QrNcL/\A(Z\WDZ/
AccAr Bdr AMdeshiBNRA e A Ande AN e AdAAQAT Us oernN¥Na&R At N QAr[Ach‘,/\r eR A
NAAAN nNaE&nNADZQO? KAc Ae At N AGAN QeAANQAdAF At N yi AADZ éi AccArrs >eA
uC>!'U RAOQOJAARNR tKARA nt AA At N Vi AccAr dr AdAANDZARdat a&NrnNOA Ae At An
dr Ae nAKAON At N yi AAANAAAr A At N AQAANDZ yi AcceAr nAAANR r?20t At A
KNAGNNA At N AEEAANDZENT 2 Anr dA AA Ne?d¥WAANAA yi C>!'s fwae WDNABNANR ng N
AANANNAAAT eA At N AQAANDZ yi AccAr nAAAN rte?ADZ kN AKeQAANDZeA AN NAAGnNnr
d Rigure 6k NAeRUR r?20t AtAa dar naeeYNOadeA A At N nAAAN nNaE&nNADZQO? AAcE Ae
Ae A C>! Sdat enadB?B DIHEABNANaEs =ArNDZeA AtdrR AtN yi AceAr OQOAA At NA
r?kAceA AR AeNance YNOAdeA eR NAQt r?2kAccAr A At N nAAAN St dOt dr nN
AccA'r QeacaeNrneADZ aAe A yi Eigute AR sSe p NABDNR DARAABDNMDKAFU e A At N AdAAQAT
DI RRNENAA r?2kAcceAr OAA kN r NANQANDZ ne QeBnNAr AaNu"R& UNsQAnRA Qira " r tAeerr /A g
Ni ABnAN Sdat s Figuekbk @cA'Ar ADBDIHYA e AR AAAte?ft A AdAANDZ AeecAr OQAA kN DN

A
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Figure 6: (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 subarr  ays at different tilting angles

3.6. Multiuser and Cell -Free MIMO

.Nafeact DANArdRJOAAdeA dr A 5 Nr NAAKANE Reac R?aA?a&N S daEaNANrrwMeRaEW ONr
AAANADOY Uoea NW NER Ar DAnAer BNAAK BANDHY A0 4OENARP BNR RANAN DZBJAdrt dAF a
t ANDZ W Ner AADZ r F NAKGAT el Nt NADR NWNAA? AKAT «&NAQt dAT A rAr?2cAnden
AeNA QAgA®URt dr AdBdrAndeA BerdWRaENN AcQtt gRMOANesNAaBDZ RQNWa#N 2 r N& Ne ?
r NABANrr At at ce?ft A FNefcAnt dQAKA" DI rAncdk?ANDZ AccA’ eR cADZe ?Adnr
A AAEt N A?BkNaE& e@RONZr amek/OmmMNDg !Aeer U YedAA AT r NE%WN ?2r NEr AReE@ALNDZ N (
BArcrdWN JTuRAERNOMAA-ect r naeeWdDN BeaecN ?2AdRecB rNaEWdON e?AKAdAT R AN
DA r A &dk ?ANDZ AAANAAAr Ae NAr Reke Q&EXKr @r NNxKs Qe AANQAdW AT

t AN OAKArr dQAK ?2nKkdAs AADZDEBAAKGAL TufTA KdAsr AEN SNAK ?ADNGEr AeeDR
NRAENN ANAneactr OQeBnadr gAf t NANcef?f NANe?2r TJufA KdAtrs , ?BNae?r DANr dFf
AQA?DHYAT mBANeRNBHOAELk?ANDZ A ®€AArBdrrdeA AADZ eNONnadeA nedAAr uyéer
WAdAKAkdAdAr AADZ Ni Qt AANFN eR Qt ANMANA rAAAN dAReacBAAdeA u>AUuUUR At N Qc
rnN ur dDNAJAL NS JARGEAr A &? Qa?

TufA tAr A BAYeac dBnAQAr eA At N Qe?nAdhR ONERRNAANt dANNKaALNDZAQ/DE B 71
DZ\Irq,rAs QtAAK&Nf/\rN dr At N YedAna enAndBd’ ArndeArneR BAREKa@QAR K deN Tal AcMree DEQ
dAANGERNENAON Kk NAWTeNINDWN DXJVE rB MAAT e R rnAA(J,AA qmm@MrQrB(yArAQ\QEMERLNWl\fd\Rf\Nraz?Aq
AANDZ DAY NAendAf veQAABemR deNiAE e RANA &NBAJAr A naeek ANBs kit dat N r Q3
DANWNAenBNAA ©R DZraAcdk?ANDZ enadBd Am dleMA A\ DM AAQEA aOW, MPe (R NN BJN« AT Qe AAN
AQONyedAAr u!eryY dA A RPALKr ERRN? gEXN BANANGEEe AOt At An YedAA AT OQeAnce
AAANAAA nEeONrr ANDRAAGRDAANr 2O AErnde AN kKkNARRNAN yéer AADZ CMr

gt N AcEAAr drade ARarN AEGDA] ONEMK? eN AAre cENW? dERKJENNDZ ¢ A o ANBe R R @NDR £A

AQe?drdnandeAR ndAen DANrdf AR AADZ ¢AdAdAK AQONrrs ! ONAAGAA Ot AKANAT N c
ANDZAK@ Kk AN DZ,r n €k ? ANDZ DNr df Ars feac AuBRENUDNAAJANDZ DHr Q?rrde AR r NNR

> Do O Q¢

3.7. Reconfigurable intelligent surfaces

¢ NQe ARdF ? Ak AN dAANAAD? NAA r ?2&RAQONr uéuidy AEN NBN&Ef gAFf Ar A neaNAad.
Aeern SdaENANrr nAAANRKEQwE AREQ QRaHNKENRdIWt Rec ENRANOAdeAR &NREAQAdeAR 1
eR dBndgAf dAF NANOAcEeBAF ANAJO RAWNrR 5tdOt BAr kN ¢BnANBNAANDZ k' Ndat
n&k?r A OQeacaNrneADHAFT OQeArce AANE RedratAME® QuVeRd\ P ADRGe Ag N, enANNEBA tXAIMN A
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R 7tdQt "Ar dAAcEeD2QNDZ RdqaraKk' R k?2an tAr kNNA &NnAAQN
R?AOAdeANAKdAT R ENRANOAJQA?T AA dBndAF dQAF rdf AAKs
gt N Sectortyn 8Os ANDZ At N Ot ANMANA NradBAndeA naeek ANB Reac éufisS AeANAt NAN
neenecrde AAKAT ae At N A?BkNaE eR éuii AAANAAA NANBNAArR AdBdadA?f At N A
At N RAOA At An dAMNAE UM edrt AWNE N PA r eaE NW¥NA npopoogd geU® BA/ANN NDAWANrAse n-NDZ N AAe
NradBAAdeA rQt NBNr fdat AdBJduNDDeW BceNNADPE taeAcédd®? KAERAAAr aAef NAt N
Qe NRRJO4NAATr Reac NAQt éuid AAANAAA FaEe?n Reac Qt AAANA naeekdAf R At dAN A
QeacceNAAAdeAr dr ?2rNDZ Arn At N CM ae NrMdBRRNOM !t WR é i D2OP AAMIA NAS N § NI R N (

DZ,BNAr deAs

gedAf kNreADZ mtt RUWAGeQe: 2 ANr Rdi NDZ éui QeARJdF?EAndeAN nAEABNANEr Re& A
u® ntd enadBd ' N AterN éufi QeARdF?cEArdeA nAEABNANEr fdat AtN AdB Ae Bd.
A rrrANB 7dat B?AAGNAN éufs YVt N enandBd' ArndeA NinAkedar rnArAdAK Qeca
dARe &BAAde AN ANDZAN AMBNNDEAAN QAT enadBd' AndeA AADZ n ceNeNi@ahdsizisihe A DA, NAA D
Rea&BdAf eR éufi kNABr Rec Ot AAANA NradBAadeA At An DHENOA At N ndAhean r
correlation matrix containing highest power. Numerical results show superior channel estimation and data rate

performance compared to the method in [43].

Jt N O0dE0?2da At NeacNaAdQ Be DINAXAADZAAQ %er rkNDZ AdnAn ARNNCDY daekd U r Q@02 G ABe BAA
r?2dANDZ Ae Qt AecAOANGEd ' N At N A?2AdAF QdaE0?dar R At N éui NANBNAAr UuUNsT:S
eR At N éuf ?2AdA ONAArs fA?20t A BeDNA rtear AtAa St NAAANNeRt AT N ENRANG
Qe NRR4O4NAA Ot AANFNrR k?2an AKre dar ABRnAdA?DNs f?2&at NER da NAAKANr ae

yt N ?2rN R éuid dA dAD2rAcdAA JADRec r QNAAcder dr tdft A" naeeBdr AT R
ONgAQAT R A RAOAe " WJAAA AQAVE r n aeW JODNCMefer gadeANDZ AAT 2t N&EN B A At
teBef NANe?r AQ4EABGAr dDN At N RAQreca’ tAKAK Sdnt A KdBJdANDZ A?BkNaE eR A
eR r?n&NBN dBneacn AANQON Reac RAQJAGAAAJQAF JAD2rAcEdAK uey QeBB?AGOAAdeAR
PADNGE Ker KAAANAR" dONNRAGAGARr A'URRUER ¢ M&Wd @Mst NaAdP AANDZ At N AQt ¢ NWA
dAD2 r AEdAK ueyWNANEAQONZ R4AOA¢E Efi DAN AW ABR BBAY MAR&KN? OBOT kAADZS un tAr
At NeNdA At Aa At N 2¢N eR éuil QAA naed DN At NAR R BeR NR\ERES T NAGA?BAMNDIN (@Y
FPAWNA At Ar At N éufi AeN neenNceA" DZBNArdeANDR =t dAN QAnAQdar F AdAr I

?®RAONr %X uuéh
Nr e ADZ At N rek

¢

RtENe’.)N/\Qfs fecNeW¥NER At N ?2rN eR uUBAJAAT U nArrd%¥N QeBnea&atlAKr 4RNNDBA DZ
Rec éufi nceD2OQndeA AKAer Rec FaeNNANcE rek?adeAr eR At N Sda&NANrr dARG/
QeBnAcEGNDZ Ae A DANnAKer BNAA kAr NDZeA uAOAd¥NU AQONrr nedAar eMNARY §t dr
"t NeN A QAackeA ReeanadAa AANAKT r d N AL AArA OINNDR /DNQAKe e BNNDZAe e BRigAe NIDE Aéeu A A
AQONrr nedAar eAA'R " NADHA? A &END2OAdeA eR At N OAckeA Reeana&dAA uOx
uRAQAeE ° Us

3.8. Security, resilience and reliability

6 NAAANDZ ne ANi A 7P NANcEAAdeA TJufTAR At N ntrrdQAA AA" N& r NQ? &dAar Qe AQNI/
rNO? &d A" nAcADZ?BrR AcN eR BAYe& dAANENraAs ANOQ?&dA’™ AADZ naEdWiAOQr drr?
W AANNIEALGA ONr ReEeB At N neNWde?r fFNANEAadeArR g tAr ANZ At aNAA WNOAe G
Ae QAndeA e R @& A DABeA rrradtidiy Niru TdA\ (2 AnnaNBr AADZ AannAQrr AF AdAra nNaEWArdWN d.
DANN ANARG@AAR @ ARANA ORBB?AQQANdeAr R AGA qRAQAAA V¥ A NeAAndd QU AONND duct U Rr
AdBN ADAnaAdWN r NO?@®dAar R AADZ AeWNA DAAA rloze/\NQ/\q,eA BNOt AAdr Br r?20t A
Aen naeeBdr gAF AeN@dMGes2AMN At N AAnAQt BAFAQA?DN AADZ nNaEr e AAK® DBAA ka
dDNAAGRINr rNQO?&dAa’™ naENr NeWAadeA ANOt AeAkef dNr dA At N ntrrd@AAeRAT NaF
I'g ANAGeaEbrs UuA Atu\b ReWabbchW ¢ WO rneidmNeE ¢ r Ni nAdOda A BNAAdeANDZ Ar A rdi At
ue?eaANi Xyt N raceAf Nra rNO?@&dar naEeaNOQadeA BAr kN AOQt NWNDZ An At N nt

' KreR TArrdW¥N JuTA dr kNANRJOdAA Reac ANQkeAnNDZNs Nrg NANLEREAeds A >4 AANAR
nt " r OQAKAKANDN&ENQt Ade?N Ae NraAkAdrt ruN@aNA ANBKrN ak NeaRs NANNO t DIGWVCIAN r Ot A A
Ot ANMANA  cNOANKEPDENQaENA t N' 7 NANcEArdeA DZEGWNA k' DHRRNENAA D2 nANi

QeBB?AQQOAAdeAr R AADZ naeeaen™ nNr dA uey ANameacir ANa&N AnnceAM@aNDZNG A
rNQa&ENA £ N r dAWRB A JgWN ABNAME e b o sRY R {DRXE WNDZ AR AT At N rnAndAKKT Qe c
PADNGEAT AT BAr d¥ N e RAA GnADTY N BN Ak A@ent N© P NANEAAde A AKFecdnt B
1t dOt reAWNr AtN BAYeac drr?Nr eR ¢dBnN&ERNOA Ot AAANA @ENEE NAFeAQigeArN SR A NA

3.9. Energy and cost efficiency

MANEf ™ AADZ Qeran NRRGOGNAQr Aa&N £t Nr DANr df A nedA QusnuAidiie raRscaiverfieel ? €N T u T A
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
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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 mo dels are required to properly evaluate all factors involved. While most studies focus on the energy radiated by

the antennas, the bigger part of the total energy budget is actually consumed by the hardware (e.g., coolers and circuit

energy consumption) [54]. 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.

It N?@Edr AdQR 7 \=ENODIY Y NeARdBdr uy éael radnaQt eASeRRR UAARBANL T FREReERALQ
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eR AOAQWN yéaers ytN AAAAT rdr Arr?2BNr AtAn AKK ec Beran yRaEpAAER? Be AA
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rdB?AAnde AN ENr?2AAr R At N&N At N naeener NDZ # €eNNDZ yéa@ AQadWAadeA raAcEAaAN
| DDA Ade ANAKAT R keat AnnaeeAQt Nr A&N kNAQt BAac: NDZ Af AdgAra A OQeAWNAAde/
?ANQee eDHYAAANDZ § é ar s

1 N &Nr Righre 8di,Be Ar A €AAN A RARN NA tulN f N AAEQL A NOA? &N kAr NDZ eA Qee cDZ AAANDZ
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dBnaeeWNDZ NANEf ™ NR, OdNAOQr cBrekRDZA B Ncf NEBIRWBRT r A BEAMWT + r NADZ rr 2krAAAAC
fFAQAr eWNa& At N cAADEB AnnaeeAOQts §tNr N fFAGIWTuAENr ONARGELRRAL t NEBAYAA QR
DNAQAdWAndeA QAA na&Nr NEW N eW NeAAK rrAadVEeX nDitja RNece B /X Q NA AKDZ  QPeReWnNNGedAF Adg/fef A ¢
yéer ne RRrNaA At N &AAN Aerr Nr AT NdQAAAT ArreQdAANDZ adat rnandaOt dAF

jlel

Reg. CF-M-MIMO vs Multicell M-MIMO, N , ;=64 N =1, P ,=0. K=84 users
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Figure 7: Dense Urban scenario according to with Figure 8: Rate (righty -axis) and spectral efficiency (lefty -
BS sites coordinated through a CPU. axis) of Regular CF -mMIMO vs Multicell Massive MIMO.

3.10. Al-Native MIMO

'3 And¥N quiTAA NBN&Ef gAF Qe AQNnA 7t NEbdt ndBeANmIWReEBBAA QeceN nAcEa R A
(7 r ARNBQe B ANBR AAYFAB N /e edMA NRO Al NKAAY Q o, A vk ABreNDZAA Af e e At Br 2t NA QeBnANi gar |
ANe ANKQAKRAN@G BN, Bd UQAFQAAN kN ce?ft A1 OAANFfecEd' NDZ dAae At N ReAKendAf AcNA

Al for MIMO channel Nr A dBAAdeAl naENDZQAdeAld r Nt dANG A ZADZ QeB8NAEKr Bla AeDZ «ENA-'
Ni n&KdOdnr BlpADRWRDR,NFfu A EAAr Re &B Na&r URA/DZ ORIPRON dred\X eBre DARWANUEA BIADIRT R@ teN/QRN A r
Ni AncAQrn NAWJEe ABNAAAA DAAA uNsfisR ner droedaNGNERR nAMRDZA QOB K e DAmM Ae A 8 N
Qt AKANAT QAT D2WAAA =&A§A4ENBNAATR P NANEAAKd' AndeA AQaerr NAWdaEe ABNAATC
At N ANNDZ ae BNNA raAcdA? NAA AAANAOQT AADZ QeBnANi dar OQeArAcAdAnrs

'u Reac TuTA Yedfhewe DBMAAOANALNA Sdat rAArdeAAcr Wdr NBZ BAN { % DIe? mphRENaes A d
Qe BnANNN&ERe B AN QNRJRe @BABNENIDZt e n A d B ke redoB AVNWEde DENZZ DN oG dIrcesR n NaERe &B A A (
DANFf €cADNr 2t NA Ot AANANA rrAArndradOr WAEer «AngdDZ's AAN SAr aAe ADDZENr r
AEADHAJe ANAK AAfecdatB "dat A L AeRA rAacE?0A?c&N AADZ A RN7F RaENNEstn AcABNA
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3.11.Conclusion and connection to other topics

MIMO -based technologies have played a crucial role in the success of 4G and 5G. =?A JufTA tAr Aea " Na &NAQt NI
eR dar R? A& we moveNtdward) A& and beyond, new challenges and opportunities continue to emerge. The
performance and scalability of MIMO in future networks will strongly depend on architectural choices R Rae MAMAQE A D A

QAnAkdAdadNr R EcADZfe RaEeAANADZ QeArancAdArr R Ar SNAA Ar At N AAcEf NANDZ R

fead yo' ANDZ RE&Ne? NAQdNr R Dz, mRD?d B NAR BMA ARIWTA g\ A & d, k DastsDignficant NENA A T u
Qt A K A NAchiaVingsfully coherent base station coordination at these frequencies demands extremely precise timing and

synchronization, which is difficult to realize in practice. As a result, non -coherent combining techniques emerge as a

promising alternative.

gt N TuTA nedAQdnAN dr AAREEAQAYT eMAA ENRAAGMDPZNAE QONA r u, AT! UR 2t dQt t A
Rec uss®@ UAADZ DZr Q?rr NBZ g - RWKRaeBe AAT! ANNDZ are kN WENAAEWNR cNAKNDA Re e
A0t dANOA? &Ns ytdr teADZ drAENMN era QNA @ WRBNOEDZ AV ADENES @t AR WNt An AEN «ENe ?
Ae r?nnecn At N t?2FN A?BkNaE& eR DANWIONEAAGMT A tAN nER ADENS Re BAA o R e &N
dARe&BArden) RYNAYEN ENONAAAT &NFAQANDZ rdf AQRAOAAA  d A NicENKWDZ Reenct Nfeu § A
AnnKkdQAndeArs uA aAtdr OArNR At N rdB?AAAANe?r AcGAArBdrrdeA eR QeBBeA
YedAn B?AANdOArAn AADZ?AdOQOArAn kNABRea&BJdAfs ytdr BAr AAre kN OQOeBkdANDZf
e AN D&, nNc WQenDdsNF

gt N ANEB X, Nian FfNANcAandeA TJufAx rAAADZ Rec AtN DNWNAenBNAA R rnAna
rNOAdeAR reBN ArnNOar tAWN kNNA DZLrQ?rrNDR k?A At N r NANOAdeA dr dA A
r NOrde AWtRN N Re R TufJA Reac uAAN?F &aAANDZ ANAr dAF AADZ >eBB?AdOAAdeAr dA
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4. 6G-Enabled Cooperative
Connected and Automated Mobility
(CCAM)

4.1. Introduction:; The Vision for 6G -Enabled CCAM
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Figure 9: 6G-enabled CCAM vision. CCAM use cases can be enabled with enhancements that 6G will bring in terms of
highly reliable communication and sensing, integration of advanced software architectures (such as DT), and deep
integration of Al technologies in both the 6G network and services. These will feed into CP, which is an essential block
for integrating non  -cooperative actors, which would in turn enable the full CCAM solution.

4.2. Collective Perception: Integrating Non -Cooperative
Mobility
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Figure 10: Benefits of collective perception over sensor only solutions in terms of object perception ratio (figure modified
from [3][1]; red curve: forward sensor; blue curve: 3600 sensor; green: Tesla Autopilot sensors).

4.2.1. Object Perception and System Benefits
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4.2.2. Collaboration Categories
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4.2.3. Addressing Deployment Challenges
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4.3. High -Priority CCAM Use Cases
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4.3.1. Intersection Management
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4.3.3. Vulnerable Road User (VRU) Protection
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4.3.4. Multi -Modal CCAM
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>>1 1sQeeAANOQOANDR r NABANrr r"rANB Re?ADZ AKKern WAacde?r BeDANr eR AcGAArne
NRRAO4NAOQr AADZ BekdAdna' s

4.3.5. Software -Defined Vehicles (SDVSs)

fie Rn WBReMQ ANDZ GNt ¢ QANr UuAEGryY AceN NBNaf AP Ar A tN* NAAKANG ﬁem At N RN
ne kN dAQa&NAr dAF A1 ¢BnANBNAANDR BAAAFT NDR AADZ ? nDAANDZ At ce?F t e RA DA
t AeDZ AN QesBneyANNArrt dRA dr r?2nnecaNDZ kr ADZAAQNr dA ¥ Nt dOQAN MsM Am
QeBn?AdAf NAAANRNEReRBANON eAkeAcEDZ naEeONrr ¢AF R rAAADmEDAwNMﬂEeR nAc
INDAANrR 2t dOt aAef NaAt NeEANNAODEMAYMP? QA Mr rst NeW st Nde AQRNOQr QAN

UA At N QeAANi A eR >>! TR AEGr naeeWdDN At N RANI dkdAdar ANNDANDZ Ae dAANF
Ke OQOAAKd' AndeAR AADZ A?AneBAANDZ DZed % gAF R?AQAdeAr Ar 7 rANB &Ne?dE&NBNAA
GV A NAWdmeRBNIAMEN WNt dOANr B?2raA r?2nneacn ANZ r Ne®wdONr R &NrneADZ ae Ot
ndat dAREArAE?OA?cEN AADZ ent N& ceADZ ? rM it OKBcANE®NERNON NENe RNAAEGNAA E
ENQe ARJF ? Ak AN OQRBBZ QuQAEw Ak ABNOt AAdr Br R RAQJAdAAAdAF At N dAANF cArdeA
BAANAT NBNAA o@REd MERNA A Vg AN DEADZAMN AN (ROUWN QA de Ar
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4.4. 6G Technological Enablers: Communication and Al

ytdr rNOadeA Ni n&KAdAr At N £Nr NAAkAGA?T ANQt Aedkef dNr Rec >>! TR DNAAG
At N ANOt AeAefr ae At N ¢DNAAJQRINODZEN N OQAr Nr dr r?BBAcEd' NDZ dA

4.4.1. Communication Techniques and Frequency Bands

1 fOPEANANI JufdJEUMWNQt AeAefr AKAKerr Reac rdB?AAAANe?r AcAArBdrrdeAn AA
nt 40t OAA neaNAAdAAAr D2?kAN QAnAOdar AADZrdf AGQRJGOAAAAT &END2 QN
WAK?AKAN Reac dBnaeeWWdA?f At N &NAJAKR YAJnUAde R KeAARDA?nDAANrU dA
NAAK KQAF Qe KAdr deA DNANOaAdeA ot dAN AcEAArBdaandAF s

1 ,eMaertefeAAK T?2AAdNAN AMOOMNMNAAKENAT BUKA LN AN ?2r Na&r Ae ?2AdAd' N el Na
ENre?cONrR 7t dOt dr Oa&dAdQOAA Rec BArrd%N QeAANOQOAdW¥ dATs uan NAt AA
Ar 2k AN nAAneeAdAT ec naeeaNOQA AT t ey DBRACGNGNr eR W ?AANEAk AN

1 éNQeARdF ? EAKAN uAANKAF N A Ete WMERARNYA Aus uinlf? OA 2 eNr At An QAA DZ AA
NAY daee ABNAAr k' &NOQeARd4PF?2&dAf At N ntAr N AADZ ABnAda?DN e Rv dAQdDN
eWidftan u-AfRU kAeOQs AF Nr dA QeBnANi 2 akdfemM rANA AddWniNraR NFOA Qde AN A AAWAGDIX Feen

T YNcEAf{ NeErn' uyyo'U >ERBBEAJOARNGeArEt N nsn aAe nn yo' a&AAFNR At Nr N kA
&Ne? daENDZ We e ?ifm?A rNAreac DAAA Ni Qt AAFN uNsfsR &An -dE!é e
DANANOAde A BEDARK? #2d T r ONAAcder 7t Ne&N BADPALANB2 NAW K e A B A &N BZK

4.4.2. Sensing and Cooperative Perception

T UuAANF ®AANDZ ANAr dAF AADZ >eBBI AdDR&EMeMAyu AA >Ud nAcADZfB 7t NeN A r
QeBB?AJOAAdeAN AADZ r NAr dgAF n?2a&nerNrs =7  &N? N OefB/BRNIORAAd R A EI
t AeDZEAEN &ND2 ADAAQT AADZ Ot ANANA KeADZ un dr Qu/red DADEMDZ ceAk W A
rdgA?AndeANAK ARAENANrr dA OQeADZHAdeAr 7t NeN OQABNacAr e gef Bdfta

1 -eQAKQd /ApndBAYNr kNreADZ eaNAJAAQN eA g, A VWA NMDANY AEAA A DZ d BDIAR N A B
nerdadeAdA? RNAA?&ENr uNsfsR r dDNAJGAB NpdNred, AAROJAVE QS s AN DEr t qifcte W 4
ANONrrAcr Reac nAkArneeAdAf AADZ naEaN®dr N dAANEr NOadeA BAAAF NBNA

4.4.3. Artificial Intelligence Techniques

®cNDZ QA QW N éedhruédM?d T- Ae ReacNQAraA ANAReact e?2AAda"™ WAacdAadeAr kNR
neeAOAdW¥N rARNAT BNAr?2a&Nrs fec Ni ABRANRY GA N ADMreneAN @ P t daR gt ONE NrATr rNA NIBA
Qe AANOA 4% daf dé&ReediAkedr A dmtr s Kk NANRGAr R A BAOt AN ANAEGAGAF kAr NDZreK?a
P2rAF E,, Ae na&NDZOA ?nAdAL nUGEEYN ANEBrAr RDNt ek NDZ2GA n aNDF,OAnde A Na
cdat AA gAQ&ENAr AP Aedr N gAAcEeD?2 QNDZ D2 &ad Af At N ANrAdAF s
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Figure 11 Benefit of Predictive QoS in estimating V2I throughput.

1 EdrAcdk?nNDZ '@TQA? DANr RaEABNReatr KAdt N f NDNEAANDZ e fAinAda - NA&EAG
Ke QAKKT AADZeAKk" rtAcN BeDNA ?nDAANrR na&Nr NEW dAf DAAA nadWAQr A
AdBN DAWMALdAA AQcerr AAKA >>! 97 rONAAcEder s
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e WMRRDZ 'u AArtr DZ AABJOQAAKArs §ytdr NAAKAN QeBnANI !u e&EQf{ NraG
ndate?an ac&Ne?2daEdA?f NWNaEr WNt OAN aAe t AWN Ni /\CENBN eAkeA&EDZ QeBn?aAN
4.4.4. Virtualization
1 EdfdrAK yrBAr QENANR DZ AABGQ DZF dAAK aENnAdQAr eR nt'rdQAK
rdB?AAAN AADZ enna q,Bq N AcARR4Q kNt AWdeacs BeDNAAnQed ¢DHYADRDeA ¢AAD
enNEAANDZ DZEQW AP Vard BAAA RN t AR ot N AL
1 feRaWNRJANDZ uA/\ NEANA eBc6RNQRANGAUREUEGRHAQdNANI R AE
t AeDZ AcNR naee¥ dDHAT A RANI dk AN AADZncef cABBAKk AN dARcA
AANDZ DZ AAB4OQ AcGARRJQ DANAr dadNr AOQcerr AN r QiehenrAMaAiANd, WAN  ABB
AcOt gANOA? &aNf dFf MeNe s A dA
Cloud/SDN Confroller
Upper Data Plane
(RSUs, Base e Fog Node Fog Node
Lower Data Plane Edge Node Edge Node
(Vehicles with OBUs) (RSU) (RSU)
Knowledge Layer Vehiclel Vehicle| Vehicle
(Environmental & Traffic Data) (OBU)| (OBU)| (OBU)
Figure 12 SDIoV architecture.
Table 4: Key Enabling Technologies for CCAM
Technology Main Scenarios Remarks
FD Platooning (including urban), Improves reliability of  broadcast
Intersection Management messages in dense environments
NOMA VRU protection, Platooning (including Enhances connectivity in congested
urban) networks
RIS Intersection Management (including Helps mitigate LOS blockage in urban
roundabouts), Urban Platooning settings

THz Communications Multimodal CCAM, VRU Detection

ISAC All scenarios, especially VRU Detection,
Intersection Management, Roundabouts

Localization Platooning (including urban),
Intersection Management

PQoS Platooning, Tele -operated Driving

Distributed Al All scenarios, including Tele -operated
Driving
AlaaS All scenarios

one6g.org

Enables high -throughput data
exchange for sensorrich environments

Especially relevant for VRU detection,

intersection management, and
cooperative maneuvers
Supports  precise  positioning and

coordination

Ensures reliable communication for
coordinated maneuvers

Supports real -time decision -making
and privacypreserving data sharing

Provide assistance through exposure
APIs for complex Al orchestration within
CCAM entities
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DTs Multimodal CCAM, Platooning (including Simulates and optimizes traffic and
urban), Tele-operated Driving vehicle behavior
SDloV All scenarios Provides flexible, programmable

infrastructure for  CCAM coordination

4.5. Conclusion and Future Directions

yt N AncAArdadeA Ae I g BAetr A R?ADABNAAAA rt dRA RaeB AcGADHAdeAAA Qe AA
t NAr AF R AADZ AANKAQT NAQNs ¢t ¢ ov QUAIARNK DRYeAe "dB N /OnE devR|, Qfefe rRRecA md ¥NN A>Aect AN
TekdAPATTWR At dOt dr O? &&ENAAAT KdBdaNDZide AANQA NDZA&e AKGAPr MNar $AQe eane cA
gt N nedBAEr BnND#HBNAA aAe BArr >>1'7 ADnadeA dr REAfFBNAANDZ r NAr
t NANcef NANe?r AFNAArs >eAANQAdWN &NEONnadeA u>e&eyU dr At N NrrNAAQAA K
eR keat OeenNcAReMWEAADY MeBdk YNOAr At ce?ft rtAENDZ r NAreac DAAAs §tc
Re? ADArndeA Rec KkArdO OQeAANOAdWdA' R A BENOGENBWKMAR NADE R RR A DL MAM NRekr M D
DANBAADZ e RaEdmRINOAEA 21 N QAr N&A WA NB N/MM AN G N Ardeee Wl O N ¢ A A RDZA DaRg W ) A N's

gt N &NAAd' AndeA eR At N >>1 9 WwdrdeA DNnNADZ eA AtN QeA%¥Na&f NAON eR r NV

1 UuUAANP €AANDZ ANAr A? AADZ >eBB?AdOAAdeA uufi! >U AADZ ANZ R&ENe? NAQT
NAW dEee ABNAAAAK ARA&GNANrr AADZ r NAr AT &NAQAKkdAdAT s

1 @NceW%ArdW¥N !'uR rnAAAQAF RaeB zc MIHAQRNG, WD r &\ex, kW aad\eDE WK NA/AeE Ard g W ARQeEA B N -
Rec wedyB X DABAEL dAA AADZ NRRJOGNAA &ENre? QN BAAAF NBNAAS

1 GdaEn?AAd' AndeA nAcEADZT? BrR dAQA? DAATF T sEKNJRAG/MN DZEwW/K "dM BN Ay Rl r G N ADD@
TdAK naeeWdDN At N AcOt dANOA? ®AA RANI dkdAd A% ¢ONDZeQM/ABAEA Ad'dNeDYsOe A A
f?2A?2 &N &Nr NAcQt AADZ AD2rAac’ NRRea@&ar B?2raA rtdRA RaEeB JADHWID2AAK AN
AANDZ ddfece?r WAALDARKYNe Ni gNEcgBNEANAA ANrAkNDZs MraAkAdrt dAF dAANcEen N
neEenre Qe Ar OFeAr !'AMADEeGYH AdAtr dr nAcABe?An are AcAArdadeAdA?r At Nr N dA
QeenNaEAAdWN BekdAdar r7rANBrs
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5. Integrated Sensing and
Communication (ISAC)

5.1. State -of -the -art on Integrated Sensing and
Communication

un dr S dDNAT k NKYNWKBZ e AnBANGAN «EADZe ' rANBr SdAA kN DANrdf ANDZ Re.
t NArdAF k' NinKkedndAf At N rNArdAT QAnAkdAdadNr eR cADZe RaENe?NAQr 'y
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rAcEAANF dNr Ae dARNE AQO?a&AAN nerdadeAr eR nArrd%N AAci Nar RBaE AnnA
BeAdrecdAf R nNDRAded B8R OBAAdr de A AweQDAAQN kKkNAZGNNA A?2aeAeBe?r F?2d¢DND
ArrdraNDZ AKQWJAF R Ar ASNAA Ar AQO? ®AAN AeQAAd' AndeA AADZ n®A01 gAF eR n
AAGEF NAr GSdat AOAQWBAMBAQLNBVYNR JAMENERNAONL AP A AL Nr BAAT ReaEBr R GAAF AP
nENr NAQN eR AA ekVYNOA aAe dar nengEamgrelARe r mdIiNDRA AANDZ NN QR d @B Biddafe e
>eAr Ne? NAAKAT R At N&N dr AA JAQ&NAr gAF DNBAADZ BZe Ge BB YT ARQBA A dyet M A O AN A kddk
oenaN¥NER r NAr dgAf AADZ QeBB?AdQAAdeAr tAWN AcADHAdeANAAAT kNNA nNERe BN
ReNe? NAQru %k&BWPEt NeN AEN r NWNEAA nerrdk AN enadeAr Reac dAANF &®AANDZ r NAr d

T uAAN?P €AndeA Aan tdgft ANWNAFT St NaEN At N rNArdgAf AADZ QeBB?AdOAAde
Ni Ot AA?P NDZ ae t NAn dA reBN SA" AtN B?2A?2AK R?AQAdeAdAF s

T uUAAN?P €cArndeA AA Qt ND2 AQAFT At An dr NArdgAP AADZ QeBB?AJdQAAdeAr
rnAONR NAAKkAJAFT At N aAfe R?AOQOAdeAr aAe rtAEN At N rnNOA&E?B AADZ nAc

1 f2KK dAANF cAndeAtT dA Atdr OQAr NR r NArdgA? AADZ QeBB?AdQAAdeA ' r AN
At N Re&Ne? NAQr kAADZ §tdr AnnaeeAOQt dr AAre st Aeda A Ar YedAa r NAr
TAYNReaEBr AGAArBdAANDZA e A ANNODRBBRIANGOA nNaEReadB rr NArdgAfs Ve R?A
QeBB?AdOAAdeAr R AdaENANrr rrrANBr RdAA kN DANrdf ANDZAe r?2nneaca ke
&Nre?&QNr AADZt AeDZAEN AADZ At NENkr @&ND2 QdAfr dqdeNshn R nesNE QeAr ?Bn

uf! > OAA NAOQeBnArr keat rdDRNAJGAt OQeBB?AJdOQOAAdeArR r?20t Ar GvG Rec
A?neneBe?r DaEdWdAF UR AADZ AAre QeBnAdQAANDZ BekdANSONAA? KAxc ANARecs
eaNVeA?ardeAd N At N OR GENAN BeBGANGOUAC e cb r

uf! > AA BBGAWNr OAA AOQt dNWN rd?f AQRIOAAA NnNEReaEBAAON ANWNAr kr ANWNa
ENONNn N &N UADNNDR At N nealOAEANA ANANAANR AkafAN r D2 N uAR A A DZantNAA 5ArA WANeA N
AAcf N& kAADZ dDatrR QeBnAaNDZae aAterN AVAJAAKAN dA At N AcADHAdeAAK O
ADZAAANAT Ne?r Aean eAK' Reca QeBB?A@OWM@WﬂUW&mtNEBEGN@GﬂUWArQNDIAeAe r
td‘,rvﬂ)AnAQda/\r AdAtrr Ae AtN ?2rN&E&r uNsfsR Atace?fPt rnAAdAK B?2AAGNANI AP L
I‘[NCERE’CEB AQOO? ®AAN DI ENOQAde A wenl LA&(HU?AIAEB[EEENIRUk\ryroNq,QAIDQUQI\rkrA?\IDZ ANOt Ae
At N neaNAAdAK FAdQAr aAe  NArdAFf AcN NAeacBe?r dA A NaBAAFNR ANy £JEQ AN (7
ye BAi dBd' N AtN ADZAAAAFNr eR r?2Qt A R?PAA" JdAANF cAANDZ reKk?ArdBZ\ Rec !
ADDZENr r r NWNaEAA + N'  uNOUDNY ORAKA IOf AKAKNAF WAr AT dAae Ni dradAf QeBB?AJOA
RaeNe? NAQ" Da¥WdrdeA BQ AN NndANJ de/min dueAdf B then Nc AADZrQNQAEAA AKKe QAndeA |
Reac At N QeBkdANDZ?2r N eR rN/\uGJ,S!\f.tj,dﬁd[\LDZeQ{e/\BdEB’d[\dJ\QAA/\/ng\el\WH/\AAd° "AYWNRe &Br Re
DA% dr de A B?AAdn&N GAWFR duvN> ERTEN 8 ? NA QT DA W Qrgquau&?ﬁmqnﬁmmmwwg\mqwu

yf AU BeD@WRAUge MABN A RNZS AADZ WU ?2ADNEr AAADZ At N &Ne?dENBNAAr AAD
& BeAernAndQO AccAA?F NBNAArR dan dr Nrr NAAQAA Ae ?2ADNEr AAADZ At N &Ne?
NERANERNENAQN aNr? HDgADe ReEAGAAT BRDAEN AcEAAr BdaaNE AADZ At N ENONdW NE:
Arcd¥N éf dreAADZRA] M ADEFaEMDB¥E r ? nnaNrrdeA BNateDZ R NRRADEGREN MW d
ANONAAAAde A BNAt eDE® WAN AXNONrerAAhaEAE' R Re & kq,r/\A/\q,Q ANDZ B?V@ZRILANJAAQ,Q r
enNeEArdeAr R dan dr O&?OQdAK Ae ?ADNEr AAADZ At N dBnAOA ©R rdf AAKKGAT W

(5)>1

ye OQeAQA?DAR uf!> &Nn&ENrNAAr A 5Nr dgAAe%¥AndeA Rec J gR RAQ4QAdAAAJGAT
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5.2. Current 3GPP Standardization Status and 6G Pre -
standardization Activities

fecd sg ! DEAAQNDR At N egeee ANEWdON AADZ A" raANB ! rnNOAr fReachdA?f F ce?n
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5.3. Key 6G Use cases

5.3.1. Vehicular scenarios

AAN AnnAdOAandeA eR t dFft W ANMANSAA RN RBeedk dMXINN ANMIZe et r dr JdAANAAQE NAA A
rNE¥YdONr aAe dBnaeeW N AcARRJO rARNAT WAMDNZ QARENAGN G OWR aNdy OEEW N 'dm A N sufGer A |
QeBB?AQQEAdfe? eant N&eBe &eNR t d,F ¢ AQQ? ®A0r nerdadeA AADZ W NAeOQdAa-" NradB
AnnKkdQAndeArS Rec dArAAAQNR At Nr QAN VENAANNDA BAADRYW Ebr §t NAcNi N@Baw @
NAWdEe ABNAAAA + Aen ANDZEWN eRADZeshQ@nr gWwAr ek YNQAr dA At N W¥dOdAdar wunt dot
QeBB?AQQOAAdeAr rrdf AAAU OAAN kN eknAdANDZ nef NAt N& adat AtN OQeBB?AJdOA
ENAJAkdAdAT R At N QeBB?AdOAANdRNABGBAANAE NBNRAAAGDRNENY B0 GONNAKEA QA A d
r ONAA&de dr rn&da dAae afe ?2rN OQOArNrf Gvi C? KAdAs kAr NDZuf! > AADZ Gn (
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Figure 13 Joint sensing and communication in a vehicular scenario (monostatic configuration)
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5.3.2. Industrial scenarios
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5.4. Ongoing research and open problems

uf! > &Nr NAcEQt dr O?a&NAAAT ReOQ?r dAF oA B?AAdnAN DI ENOAdeArs

TAQt AN AKAcN@AANnEeAQt Nr kAr NDZeA reRa dARecBAAdeA Reac AuRRME QAKQ'
AQO?AAN nerdnadeAdAf aAe eWNEOeBN At N AdBdaAndeAr eR QKAArr QAN ANOQt Ad
dAReEeBArdeAN RaeB BNAr?&NBNAAr AADZ QeAANi A?2AK DAAA An At N CM Aan A F gV
2r dceADHe rdf AAAr UR D#f JAAAX BAnrR AADZCM naeRJANr s

ytN dBnAQr eR kdrrnArdQ QeARdF?EAndeA eA  NAP ¢ Nd UOBRNIAK dNK dn g NDZ, N A r A KA
B?AK§AB | fA> r"rANB dA ANEBr R AQU NS VK ANNr NAngBY Qe yBaAR kNABRe ct
TufTA rN/\rq,/\r q,ru¢[EZi,LLuQ]\RUAII\INZd,qu,/\Qq,r1AN e R QeenNazA/\q, N nArrd%N Qet NENAA
A nArrd%N kdraAandO QeARQr?EAAQeA Ni nKkedar AtN ENQONJWNDZ QeBB?AdQAAde
NRRNOAQWNAT @&N?2rNr AtN NAAQZEReQe RAZEANQADPHa NOnAdeAs

[0}

NONApw®mBener NDZ At N DANrdf A eR ANR SAWNReaEBr At AA Qe Bk dweN WASMNEY A ADZ
&Nr NAANDDeAB nAKNT dar cN@NYAN@ABABNANME NradBAndeAs | DDZAde AAKAT R ANR
A¥NReaBr Reac ufi!> A@NRALKtEONGENYGRAKYEDZ A At N ?2Ade?N RNAA?a&EN eR At qdr
Re vDRRMNANI BeAer AAArdOQ r N/arndyal ivavefdrniDibal ackjeves A Kale R -off between OFDM and DFT  -s-

OFDM by employing multiple DFT blocks. Is proposed in [54]. This new waveform effectively balances peak -to -average

power ratio (PAPR) and sensing performance.
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6. Non -terrestrial networks in 6G

I'g 2dENANrr BekdAN ANaAfeactr AcN Ni nNOANDZAe naeeWdDN A nANAt A&EA eR N
Aen eAK" t?BAArR k?n AAre BAQt dANrR uAAN&ANA eR yt dAfr uueyU rNArec
€Ne NBZERec AnnAdQAndeAr Sdat rAcdAF NAA InNreBRReAeBWIEY A ENa P ¢ 8N BN G R ? AKO!
tekef cAnt 4O QeBB?AdOQAAdeAr R NAOQs E?N aAe AtR /DEMG & d/ON NDZORENGA r Nk dler? dya eN? |
AADZ At N NAKAe B QOAQINNEADAW Ae™ JAREAr AE&? Qa? &N dA 7 NeB edBift AOMMA  Arprih Ak \N L
At N ANONr mednN EAmreN GeNcaEeNr A cadAA  NWNealicrr agAA U, NgAdeacsteAu, Vv, rU dr Acdr d/
neEe ¥ d DANRFNOW W N QeBB?AdQAAdeAr Reac 2rNa&r dA rrnAer NAT nen?AAANDZ A
r ONAAcder R AADZ R?@Ent N& Ni ANADZ Qe AANOAGW dAaT Ae BONAArR At N i7" AADZ rr

GROUND

© F. Rinaldi et al., Non -Terrestrial Networks in 5G & Beyond: A
survey [1]

y.r eaNRNE arewe ozADZLe AOONrr ANAZeELT .-.tr1NK};ﬂNAR\etcn\BrAQ@WrNGd/Y\HDNrQrAGMkQ;AWM
r?czRAQN AN AR &NE B deoRaud, 1,7 DA N(#(AaerRE(BBGE ?/\BA/\/\NDZVENGQRAr%!&t d,@ANDZE&J/\Nr e &
eE 4A rqAQNuurAL/:NMcL\/NNDZU\stAA AtN |y, AQONrr AeDNr BAr kN k?2dAA eA A
t NeN At N ReaeBNae aeNAARNGA DG eN fANEWARMNL AN At N AAAANcE AKAenr ae dBn/
t N AA" N&r R A sg kArN raAandeA AQQecDHAFT are At N R?PAOAJeAAA rnA&kda er

fee At N ANi A P NANcEArdeA eR BekdAN ANARectrR r?20t _y,r AcN tdftAr Aan
BNAAr Reac ?AAdBAANAW RNAR QAR BAT NA te R BYriapAN, DAN O kedmt?rd Aree? 1 Qe AANQA 4 W d A
NW Ner "R NeENBeW gAFT AWAJQAAKkQAdAT fAnr dA OQeWN&EA?f N BAnr AADZ naeeW DR AT |
iNQe ADR AQABN ANBAMAA ANacEaEaNr A ed B & ¢ DINNA - ABDHA e NAAAX QeBB?AJGQOAAde A
AQONrr AeDANrR 7t dQt BAr kN ?2rNDZReac eRRAeAEDRBREER g ADDAT BB A AEQRRIDe A A
AANDZ AWAJQAAKkdAdAT D2 &d AP DAT AdBN WAdBRNANEG cDEN RREDDOYDA B e k Ll BHLOA L e A
AnnAdOAMdenxN Qe AaNi A e R el N AMDZ diAFt dUOGNAFRUE @i BIBMRMa)fDdidsfdie AAWRA 4 AAKk A4 AT
F 2?AcGAANNNDZ KANNAQGNr AADZ AQQ? cAAN Ke QAKd' AndeA/RDZAeM/N @GNREQe Bld A A AB ¢, di K eAlA
DANBAADZ YMEAAANNDZ r N ¢ QN naeWdr deAd r NABANr r r NAAGrQNB N e AN DZAR AT t MANDE
t AN At N neaNAAdAKX Ae kNOeBN AtN n?' " AN ndNON Reac QeBnANAdAF A 1Al

Mr R NOQAAKAKT At N RdaEra aAfe kNANRdar eR , 9V, rR ?2kde?dae?r OeWNEAf N AADZ
&NQef Ad' NDZ kr e gaeeR AADZt NAON ANZ raA?2DZ AADZ Sect dwReB o Naaee FdNWIga/AdF A AAND:
ENAsI KNP @in gA?2e?r AT DANWNAen NDZWR? BANIN ERY AKX € NRKBZA B i DEAVMEBENA SN ENr NAEOQt
QeBB?AQAT tAr AKre rrAAEaANDZ ae ?2AWNDA At N neaNAAdAA NANcE?P '™ AW QAT

ANEENT A cedAK WONKK A A, NGT 1t AN REGFRAMNATAADZIN DANR r ANNR? BReEn NBEARaER e AARCdE
At An fne?ADZent Nerdr N eNBAGA AQAd¥RUoe iMEAERDR nk ARA NS ROEADRA inNEr  AAL
ReQ?r NDZeA ?2rdAf .9y, r Reac aAtN QewNCEArN Ni ANArdeA eR NAtAM\/Q/NIDZLBmy(q,AN
AnnAd,QAij,EArN DZNOE/WRL/QNGENB?CLGEN B’)Qt ANAGReaEt OQeeacDfAArndeA AADZ QAN AeANc
D2N aAe At N rdf AQRJGOAAAN naEenAf AndeA D&HrAAAONr KNAAGNNA At N NA@EaAt r?cE
AEAANENAAN ZeREGQABNRANAAIAN REeEGH PNAENOMX AN r An NAAEA DL, e dBagRoN AWQ@r ub ADDI A de
DNAA" nreKANEAAQNR Nf== r NRERBEOHAR AN? Ber N&A AMNr®Art Ne BeDNEAAN DANBAAL
yeesyW Ar Nr At N QG RAAKNNEANR AT | NI, drdedives AXaDt d A N Qd/PKENER], neNDZNgee 1 r d k d A d A ¢
r?2kr AAAANGAK NAt ANAQONBNAAT A /\tN eWNEAKA 7 rANB DANrdfA R At N cADze A
NRRGOQINAQT OQt AKANAFTN eR O?ccENAA W/\d\l/\ﬂAﬂEer,/\AtX@DZ)\Q)M\IDZRAA:Da\ ADZRem dseg\ A K (
neenNae&adNr DZRRN&dA? r?2kraAAAANQAAAT RaeeB Nf== rNE%®dONrR AABNAr BArr d

> 11
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ENAJAKWMA RARDT OQeBB?AJdOQOAAdeAN uCé-->UR &N N/\Wd,rd,e/\ At ArA At N raANnr A,
QeAr ¢DN&ENDZ At N RdaEra raNnr eR A AeAf nAataAr anefnAeDZ At N R?PAA dAANT

6.1. Non -Terrestrial Networks for advanced services

gdat At N dAAcEeD2OadeA BR Ae¥WNK BNQtAAQrBr AADZRNAN&&&QNR@@ ABteRk d AN
ANAGecEtr Qe? ADZ kN ?2rNDZReac AtN RdaEera AdBN Ae nNaEReaEB AArtr ReaE QeAA/
eaNAJAKk AN QeAANOAdeAr "dat A F?2AcEAAANNDZ éefis WKiediAs ANMDZ Re NA QNA/NIZN o AN A ¢
GNVA OQeAANi AR 75t dOt ANa&N Kk AJADKA ABEA 4 WABBe Yr r NiEM g ONde Ar An W NaEr tdft
NAEArdO?AAc Rec WNt dOANrR St dQOt OAA DZEQW N Wdaea? AKAr AAT 52t NeN AADZ BAT
ANARec: OQeAANOQOAd¥ dar RaENe?NAAAT kNQeBNr AAA4QQAR @GRk QANANNRAN@AN d 8
QeBneANAAr AADZ R?AQAdeAAKdAdNr Sdat dAANF €AANDZ r?2nneacan Reac At N R?AXA

ANG rNE®%dONr aAe kN r?2nnecaNDZ kr R?A?2&N ANARea: NWeA? redied DA Fd ra eRiNn |
2kde?dae?r QeAANOQAd¥W dar AADZ r NAeBARNRPT Nr D&Y ON Qe AAdA?da’™ Reac At

gaqwN At dr ek YNOQAQYNR t edNa NGERA Ar BRMAAdeMr Aled,r Nr NDZ ne nceeW DN Qe AANC
nAcEa (LQ?AA(E Ree aterN k?2dArn oA td8tyeNKNAE4AGAANR AADZ K ABZA kNA QN

Qe ArancEAdAnAr R AT NndOAA r NE%dONr RaEeB At N uey AADZ GVH acNAABr AENUBA At
AADZ t NAON At N AcEN ANrr rA&EdOA At AA ApNDB&mqagscaAﬂNAonwQQNmmmaAA g
ytdr BNAAr At Aa AterN uey AADZ GVH r N&EWdONr naeeW dDADZ % dA r ANNAAGAN OA
B?0t Bea&N At AA At Ans AAANAAKGANr AcEN enN,tEﬂAKIlDZdONAﬁZiﬁRﬁI(ERIQA e eMAWr RA N
nnn AADZnwnnn £ B uBNAr?2@&NDZRaeeB At N NA@Eat r?GRAQNUR eWNeE At N BNDZ?B N
es Rt4] tBR Ae At N FfNeraAndeAAcr eackdna ugMAU Aa usls-RAMAUR tr BA AABMGIM NDA SO duc
Arn AAANQA?DNr kNARNNABNAADZAAD2c OQOAA RAOJAdAArRNR AN RN YENGARAN r tiNeQem\ DAIA A N
&ND2 OQNDZ naeenAf AndeA DZrAAAQONrs §ytace?ft At N ¢BnANBNDYAANN e NI reRe BAMAAAQ E
EN?r Ak AN MRAMNNQN NA&ANr A FNANEAAdeA eR W-MA r AANAAQANr dr Ni nNQANDZ ae
UAt NENAAT AR NKRGNREAA deMF NAXNABAA QY N r AN NRABNR cA a0t dikfeOMeRZN ce®ONr r JAF R 71
AKKenr At Nr N rAANAAKGANr Ae R?AOAdeA Ar XANARea:t AeDAr dA At N rb" % 7
ANAGRe &t NDZ Nrs =vkeAmdhAm ceONredAf OQAnAkdAdA dBNn? RegAf R DHg A &YW d QDL A DD
AAANNAADT WMAROWDZ AW A QArAdeAr OAA kN DI ENOA AT Ni NO?ANDZ An aAter N rAANK
r ANNAAKQANr SRdAA AKKern KenNae AAANAQT Anm MdeQ@img ere @B RArddgdMO M Nmti NINAEN AN e A
AADZ At N DAY JdON AANDE dAWe ¢dOF Mt NWdPA r AANAKAGAN AADZ ? AANGAT 7 &e?ADZ rAA
QeBB?AQQOAAdeAr 2 vgd\iN AA ROtKdNMANWOA ? ENRAT t NGENAAK NAEDAr r ANNDZ Ae AcGAWNK
kNARNNA NAcat r?2@RAQN AADZ At N rAANAKAQANs =1 2rdAf rAANKAGANr " eR At N
QAN JADANNDZ kN &ND2 OQNDZ ne A RNRA BQAAQrNQeADZR tdandAF At N AAcl NA Ar
need dg ed®é-~-> r NeW ¢ONr A" ndOAK Rec At N Ake¥N 2rN OQArNr WdA .y. NAtAA
Kk NANRGAar RdAK kN &ENAAdr NDZ adate?an A aAc?N Q'e/\wNCEI’N eR y,r AADZ , ¥y, r

BAANAFT AF AADZ e dOt N R aBAWYJIAFAADZ Cé-~-> r N&W ¢ ONr s

6.2. Terrestrial and Non -Terrestrial Network
Convergence

TAAT eR At N aNQURAA ATQARIDZL AT At er N eR egeae®R t A%N eAAr Y?2ra RNf?/\ mdAt
ReQ?r NDZ e AVNNDR e®R! At N BekdAN ANAfecacts ytNeN dr radKkA A KeAf ="AT ae 7
At N QY @&NAA Ar S NARKNAZe ®D AQNeklW B@M AQAA kN ncel DANDZ AAre At ce? it ¥,
eNADZ AT kNQeBN AA dgAANF cdAKX nAean eR At N R?A?c&N BekdAN rrraANBR NlnAADa
AANDZ ReeBdAf AA ecEf AANGOQO ©E &MwmmmuywyNqxqwmwhmA@wquﬁaR LV, %X dAAe At N
sgy éR Ar Q?a@cNAAAT n?@&r?NDZ k' e geaees

NTN node
k‘ -

N

ﬁ A TN node

Figure 15 Vision of TN and NTN convergence.
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UR 2N Aef OQeArdDNaE At N ANaAmeac:t kNdAF QeArada?ANDZeR aAfe DIHERRN&ENAA A
AN V., R At dAN keat Ne?AKAr r?2nnecan AtN rABN rNa eR rNa&WdOQONrR At NA
ANAGeaE:r AcEQt PAADZAKINENDAN ctdett NDZ Ae r NADZ A Qe AW NaEf NAON eR At N §, AADZ ., ¥,
AterN ARe RecADZ dA At N Beran NRRJO4GNAA "Ars gdat A R?AAT QeAWNa&f NDZ A
AEAArnAENAA Ae At N ?2r NeR BHAAJABAAKAAATAGEGN R St NatNa& At Nr VAEN QeAAl
N% NA % dA keat Ana FiguteNIBJsABN dawd BN nuN eR ANaAfReact a&Ne?daENr A AeWNAK ANATec
WAEdNAT R ANAReacs AeDANr ~dat DZERRN&ENAA naeenNa&adNr AADZ QAnAkdAdadNr
AADZ At ?r RaE&Ne? NAGN t AM®ZHERDZ R At N ?2r N&E dr rAAAdOs MAaNEBYENre T a@MKr
Rec QeBn?ANR raecAf N AADZ ANARect dAFs oeaNWNaER At N SdAA KN rAcEdOQa AT

Ar QeBnAaNDZ ae y, AeDANr AgANR ANEe®N A GelBK? kPAN AANDAdre AT N QAnAk dAdA
NsfPsR k' dArAAKKAGAT ADDAAQEAM@Q@EBQND@NrQDBMQ@MermQM5bﬁAQQAI At N
BekdAN ANARectR At N A?PBkNe eR ANAGeRD3 NDE Nrd ONcd AT ALRAQAMA @Y @R Qe
y. AeDN AADZ QecNU BAr teran tNANcef NANe?r &Nre? ®QNr A ®QANAKIARN DY DZeNE
Ae DA r R nter N &ENre?@&QNr rte?&DZ kN NRRdOJdNAAAYd EAAMA F ANNDY fReeces  Art N\ce We dgeGDN (N r Ay
At N ¢dBnANBNAAAAdeA R !'u R?AOAJQeAAAdAdNr dA A DZraAcdk?ANDZ RArt deAs !
Reac «ADze AOOQONrr r?nnecaNDZ kr A BekdAN OeaN dr ARBERPgRERNt 4OA T O&EKAN/
DAY NAenBNAA AADZ gAY NrAad?f AndeA R At N 5N NAAKAQAF ANQt Aekef dNr Reac o

6.3. Use cases for integration of NTN and TN

uA At dr rNOAdeAR &N FdgW¥N AA eY¥NeEWdN: A naeeBdr dAF ?2r N QAr Nr k?dADAAF
r rANBrs

6.3.1. Use case 1: Sensor Networks in the Agricultural Sector

AiBAen Af €dQ?ArA? &N dr A r ONAAcde "t dOt dAWeAWNr r N¥NEAKA dBnee® NBNAA
dAAcEeD20OndeA eR u>y ANOQt AeKef dNrs AAN eR At NB dr &NAAANDZAe At N NBn.
yt Ne N r NAx e BAANAFAN  DZLRRNaENAA AArsr ENAAANDZ ne At N BeAdaeadAi eR n/
NAW dcee ABNAAs ytNr OAA kN DAnRAer NDZ An DZHRRN&ENAA rAAP Nr uNsfsRADZHRRNGEN
RNADZ eac dArdBN RRNDHRBNGRAAADHADZ uNsfsR OABNa&Ar AADZ ANBnNaEAA? &N

t N dqeedf AndeA rrraAaNB enNeAandeA DN NADHEAF ©A At N NAWJdaEe ABNAAAAKA Qe AD1
t N ADDZAdeAN R At N nEeNEcDRABEADZG AR Re RNeEpr YAred A QeADHAdeAr kNRe&N r
t N AcADZAJdeANAK Af € Q? ArA? ®AK naEeQONrr Nr At Arn Qe?ADZ kN ¢Bncel ND3

> > >

oeaNWNaE&R NrnNOQdAKAT dA OQArN R WAraAn Af €dOQO? An?cAA RIGNADZR At N A?BkNc
ABe?An R P NANEAANDZ DAAA aAe AAAAT ' N AADZ QecaeNAAAN aAe BAs N DANOGr deArs
uKke QAMMDZdA At N Af &adQ? Ar? cAKA NAWdaEe ABNAA ea AealU &?AAQAF naeenNaE ! u
At €dQ0? Arn? AKXk AceNAr AEN A" ndOQAAAT AKeQAANDZ A ? Nef caAnt OAA ENRGEAr Aena
ANGEENT A E@A® Oh/PReA BAT t AN kNNA rd' NDZ QeAr ¢DN&E&dAFf At N ArndQAKAT Ken
t NAOQONR BAr Aean kN SNAA Ne?2dnnNDZReac A rdf AdRIOAAAN dAQENAr N dA At N A7
At N DAAA AcARRJQ WeK?BNs

§t N NBnAer BNAA eR C! Gr OAA tNAn aAe AQt dNWN Atdr FeAAs C! Gr BAr kN
Qe KANOQA QAT At N DAAA ?P NANEAANDZ kr r NAreacr AADZ Reacrh AeDHAF At NB aAe At
R C! Gr Qe AAN
r KAADZ kAOt
R Ar a2 NAK |
gAFf kNreADZA

dBNANBNAAJQAF WAADRE EnfeciN N AcADZf B eAkeAcDZ C! Grs uA aAtdr =RA
AAEf NA AceNA AADZ r?2kr Ne? NAAAT RecnAceDZ At NB eAA™ &St NA At
AenNedgAf C!'G NAN&E?F ™ QeAr 9BNMDERMIR AMIANDE en tedry Naedin de AAKX A QB
QeBNANI dArT R AWedDHAFT AeENARPNNOeBBBAEQALNJEBAAGEAANERAONr Fe
ndAat At N rNArears

6.3.2. Use case 2: Disaster relief situations

Edr AraANe& eNAGNR r ONAAcder Acdr N dA Oa&drdr OQeADZHAdeAr At Arn &NADNAeT
NAAdEN ANEENrAaEdAL GAREAr AE?0nA?&aNR Reac A KdBdANDZnNEdeDZ e RAENABNE ddU
dBNVAMENAr fdate?an At N r?2nnecen eR A yNaeaeNraacdAA , Nafeacs uy, UBVARY Ot ?2A
NAcart e?As NR RAee DRBAGANR GENEY sReEANBEEBEGr A AAAAOQOLUs uA At dr OQOeAANi AR At
kN 7 ?2AcAAANNDZ dU "dat td4dfitNe naedeacda’™ R da dr R?ADABNAAAA anet M ce Bna/
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Figure 16. Overview of the disaster relief scenario.
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6.3.3. Use case 3: Energy saving enabled in integrated NTN/TN
networks
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Energy Consumption  -based load balancing in NTN/TN networks
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Advanced carrier shutdown in integrated NTN/TN networks
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6.3.4. Use case 4: Multiple -Access Networks in integrated NTN/TN
Network
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Traffic Engineering with Multiple Access Technologies
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Networking, Compute and Energy aware scheduling in integrated NTN/TN networks
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6.4. Enabling technologies for the use cases
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6.4.2. Integrated Sensing and Communication (ISAC) over NTNs

Systems supporting simultaneous communication and sensing are becoming a major technological breakthrough due

to the growing demand for spectrum and energy savings, prompting efforts toward their coexistence, cooperation, and

integrated design  [17][18]. The concept relies on the fact that a single transmitted signal could serve both communication

and radar sensing purposes and thus avoid interference that originates from transmitting two separate signals. These

systems can operate by sharing resources a nd minimizing interference using methods such as beamforming,

cooperative spectrum sharing, opportunistic primary -secondary spectrum sharing, and dynamic coexistence.
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ISAC services could be either provided via single or multiple UAVs. Some guidelines regarding the protocols and resource

management in the single UAV case and regarding interference management in the multiple UAV case are given in [20].
In particular, since communication operations need to take place continuously, while sensing should be done whenever

required, ISAC transmissions should be designed accordingly for maximizing performance and UAV flight time. Hence,

the protocol design sh  ould consider: a) who needs to communicate and b) what needs to be sensed.

ISAC provision via HAPs is considered very important for enhancing spectrum utilization. Such a use case is provided in [21],
where a HAP is providing communication services to ground based mobile users while sensing flyover drones with the

same signals, enhancing the associated positioning and navigation services. On the other hand, HAPs need to face the

problems of inter -beam interference and elevated energy consumption. In parallel, location estimation will suffer from

accuracy in the same way as for UAVs, if no specific countermeasures are imposed. In particular, interference among the

different beamed signals is critical.

ISAC provision over satellites is not straightforward, but there is already a huge base of satellites at LEO orbits targeting
communications that could be used for sensing as well due to their proximity to Earth and the ability to orbit several times
each day. Two techn ologies that can leverage ISAC from LEO satellites have been identified so far: a) joint beamforming
and b) rate splitting multiple access (RSMA).

ISAC provision from NTNs shows great potential, since it can assist in principle in two directions: a) provision of positioning
services and b) efficient resource management. Thus, future communication networks should care for the inclusion of
services offered by UAVs, HAPs and satellites and offer ISAC servi ces as well in a standardized way.

6.4.3. Satellite swarms

Direct -to -handheld communications from Low Earth Orbit (LEO) constellations have the ambition to provision broadband
services without using a specialized handheld terminal. However, broadband transmission requires large antenna gains on

the satellite side to cope with the low gains of integrated antennas in handheld devices . Otherwise, the link budget may
not be sufficient to neither exchange voice nor data. A straightforward solution is the deployment of large antenna
apertures, as proposed by AST mobile [22], though it represents a hardly scalable solution. A potential alternative is the use

of cooperative satellite swarms in flying formation, realizing a virtual distributed large antenna aperture. Two main trends
on the swarm configuration can be identified : (i) small number of satellites based on moderate ly sized platforms equipp ed
with already moderate -to-large antenna arrays, referred toas formation of arraysin  [23][24] ; (ii) large number of very small
single -antenna satellites, as detailed in [25],[26].

The common approach is to limit the size of the swarm to provide a beam footprint radius in the order of 3 -5 km . The
rationale is to mimic terrestrial deployments. However, under these conditions, the resulting swarm is not far from the
single large aperture concept from AST mobile [22]. To unleash the full potential of satellite swarms, it is required to
synthesize small beams of radius lower than 3 km, as described in [27]. These narrow beams ¢ an provide unprecedented
narrow beamwidths  with capabilities to  improve interference handling . The concept is illustrated in ~ Figure 17, where the
position of the  n-th satellite node is denoted == and the tuple ~ —M%o indicates the pointing direction of the k-th beam.
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Figure 17 lllustration of a multi  -beam satellite swarm communication system.

The most suitable swarm antenna topology remains as an open exploratory topic. Aspects such as the number of satellites,
the number of antennas per satellite, the satellite spacing and the power budget, to mention a few, have an impact on the
link reliabil ity and the number of users that can be served. In this regard, current research studies focus on analyzing the
capabilities of swarms, considering practical implementation aspects such as the flying formation requirements, the
beamforming architecture design as well as the channel state information acquisition procedure.

In conclusion, the remarkable features of satellite swarms can be exploited to provide high data -rate service to hot spots
with a high density of users. Nevertheless, to deliver the expected gains, it will be essential to develop new technologies
that enab le tens or even hundreds of satellites to operate synchronously in a cooperative fashion.

6.4.4. Management and control techniques for energy saving in
integrated NTN/TN

Energy -awareness and, more generally, sustainability, have become a concern in all areas of computing and networking,
and the evolution toward 6G has recognized this more explicitly than before (see, e.g., Section 2.5 in [28]).

In general, any management and control mechanism that aims at realizing a tradeoff between network performance and

energy consumption, both in NTNs and TNs, would essentially need three phases of measurement and data collection,
synthesis of a control/mana  gement strategy, and actuation of the ensuing decisions. The first and last of these tasks would
benefit from the definition of APIs capable of conveying information on the energy consumption level and on its potential
adjustments (possibly over different time scales) of network devices and/or network functions to the management and
control plane, in order to devise adaptation policies to govern the tradeoff among different KPIs, related to performance

and energy consumption, respectively. In this respect, already in 2013 ETSI defined the GAL (Green Abstraction Layer)
standard [29], recently extended in  [30] to the power management of Virtualized Network Functions (VNFs), where
understanding the hardware power consumption attributable to a specific VNF is not so straightforward, owing to the

mediation of various software layers. Indeed, one of the main challe nges in controlling the energy consumption of VNFs in
integrated virtualized TNs/NTNSs lies in the fact that the correspondence between the hardware that consumes energy and

the virtual objects (Virtual Machines VVMs Vor containers) that execute Network F unctions is not so straightforward as in
the legacy environment. Among the major causes, the following can be noted:

i)  the execution of Network Functions (NFs) is mediated by a hypervisor and its scheduling policies, or by a container
orchestration and management platform like Kubernetes;

i) multiple tenants using the same hardware are present;

i) At NeN dr Ae XDHENQOA X &NAAA de A vikudl CéhikaNProcebsingUnitsA A VERUspahd:EDgy
Aware States (EASSs) of the hardware.

In the GALv2 standard  [30], both ETSI and ITU have considered these issues, by defining EASs specific to VNFs and Network
Services (NSs), and by providing the specification of the interfaces for all reference points of the NFV ETSI MANO
architectural framework [31] along with the operations of provisioning, release and monitoring.

For what concerns instead the possible control and management strategies, approaches capable of providing a dynamic

response in real time to achieve a suitable trade -off between performance and energy efficiency KPIs have become
essential to cope with serv  ices that may require very short (up to sub -ms ) reaction times. In this context, it should be noted
that virtualization per se, though greatly increasing flexibility and allowing consolidation of functionalities, does not
necessarily entail a reduction in energy consumption . As a matter of fact, the use of general  -purpose servers instead of
customized hardware is likely to be prone to require increasing amounts of energy (notwithstanding the increased

presence of acceleration hardware to cope with heavy computational tasks enta iled by AI/ML). Though this aspect may be
more relevant in the terrestrial network rather than in NTNs, where energy -efficient hardware is likely to be adopted on
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board, the adoption of energy consumption mitigation techniques, like Dynamic Adaptation and Smart Sleeping, should

not be neglected. Moreover, considering the different architectural organizations allowed by O -RAN, and the choices that
may be taken in the  possible positioning of Distributed Units (DUs), Centralized Units (CUs) and RAN Intelligent controllers

(RICs) V either in the sky or on earth V, careful comparisons should be done by accounting for the energy consumed in
computation as well as in commun ication in the different settings. In this respect, the allocation of rApps (for Non -Real-
Time RICs), xApps (for Near -Real-Time RICs) and dApps (for Real -Time sub -ms functionalities) can be dynamically optimized
between TNs and NTNs.

In the context of dynamic adaptation, for instance, the ongoing Horizon Europe 6Green project [31]has adopted three lines
of action:

i)  Edge Agility :to provide smart, fast, and automated horizontal scalability to vertical applications and related slices
across the 5/6G edge -cloud continuum;

i)  Green Elasticity :to dynamically and adaptively provide energy -aware hardware -assisted acceleration to network
functions and vertical applications to enable smart vertical scalability;

iii) Energy -Aware Backpressure : to conceive a set of cross -domain observability mechanisms and analytics to
evaluate the energy and the carbon footprint that a vertical application, a slice, or the overall 5/6G network induce
onto the edge -cloud infrastructure.

Another potential challenge lies in the additional architectural complexity associated with the orchestration of resources.

Orchestration is needed to handle the complexity of application services that are designed and created as chains of micro -

services at the application level and as chains of Virtual Network Functions (VNFs) at the network level. Recently, the

concept of separation of concerns  between the cloud -AAA QW N GN&EAdQAA ! nnAdOAndeAry DZBAJGA
network functions and services has been recognized with the creation of separate orchestrators: a Network Applications

Orchestrator (NAO) interacting with the MANO orchestrator through the mediation of an Operations Support System (OSS)

Vsee, e.g., https://www.50 -induce.eu/ . A similar separation of concerns may be advisable, also in handling energy efficiency

KPIs, between the fixed network orchestration of ETSI MANO and a specific NTN Orchestrator. This vision, already sketched

in [32], has also been shared by the IEEE INRG Satellite Working Group (see [33], Fig. 10).

p-X

When addressing the trade  -off between performance (in terms of QoS or, ultimately, QoE requirements) and power
consumption from the point of view of control, modeling of the physical and virtual phenomena involved may be necessary.

In this respect, several approaches may be of interest and have been adopted, ranging from those based on classical
queueing theory, which lend themselves to performance analysis or parametric optimization for adaptive control and
management policies over longer time scales (with respect to queueing dynamics), to those based on ML techniques,
particularly with regard to functional approximators like neural networks (NNs). An interesting and original approach in this

respect is that of [34], where, assuming the knowledge of a mathematical model of the dynamic system (e.g., in terms of

discrete -time state equations, as in quite a few cases of control and resource allocation problems in networking), Fixed

Structure Parametrized (FSP) functions UA" NdOAKAT R |, rU AcN AD2nANDZRea& At N r" Aat Nrdr e
state to control actions  Vwhich would entail solving an Infinite Dimensional Optimization (IDO) problem V, thus reducing
the IDO problem to one of parametric optimizatio n.

Addressing more specifically the framework of NTNs, the full on -board Base Station (BS) functionality and the functional

split option for regenerative satellite payload as considered by 3GPP in [35], respectively , are of particular interest for
comparison in terms of energy efficiency. The recently launched SMARTENG6G project 1 funded by the Malta Council of
Science and Technology (MCST), is investigating some of these aspects. By exploiting a Digital Twin implementation and,

where possible, in -field measurements, the evaluation in terms of energy consumption should focus on bo th
computational and communication aspects. In particular, the presence of the full BS functionality is likely to entail higher

consumption in computational effort compared to  hosting only DU functionalities; on the other hand, the communication

load on the 5G New Radio NG interface over the Satellite Radio Interface  (SRI) in one case and on the interface connecting
CU and DU (F1) over SRI in the other should also be compared. Another point of interest in this respect concerns the Near -
Real-Time RIC placement on -board or in the cloud. The convenience of the placement may depend on the specific
application functionality. As already noted above, a very relevant research problem should regard the dynamic placement

of applications  (xApps and dApps) on the basis of considerations on the trade -off between swiftness of response and energy
requirements. Still, another relevant aspect regarding the functionality of the Near -Real-Time RIC lies in its potential
capability of determining dy AABJQAAAr XAt N enandBAK R?AQAGeAAX rnAdan kArNDZ eA At
aNDANNnAKer gAF At N ANAReaE:s R?PAQAdeAr dA At N[36].GVhéntdpbyimGAIMIQa@erithDEIN F  Ae d A X F
the RICs, their energy requirements should be evaluated carefully, particularly for the components that should act onboard

the NTN segment. Actually, these should be less critical from this point of view, regarding the implementation of FSP
control and management strategies on the basis of parameter values obtained on a longer time scale by training. It is likely

that the latter operational functionality will be executed on Non -RT RICs, which would be located in the clou d. However, it
is not to be excluded that the NTN might be employed for offloading more than application -level computations only: in the
case of federated learning, also tasks related to control algorithms might be offloaded from the edge cloud to the NTN

itself.

1

https://www.um.edu.mt/finance/projectsupport/projectssearch/fundingprog/mecstspaceupstreamprogram
me2023
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6.4.5. NTN for improving energy efficiency
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Table 5. Simulation parameters.
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Parameter Value
Environment Dense Urban
[ . maximum fraction of offloaded BSs 0.6
B, channel bandwidth [MHz] 20

fe, carrier frequency [GHz| 2

d, HAPS height [km] 20

Py, transmit power [dBm)] 43

G element. 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

[60°, 70°, 807, 90°]
(30%, 70%)
(60%, 90%)

«, elevation angle values
Portion of traditional building range
Percentage of indoor user range
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6.4.6. Dynamic spectrum sharing between NTN and TN
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Figure 19. Network Power consumption throughout the day.
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Figure 20. Network Sum Data -Rate throughout the day.
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6.4.7. Multi -Access
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/. 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, visua I,
gestures,h NADZ Be %W NBNAAr AADZnera?caNR N'N QeAAAQOAR RAQQAA NinaNrrdeArR ?2r
composed of two 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, a h 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 -
edutainmentand soon.  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,

we define a number of tele  -opera tions use cases and define their requirements and key performance indicators (KPIs) to

explore potential gaps in existing connectivity technologies.

7.1. 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 flow are being defined and collected as inputs relevant for 6G network design.
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7.1.1. Remote facilities: Remote operation and 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 for the remote facility. In addition to th e 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 multimodal robotic operation could help enhance safety in oil and gas operations, as well

as help to improve efficiency, reduce emissions and cut costs.

eelpe ADI A Qe Ar |

(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).

Descriptio n:

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 of a user interface.

Service Flows:
A The remote operator(s) interacting with the off -shore robot(s) get authorized and have permission to perform
remote procedures
A The remote operator(s) are trained over Human Robot Interaction (HRI) interface
A Robot actuators execute seamlessly to the given commands from remote operator throughout the operation over
network.
Key techniques: I|EEE 1918.1 and 3GPP XRM & Metaverse features describe main techniques to enable collaborative
operation:

A Low latency and reliable communication over regional distance
A Multimodality synchronization
A Service availability
A Predictive digital twin
Post -conditions:

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

Potential Requirements:

A Environment model accuracy (including sensing, intelligence, communication)

A Environment model convergence time

A Connecitivity latency, reliability, deterministic, service coverage, etc.

A Multimodal synchronization for communication and control for distributed remote operators
Table 6 [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 6:5G 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 Timebtw | latency Size [byte] Interval UEs Area
[%a] Failure
Local Robo >99999 99 > 10 years <2 2 Mbit/s to 250 to 1 ms 1 room
surgery 9 ms 16 Mbit/s 2,000
Tele-surgery > 99999 9 =1 year <20 2 Mbit/s to 250 to 1ms < 2 per national
ms 16 Mbit/s 2,000 1,000 km?

RoboTele- > 99999 >>{month | <20 | 2Mbit'sto  ~80 <20ms/ <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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7.1.2. 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 c ollaborative robots, allowing for greater flexibility in managing production lines. For

Ni ABnANR dR A feact Ne& ANNDZ aAe ADHF?rAn A cekeayr BeWNBNAA vaE naeef cABB
mobile device connected to the 6G network.

Pre -conditions:

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.

Description:

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 21is 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 w orkers.
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Operator operator)
Figure 21 6G-Tactile -DUST Operation room (OR).
Key techniques:

IEEE 1918.11]and 3GPP TACMM [15]and XRM [16]features describe main techniques to enable collaborative operation:

A Low latency and reliable communication over regional distance

A Multimodality synchronization

A Service availability

A Safety -rated monitored stop, collision avoidance

A Safety zone setup (cobotic cells/hybrid cells)
Service Flows:

A The patient/local surgeon authorizes the remote medical intervention.

A The surgeon was trained and has permission to perform such remote procedure.

A The surgeon controls the patient side card remotely through his surgeon console to perform the operation
Post -conditions:

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.

Potential Requirements:
A 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;

gt N rrraANB rt AKK QeArdDN&E AtN ?2rN R !'u ae BAAAFTN At N nAAdNAAyT
interventions;
A The system can support haptic and tactile technology;

o I>
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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;

o o o o Po T o

Table 7r t AeNr A r?BBA@' eR sg ©@ur &Ne?d&NBNAAr AADZ t dPft AdPtar At NaEN A
to extend in the service area requirements for 6G DUST.

Table 7:[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: el2e Bit rate Message Transfer # of active Service
22.104] target value Mean Timebtw | latency Size [byte] Interval UEs Area
[%] Failure
Local Robo »09.999 99 > 10 years <2 2 Mbit/s to 250 to 1ms 1 room
surgery 9 ms 16 Mbit/s 2,000
Tele-surgery > 09.999 9 > 1 year <20 2 Mbit/s to 250 to 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 pe
diagnosis (<1 year) ms 16 Mbit/s 100 km2 100 km? regional

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

7.1.3. 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 oth er
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 A2 AKX NAWY daEe ABNAAr tA%YN At N QAnAkdAdar aAe DNWNAen Ot d
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.

Pre -conditions: (1) XR environment; (2) Al; (3) haptics; (4) human  -in-the -loop.

Description: 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 r N QAr N DANnRNADZ eA At N AkdAdar ae naENDHOA At N
Ni n&ENrrdeArR At ?rR &AndD&® ADAnadAf At N DAAA Ar ANNDANDZ Vythgh dr At N
bandwidth and ultra -low 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 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, streaming 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 Gbit/sec with overhead for compression (< 10 ms) is a must. While people can experience time delays of
approximately 16 milliseconds or gre ater, the data requirement of 3D models is assumed to be at terabytes. The real -time

holographic transmission requires 10 Gbps or higher bitrate to use current compression techniques.
Key techniques: t e Aef cdAnt 4Q QeBB?AdQAAdeArs
Potential Requirements:

1 low latency (<20 ms), achievable data throughput, roundtrip interaction delay (<50 ms for ultra -low latency
applications and <100 ms for low  -latency applications);
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1  Support for p rocessing capability at the edge with <5 ms round -trip time

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

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

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

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

1  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 latency overhead: <
2ms for encryption/decryption and at least 5 Gbps throu ghput 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 verification of data integrity for synchronized elements: < 50ms

7.1.4. 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 -design 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 systems, head -mounted displays, tactile sensing interfaces, haptic feedback devices, multi -sensational devices,
speech interfaces, and mixed reality systems. One of the key challen ges is how to enable a distributed virtual environment
(DVE) allowing multiple 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.

- '\R-.“
l.hﬁ"

(a) (b)

Figure 22: a: XR enabled collaborative and concurrent engineering in product design; (Source: https://vrtech.wiki/); b:
Illustration of Collaborative Workspace (Source: ESI -Icido GmbH) [3GPP metaverse feature ]

Pre -conditions:

(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 according ly
for better user experien  ce (4) strict security requirements for user identity management and data security to protect the

sensitive business information.

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

1  Low latency and reliable communication over local and regional distances;
1 Multimodality synchronization;
1  Service availability.

Potential Requirements:

Latency, data rate, and reliability;

Mobile metaverse media support among multiple users;

Native support for mobile metaverse services ;

User Identity management;

Data security.

Table 8 [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.

= =4 -8 -4 -8

Table 8: Typical QoS requirements for multimodal streams [3GPP TACMM feature]

Haptics Video Audio
Jitter (ms) 62 030 030
Delay (ms) 050 0400 0150
Packet loss (%) 010 01 01
Update rate (Hz) 6 1000 630 650
Packet size (bytes) 64-128 OMTU 160-320
Throughput  (kbit/s) 512-1024 2500 - 40000 64-128

7.1.5. 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 efficiency and productivity. An illustration

eR At N yert dk Ayforhandlirg palléisrwithk N ZEfying sizes and shapes is shown in  Figure 23.
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Figure 23: lllustration of the AMR testbed for handling pallets with varying sizes and shapes.
Pre -conditions:

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.

Description:

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.

Key techniques:

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

multi -service edge -intelligence control paradigm;

Autonomous planning of AMR;

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

1
1
f
1

Potential Requirements:

1 Low response times (<20ms) and deterministic connectivity

1  AMR self -localization (centimetre  -level) leveraging the 6G ISAC feature

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

7.1.6. 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.
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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:

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

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

9  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.

1 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 f sensor data updates.

= ==

Precondition: Vehicles equipped with cameras, LIDAR, radar, GPS, accelerometers, steering and braking systems.

Technology: 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 scheduling, 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 sa  fety -based (V2X, ETSI-compliant) messages. Another aspect is the
definition 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.

Potential requirements:

1 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;

1  sensor orchestration that can be distributed with tight latencies;

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

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

1  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], (i) resilient Network Technologies

and smart V2X protocol architectures to handle the complex mission critical interactions that require flexible
computing and communication frameworks;

1  Otherimportant requirementis 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.

7.1.7. Emergency accessto 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  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 -Fi and Li -Fi technologies) supported by UAV
nodes and next -generation 6G ambient loT 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
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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 24: Enabling technologies for 6G multimodal  public safety services.

Precondition: 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 IoT 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.

Technology: The discussed scenario depends on the number of technological enablers:

I 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

9 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

1  Pervasive ambient short -range low -energy (including zero -energy) loT connectivity through novel massive loT -

enabling sidelink interfaces that support sidelink relaying and multi -hop ambient I0T configurations

1  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.

1 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.
Potential requirements: GAcde?r r Na&W QN ©eur " dAA tA¥Y¥N Ae kKN ¢Bnaee¥W% NDZ QeBnAcl
enable efficientin  -building disaster relief services:

1  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.

1 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.
1 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.

1 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 pl ay a critical role in optimizing network performance and user experiences
while minimizing operational costs and energy consumption.
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7.2. 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 logistic S
[6]. As 2G and 5G were the media for 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 thisan  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 \%
realizing 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 QOE.

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 IoT connectivity. The
introduction of loT 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 coming from outside the industrial facility, which makes physical protection insufficient [9].
A key to 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 ge platforms (e.g., edge/cloud computing servers, fog nodes, micro -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.
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7.2.1. 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 -focused research initiatives. Extreme and conflicting requirements for data
rates, latency, relia 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.

Table 9: Multimodal teleoperation related projects

Related Field trials and use Description
projects cases
Umbrella  Swarm robotics and This cobot testbed is part of a larger open Industrial 10T

other Industrial 10T use 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 scenarios as
each robot node supports multiple sensors and a number
of wireless communication technologies[35].

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

Monitoring and
tracking of time

sensitive assets
Wireless real -time in -
process monitoring &

analytic
VERGE XRdriven edge The first use case focuses on the design of industrial
enabled industrial BSG products that require collaboration of engineers from
applications different locations. Using 6G XR tools, designers can
Edgeassisted work on the same product design simultaneously thus
Autonomous Trams avoiding costly and timeconsuming travel In the second
use case, autonomous trams integrate multimodal
sensors such as lidar, radars, GNSS, IMU, infrared 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 smatrt city 0T data for improved
situational awareness.
ADROIT Extreme eMBB for The ADROI®BG use cases will aim to: 1) demonstrate the
6G immersive Extended proposed Al network architecture to support holographic
Reality telepresence services, 2) focus on distributed and

Extreme URLLC for collaborative robot and drone systems.
collaborative robots
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TARGEIX

TRIALS
NET

FIDAL

IMAGINEB
5G

6G-
SANDBOX

6G-
BRICKS

6G-XR

Idiada automotive
testbed

RWTH Aachen Industry

Campus Europae

Large number of trials
for beyond 5G

Field trials beyond 5G

Largescale
experimentation
facilities for various
use cases and field
trials.

Automated
experimentation
capabilities through a
rich toolbox.

Building reusable
testbed infrastructure

experimental research
infrastructure to
enable nextgeneration
XR services

7.2.2. Multimodal Datasets

Many of the possible tele

(orees)

Idiada focuses on 5G and beyond technology use cases
and demonstrations in the domain of cooperative
perception of connected vehicles and digital road twins.
RWTH Aarched Industry Campus Europae is a largeale
5G industrial testbed for connected robotics(lineless
mobile assembly lab), connected construction site and
connected and smart energy grid.

Support for a large number of beyond 5G use cases in thi
domain of infrastructure, transportation, eHealth,
culture, tourism and entertainment

Three largescale test infrastructures in Greece, Norway
and Spain targeting the augmentation of human
capabilities, media and vertical industry players to
perform advanced largescale field trials.

Four advanced 5G experimental facilities in Norway,
Spain, Portugal and France to support firefighting and
forest surveillance, port surveillance and inspection,
crisis management, media production, localisation for
transportation and logistics, telepresence-aided
maintenance, Industry 4.0, education, smart agriculture
and forestry.

Fully configurable, manageable and controlled eneto-
end networks, composed of both digital and physical
nodes on distributed infrastructure located in Malaga,
Oulu, Athens and Berlin.

Deliver an evolvable 6G experimentation facility that will
integrate 6G technologies and federate two testbeds to
validate and showcase advanced use cases in
holographic communication, metaverse and digital
twinning.

6G-XR will develop an experimental infrastructure
demonstrating the performance of key B5G/6G candidate
technologies, components, and architectures and
focusing on demanding immersive applications such as
holographic, digital twins and XR/VR.

-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
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 (RAN) emulator full

capabilities is described in  [61]. DeepSense 6G [62] is a multimodal dataset that comprises coexisting multimodal sensing

[60], which can be used for simulation or prototyping. It contains traffic

y scalable in terms of users and throughput handling

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 Table 10.
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Description

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
Locomaotion

Environments  [69]

Multimodal grasp data
set: A novel visual V
tactile data set for

robotic ~ manipulation
[71]
Learning hand -eye

coordination for robotic
grasping with  deep
learning and large  -scale
data collection  [72]
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Table 10: Publicly available multimodal dataset

Feature

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

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

Dataset/analysis

Anova analysis; Force threshold vs
Iteration 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 unigue 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

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.

(orees)

Papers/others

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]

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

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

LiDAR 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

7.2.3. Standardisation and related industry initiatives

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

IEEE: Tactile internet P19181.1 standard
IEEE P1918.1 has been further adopted in 3GPP 5GS Specs
Metaverse [18] as well as in IEC TC100 PT63448
applications, addressing the use case requirements and enabling technologies. IEEE P1955

[19], standardizing ultra

(oneec)

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/zenodo.5138841
[78] https://zenodo.org/rec
ords/5138841

[1] was the first standardization activity for haptic communication started in 2017.

[27] in TACMM [15] XRM features [16], Cyber-CAV [17] and

-low latency communication for control
[20] is a recent standard for 6G

-centric

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
automation processes.

ETSI: the European Telecommunication Standard Institution (ETSI)

y fAndustry Specification Group (ISG)

ng technologies, and defines the architectural impact necessary to enhance robotics and

on ISAC [21]

concentrat es 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,
nsing data, and studying the potential impact of widespread

addressing privacy and security aspects in the context of 6G se

ISAC deployments.

IETF: 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.

3GPP: 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 Aut

omation, 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

[15] (multimodality SA1 feature) and 3GPP TR 23.700 (
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

services over the 5G system. To address these challenges, 3GPP TR 22.847
XRM SA2 feature) [16]intend to create a gap analysis between new

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
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

one6g.org

d the identification of



https://zenodo.org/records/5138841
https://zenodo.org/records/5138841

one6G WG2 White Paper 6G Technology Overview
p ay ( oness )

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 Qu  ality of Service (QoS) handling to other devices connected behind their realm, e.g., Personal loT
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 thatinan 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 connec tion will need 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 (esp ecially for factory and process automation) are studied in 3GPP System
Aspects (SA) WG1 (SA1) (3GPP22.104) and SA6 (3GPP TR 23.745) [81]. XR-k Ar NDZ r Ne&% ¢ ONr A&N AA Nrr NAAdAK
services to provide immersive experience accessed either by users in the proximity or remotely. The 3GPP Localized Mobile
Metaverse Services in Study Item (Rell9) [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 R el. 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 SA1lstudy , 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].

ITU-T: 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 a s 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 enab ling technologies in areas from multimedia and network
optimization to digital currencies, Internet of Things, digital twins, and environmental sustainability [96].

7.3. 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 7.2.3

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 cap AkdAdadNr "datdA ?2rNae&ry AeOQAAdars fANOQeADZ' R
control experience, the 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.

The high -level illustration of the concept and its key enabler technologies is shown in Figure 25.
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Figure 25: A high -level representation of the 6G logical building blocks for multimodal remote operation

7.3.1. 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][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 improved real -time processing capabilities. Especially in the case of multi modal

communications, edge computing contributes towards:

0 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.

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

0 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 closer to
data generation, contributing towards communication overhead reduction by decreasing data exchanges with
the core network.

o  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 informa tion) may pose restrictions in data exchange. Edge computing
performs processing and analysis of multimodal information locally, without requiring any raw data exchanges to
third parties. 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.

0 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.
o 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
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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.

0  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 7.5.2 further discusses distributed Federated Al at the edge for low -latency and
reliable multimodal communications.

7.3.2. 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  \control 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 7.1.5, 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 theresearchcomm 2 Ada™ R At N ADZnadeA eR r?20Q0t AeWNA ©xur dA AeDAryr BekdAN
open question for future standardization efforts.

7.3.3. 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 5. 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.
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Furthermore,t he 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

surveillance, healthcare moni  toring, 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 e dge computing ,whereaDDZAF A AeBJdAAA QeBn?AAndeAAX k?E&DNA Aa At N

could be achieved, including a) bringing computation and data storage 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 e nvironment

m onitoring , 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, environmental sustainability,
proactive decision -making, et c. Accordingly, this enables the networks to collect and analyse vast amounts of data for
various modern applications.

Within the indoor factory setting and of particular relevance to ISAC for Industrial 10T (lloT), 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 indoor 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 holding 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]

7.4. 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, signif icant
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.

7.4.1. 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 Yyt N yMyr &?2nnNa& KA Ner§ BA* kN dA Bec
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 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

industry verticals. Some examples are as follow ing:
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1  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;

1 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 a nd low -latency tasks;

1 uBnAAAAAKAN BdAdAA?a&N r NAreaer AADZ YAAAer NAreacry DAY JONrR
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;

1 Wearable: Sensors that are embedded in some type of garments/textile to monitor. Example sensors are
electrocardiogram (ECG), Electroencephalogram (EEG), Electromyography (EMG), blood 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.

i  Tattooable: Ultra -thin electric mesh for human skin, or temporary skin that can store data and deliver drugs vV and
electronic second skins made of microscopic semiconductors;

T ! BkdNAA ANAreacr? ANAreacer BeAdaeacdA? ?2rNaeyr AOadWdadNr uNs

cameras - fixed or on drones);

1 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;

1  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.

7.4.2. 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 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 performance of interactive XR applications,

and limited computing capability in th e 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 rel iability 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 full and in -depth analysis does not fall within the scope of
this White Paper):

1 The nominal communication delay of 1 ms for TACMM, is translated to a physical -layer delay of less than 0.1 ms.
0  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.
o  Grant -free user scheduling has been exploited to remove the scheduling delay by saving transmission
resources, which could be assigned to TACMM -based devices.
o Inpacket 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).
1 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.
0 Guaranteed latency is often harder to achieve in mobile communications, and require deterministic
approach to various processes that are stochastics in nature.
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1 The communication reliability of TACMM could be improved by adopting several solutions offered in the literature.
o Low -density parity -check (LDPC) codes and short polar codes could fit with the requirements of TACMM
communications.
0  Massive multiple -input and multiple  -output (MIMO), IRS, and multi  -connectivity techniques.
o  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.
1 Low delay and high reliability of TACMM communications, could be enforced by network slicing and in concrete

via:
0 Resource reservation in the network slice for TACMM communications.
0o  When various tele -operation slices are considered and when delay should be considered, customised
transmission resource reservation should be applied.
o0 Al-based learning methods should be leveraged for the traffic patterns of TACMM -based scenarios to
efficiently assign resources.
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 di fferent 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 industrial domain i s shown in Figure 26.

User Domain Communication System Industrial Domain

Position/Velocity

Force/Position

Surface texture

Audio/ Video

Other telemetries

Il

Figure 26: High level illustration of an E2E Multimodal remote operation example using a robotic hand

7.5. 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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7.5.1. 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]:

1 Representation: The heterogeneity of multimodal sensory data poses significant challenges in terms of learning latent
representations.
1 Translation: The relationship (mapping) between different modalities towards interpret the multimodal information is
another core challenge, e.g., different ways to translate an image or an audio.
1  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.
1  Fusion: Another challenge is to provide predictions, combining data from two or more modalities. This relies on the
RAQOA At An DHRRN&ENAA BeDAAGAdNr 7 NANcAAdr N Aan DZHRRN&ENAA &AaNr AADZ
1 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:

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

1 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.

1 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:

1  Multimodal Deep Autoencoders (MDAS): MDAs are neural network -based models that learn sequential and joint
representations of different modalities and use a decoder to learn to 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.

1  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] .

1  Generative Adversarial Networks (GANSs): GANSs 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.g., text) to another initial space (e.g., image), enabling the capture of joint
distributions of different modalities [45].

1  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.

7.5.2. 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.g., 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,
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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 ro le of coordinator combines encrypted FL model parameters to update a global FL model that will be re -
distributed among the involved devices. The use of FL accelerates the learning process, while saving communication costs.

FL in multimodal systems is class ified as horizontal, vertical, and transfer learning based on how the data is spread in the

feature and sample space  [48], as described in the following:

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

1  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.

1  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.

7.5.3. 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] loT 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].

7.5.4. 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 7.5.) 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 provide 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 7.5.2) 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 i n
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 in handling
computational costs for clients with incomplete data and ensuring the real -time applicability of these models. Future
research is directed towards unsupervised learning and data augmentation to mitigate these issues.

Multitask Learning  (Section 7.5.3) integrates tasks such as speech recognition, event detection, and network traffic
prediction within a unified framework. This approach benefits from sharing deep network layers across related tasks, which
improves the generalisation performance and effic iency of the models. Examples include the use of CNNs and LSTMs for
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audio -visual event detection and leveraging deep architectures like LSTMs for tracking IloT backbone network traffic. MTL
models show promising results in reducing latency and maintaining high accuracy. Further research is required for

extending these mode
scenarios.

Table 11Dataset, models, analysis

Model Dataset Analysis

Al/ML Technique: Multimodal Learning

Multimodal Variations of Denoising autoencoders
Deep MNIST digit map corrupted examples
Autoencoders classification to uncorrupted ones, and
(MDAS) as discussed can be seen as a way to
on define and learn a
Larochelle et manifold.
al., 2007
Multimodal Data Enhancing performance
Deep generated using clustering
Autoencoders using the techniques like k  -Means
(MDAS) discrete - and HDBSCAN, and
event ensemble techniques like
network Weighted Voting model
simulator enriched by base models
(NS3) like Naive Bayes, MLP
and SGD.
Generative BBC video Evaluate classical and
Adversarial hyperlinking state -of -
Networks dataset the -art multimodal AEs
(GANSs) (MediaEval and BiDNNs. Obtain
2014) multimodal embeddings
with CGANs. Generator
network visualizes
crossmodal mappings,
and obtains high -quality
embeddings.
Multimodal Multiple ZSL distinguishes unseen
Zero -Shot datasets objects in one modality
Learning (e.q., with the aid of another.
(MzSL) Animals Multimodal learning can

with endow ZSL with high -

attributes, quality multimodal
Caltech - representation and the
UCSD-Birds,  derived MZSL model has
Oxford enhanced generalization.
flowers)

Al/ML Technique: Federated Learning

MMFL based Kineics -400, Classification based on
on modal RealWorld2, modality distribution and
conditions, IEMOCAP, annotations.
the ModelNet40,
distribution of Vehicle
modalities sensor,
and the mHealth
availability of dataset, UR
modal fall
annotations detection
dataset

Al/ML Technique: Multitask Learning
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,and solutions for AI/ML multimodal

Solution

Stacked denoising
autoencoders (SdA  -3)

Ensemble Weighted
Voting Model,

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

Multimodal
embeddings

with conditional
generative adversarial
networks (CGANSs)

Numerus ZSL and

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

Homogeneous
Multimodality,
Heterogeneous hybrid
modality.

Supervised MMFL,
Semi -supervised and
unsupervised MMFL

Is to handle more modalities and improving their scalability and robustness in diverse application

techniques

Results

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.

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

LSTM and
MTL-based
deep
architecture

The
Attention
model,
Gated -
Attention and
Spatial -
Attention

Dual -

one6g.org

Lip Reading
in the Wild
(LRW)
Dataset

Audio -Visual
Event (AVE)
dataset

STISEN
dataset

PropBank
dataset,
Wikipedia
common
words,
Stanford
Named
Entity
Recognizer

CoCco
Dataset,
Visual
Genome
(VG) dataset,
GLUE
benchmark,
VQAV2
dataset,
SNLI-VE
dataset

Real dataset
sampled via
the Abilene
and GEANT
backbone
networks

Chaplot et
al. (2017)
instructions
dataset

Speculative inference on
multimodal data streams
optimize multimodel

BeDNAyr AQOQO? 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 method predicts
IloT backbone network
traffic by extracting the
spatial and temporal
features of TM. LSTM
tracks the spatial
features of network
traffic features. Multitask
regression to train an
additional task, which
improves generalisation.
Jointly learning semantic
goal navigation and
embodied question
answering through
fusion of textual and
visual modalities.
Adaptation of baselines
using multimodal fusion
techniques.

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

PCA method,

the sparsity
regularized matrix
factorization (SRMF)
method.

Two naive baselines,
Image and Text only.
Two baselines on prior
semantic goal
navigation, Concat and
Gated -Attention. Two
baselines on Question
Answering models,
FiLM and PACMAN.

(OHESG)

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.

Accurate
tracking of lloT
network traffic
with enhanced
generalisation

Achieves
superior
accuracy for
SGN and EQA,
compared to
baseline models.
Spatial auxiliary
tasks lead to
better
performance for
all models.
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In recent years, powerful Al models and advanced sensors have come together to move 6G communication toward real -
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images, audio, and code at  very low delay [114] This makes it possible to run these models on devices, which is useful for
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connect six different types of input in one shared space [114] This makes it easier to recover from errors when working
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tasks. This is important for controlling robots from a distance using 6G co nnections [115]116] For content creation, new Al

models are moving beyond images to also generate sound and video. For example, MusicLDM can create music from text.

These tools give users richer and interactive content [117] Hardware is also improving. New types of cameras can respond

in microseconds and capture more visual detail. Soft, flexible touch sensors can detect pressure, temperature, and motion

[118]119] These are useful for precise remote control. Supporting these sensors, small and efficient Al chips now allow

learning directly on mobile devices. These chips help protect privacy and reduce the amount of data that needs to be sent

over networks [120]-[122] All of these innovations together are leading to 6G systems that can deliver fully immersive, multi -

sensory experiences and allow people to control machines or share skills in real time, from anywhere.

7.6. Conclusions on multimodal operation

Advancements in multimodal and tactile technology, including high levels of co -presence in real time, which demand
ultra -reliable low latency platforms over distance to offer high quality interpersonal communication experiences remotely.
Compared to 5G tha t offers haptic services to business customers (Non -Public 5G networks), 6G is expected to democratise
tactile and multimodal communication to mass consumers enabling remote skillset/labour delivery, in a similar way the

Internet democratise the knowledge sharing. This is revolutionizing many sectors, including, healthcare, education,
manufacturing, mining, warehousing, and so forth.

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.,

AI/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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8. 6G Empowering Connected
Robotics: Vision and Key Concepts

Connected robotics requires more than low -latency transport: it requires deterministic service assurance, bounded jitter,
resilience under mobility and failure, interoperable service interfaces, human -aware control, and embedded governance
for safety, expl ainability, and accountability. These needs are especially relevant where robots depend on cloud, edge, and
network services for mission functions, and where standardisation must align telecommunications, robotics, Al, and
cybersecurity frameworks.

Connected robotics is moving from a communications -assisted paradigm towards a fully integrated cyber -physical system
in which sensing, communication, compute, intelligence, and control must be orchestrated end to end. The related work

of one6G 6G empoweri ng robotics and euRobotics Connected Robotics Topic group [16] emphasises a multi -plane
architecture consisting of five technical pillars: integrated sensing and communication, Al -native architecture, real -time
digital twins, fleet management, and cyber -physical systems for immersive human \fobot interaction. This cha pter
progresses further on the joint work published in March 2026 [1]and advances on a number of topics: Section 8.lidentifies
the gaps that prevent current 5G - and Wi -Fi-based deployments from supporting safety -critical and deterministic robotic
operation, Section 8.2 defines the reference architecture for connected robotics, and Section 8.3 addresses dependability,

ethics, governance, standardisation, and ecosystem readiness.

8.1. Emerging Requirements and Gaps

The transition from conventional connected machines to connected robotic systems exposes requirements that are not

fully met by present wireless and edge infrastructures. Although 5G introduced ultra -reliable low -latency communication,
network slicing, and  mobile edge computing, these features remain insufficient for robotics operating in dynamic, safety -
critical, and human  -shared environments. Robotics demands not only high throughput or average latency improvements,

but also deterministic behaviour under motion, bursty perception traffic, workload migration, and unpredictable
environmental conditions.

This section identifies the principal gaps that must be closed to support 6G -connected robotics. The transition from 5G to

6G can also be framed as a shift from strong foundations to deployment -grade end -to-end intelligence. As illustrated in
Figure 27, 5G today already provides useful building blocks such as ultra -reliable low -latency communication, network
slicing, quality of service, and edge integration, which support high -loop coordination, while mid -loop offload remains
largely best -effort. The 6G vision extends this baseline towards Hyper Reliable Low Latency Communication (HRLLC) with

bounded jitter and sub  -millisecond tail latency, end -to-end time -sensitive networking over wireless, and Al -native
scheduling that closes the gap between connectivi ty, control, and orchestration. The analysis includes limitations of 5G and

Wi -Fi, lessons from pilot deployments such as remote driving, and emerging requirements related to real -time control,
safety, resilience, interoperability, and human factors. It al so frames the need for an architectural shift from network -centric

performance metrics to end -to -end service guarantees across the robot \hetwork Vedge \cloud continuum.

5G today 6G vision

S A A HRLLC: sub-ms tail latency,
Q ’ Jitter not bounded 0 ’ bounded jitter
=
@ TSN over wireless G Began @I TSN end-to-end over wireless
not seamless

EEEEE ) )

:::i Scheduling not Al-native Al-native RAN scheduling

S mm
Figure 27:From 5G foundations to 6G vision: closing the gap from high -loop coordination to end  -to-end intelligence  [20]
8.1.1. Limitations of Existing Technologies (5G and Wi -Fi)
5G is a strong foundation for general -purpose connectivity, but its current design assumptions do not fully match the
control loops and safety constraints of advanced robotics. First, robotics often requires bounded worst -case latency and
jitter, whereas 5 G performance is typically characterized by averages or statistically favorable operating points. This
distinction becomes critical for teleoperation, coordinated manipulation, and closed -loop control, where delay variation can
be more harmful than nominal latency. Moreover, time -critical robotic applications may need dynamic QoS adaptation to
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retain real -time constraints under changing environmental and network conditions. Future connected robotics must

therefore evolve from connectivity as transport towards a safety -critical, sensing -aware, Al -native and policy -governed
control fabric  [1]2]. This distinction is consistent with the broader 6G vision of moving from connectivity support to end -to-
end intelligence, where the network becomes an active part of sensing, learning, reasoning, orchestration, and control.

Second, the mobility profile of robots is more challenging than that of human users or conventional 10T devices. Mobile
robots may rapidly transition across radio conditions, indoor/outdoor zones, and edge domains, making handover
behaviour and session con tinuity essential. In practice, the handover and orchestration mechanisms available today are
not sufficiently deterministic for high -consequence robotic operation, particularly when a control loop spans device, edge,
and cloud.

Third, 5G network slicing is still too rigid for many robotic workloads. Robotic applications can shift quickly between

perception -heavy, compute -heavy, and control -heavy phases. Static slice assignment is therefore a poor fit for adaptive
robotics, where the system must reallocate communication, compute, and storage resources based on mission state,
environment uncertainty, and human intervention demand. Therefore, connected robotics requires intent -based, context -
aware, and Al -assisted orchestration able to adapt communication, computation, sensing, and safety functions in real time.

Wi -Fi remains widely used in industrial environments because of its simplicity and cost efficiency; however, it lacks the
deterministic behaviour required for many connected robotics applications. Its core limitation lies in its predominantly

contention -based medium access mechanism, which makes performance difficult to bound under dense, mobile, and
interference -prone conditions. Industrial sites may include multiple access points, mobile robots, handheld devices,

sensors, cameras, metallic obstacles, and moving humans, all of which can contribute to contention, interference,
retransmissions, and variable medium access delays. These factors introduce non -negligible unpredictability that affects

not only throughput but also timing determinism, which is criti cal for safety -critical robotic motion, multi -robot
synchronisation, remote operation, and safety -related monitoring. Moreover, Wi -Fi provides limited support for managed
mobility when compared with cellular systems designed for roaming and service continu ity. For robots operating across
larger areas, across buildings, or across distributed infrastructure, Wi -Fi-based operation may lead to brittle handoff
behaviour and service disruptions. In addition, Wi -Fi is not inherently designed to support joint coord ination with edge
computing, orchestration, or network -native service guarantees, which are increasingly required in connected robotics.
Therefore, while Wi -Fi may be adequate for best  -effort connectivity, it is not well suited for robotic applications req uiring
predictable latency, bounded jitter, managed mobility, and service -continuity guarantees  [5].

8.1.2. Lessons from Pilots

Pilot deployments  [1]show that connected robotics does not fail primarily because the robot lacks a local controller; it fails
when the surrounding communication and computing system cannot preserve control quality as conditions degrade.

Across remote driving, teleoperation, search and rescue, energy -aware robotic coordination, construction fleet
management, and stroke care robotics, the recurring lesson is that average network performance is not sufficient. What
matters is whether the system can sustain bounded tail latency, low jitter, service continuity, and safe fallback behaviour

while the robot moves, the environment changes, and human operators intervene.

In smart manufacturing, dynamic safety zones and collaborative robotics , the main challenge is not raw throughput but

the preservation of safety margins around human workers. These systems require deterministic low -latency interaction,
centimetre -level human and robot localisation, and network -assisted sensing so that the sys tem can maintain a reliable
safety zone even when people, tools, and machines move unpredictably. Wi -Fi can be adequate for best  -effort connectivity,
and 5G can support controlled private deployments, but neither consistently provides the deterministic con trol -loop
behaviour or integrated sensing needed for scalable safety -rated human \fobot collaboration.

Remote driving and teleoperation of mobile robots BA: N At N ANaAReacs DANRNADNAOT NrnNOJAAKr Wdr d
NNEONnAdeAR At N cekeayr BeanadeAR AADZ At N QeAnceA QeBBAADZ AacN Adft A,
latency, but low motion  -to-photon delay, stable round  -trip timing, mu Itimodal synchronisation, and reliable handover as

the robot moves across radio and edge domains. Existing 5G systems can support high -quality video transport, but they

remain limited by jitter, buffering, and non -deterministic end -to-end behaviour under m  obility, which can degrade

operator confidence and destabilise fine control.

Search -and -rescue robotics in disrupted environments places even stricter demands on resilience. These systems must
continue operating when infrastructure is damaged, coverage is fragmented, and the environment contains dust, smoke,

debris, or Radio Frequency (RF) shadowing. In suc h conditions, 6G -relevant capabilities such as self  -healing connectivity,
multi -connectivity, fallback through non -terrestrial networks, and integrated sensing and communication become
important because they support victim detection, localisation, and task continuity when conventional Wi -Fi or cellular
assumptions no longer hold.

Energy -aware connected robotics with knowledge sharing rtear AtAA At N ANAGReacst dr dAQaENAr gAT
intelligence and energy budget, not just its transport layer [14]. The relevant KPI is not merely data rate, but energy per task,

support for semantic efficiency, and the ability to exchange learned models, compact task representations, and shared

context with minimal overhead. Wi -Fi and current 5G architectures can mov e data, but they do not natively provide Al -

native orchestration, distributed learning support, or semantic communication mechanisms that reduce repeated

inference, unnecessary retransmissions, and onboard compute load.
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Construction and logistics fleet coordination
occlusion, and frequent line
resilient service continuity, and sensing that can operate thr
support basic fleet connectivity, but they struggle to guarantee the low jitter, site
sensing needed for cooperative mapping, shared task allocation, and reliable

worksites.

Robotics for stroke care and rehabilitation

-of-sight loss. The resulting requirement is for deterministic device
ough clutter and shadowing. Current wireless systems can

-wide resilience, and occlusion
multi -robot movement across changing

is an especially strong example of why 6G must support human

performance rather than only network metrics. Clinical and rehabilitation workflows require ultra

synchronisation between video, haptics, and control, high relia

(OHESG)

is constrained by dense metal structures, dynamic layouts, intermittent

-to -device coordination,

-aware

-centred
-low haptic latency, tight

bility, and fine -grained sensing of position and force. Wi -Fi

and conventional 5G can support some data transport requirements, but they do not provide the multimodal

synchronisation, mm

-to-cm positioning, and safety

continuous rehabilitation support.

Taken together, these pilots show that the central gap is not a single KPI but the absence of an end
that can guarantee control, sensing, orchestration, and fallback as a coordinated service. This is why 6G
is best fr amed as a system -level requirement for deterministic, resilient, and human

network \edge Vcloud continuum. Table 12 distinguishes between robotics requirements that are already partially

-critical assurance needed for remote in

tervention, training, or

-to -end architecture
-connected robotics

-aware operation across the robot \Y

supported by current networks and the additional communication, sensing, and Al capabilities needed for deployment -
grade connected robotics.

Use case

Dynamic

safety zone/
human Wrobot
collaboration

in
manufacturing

Remote
driving /
teleoperation

Search and

rescue

Energy -
efficient
connected
robots

Construction
fleet
management

Stroke
robotics

care
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Table 12 Emerging requirements and gaps for connected robotics

Key requirements and
KPls

Bounded user -plane
latency, low jitter,
99.99999 availability,
cm -level human pose
accuracy, network

assisted sensing

End -to -end latency,
motion -to -photon
optimisation, haptic
synchronisation, high
reliability, seamless
mobility

Hyper -reliability, self

healing availability, 3D

positioning, ISAC for
victim detection,
resilience in coverage
loss

Energy per task, Al
native offload, semantic
efficiency, distributed
intelligence

Few -ms coordination,
high availability, ISAC
through occlusion,

resilience to shadowing

Ultra -low haptic latency,
multimodal

synchronisation, high

What current systems meet

5G can offer low latency in
controlled conditions, but
average latency is not enough for
safety interactions; 10 V20 cm
positioning is not sufficient for
reliable human pose and safety -
zone awareness; Wi -Fi is non -
deterministic under contention

5G can support HD/4K
streaming, but teleoperation is
limited by jitter, buffering, and
variable RTT; Wi -Fi is weaker for
mobility and service continuity

Public and private 5G remain
vulnerable to obstruction, RF
shadowing, and infrastructure
damage; Wi -Fiis even less robust
in degraded environments

Neither Wi -Fi nor conventional
5G architectures provide native
energy/task optimisation across

robot, edge, and cloud;
centralised inference increases
onboard compute and

retransmissions
5G can support site connectivity,

but dense metallic
environments, dynamic
topology, and shadowing
undermine deterministic

coordination; Wi -Fi is prone to
contention and brittle coverage

5G can provide some latency
performance, but clinical robotic
interaction needs tighter
synchronisation and stronger

Additional

requirements from
future technologies
Deterministic tail
latency, ISAC -based 3D
localisation, safety -rated
wireless loops, Al -
assisted fault prediction

Edge -native control,
hyper -reliable transport,

deterministic  failover,
multimodal
synchronisation, service
continuity under
mobility

Self-healing slices, NTN
fallback, resilient multi -
connectivity, RF sensing
through occlusion,
robust localisation

Al-native orchestration,
semantic
communication,
distributed
energy -aware
offloading

learning,

HRLLC sidelink, self
healing operation, ISAC -
enabled mapping and
occlusion -aware
coordination

HRLLC, multimodal
synchronisation, mm -
to-cm  sensing and
positioning, safety -
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reliability, fine -grained  guarantees than best -effort certified

sensing and positioning control loops; Wi -Fi is not communication support
suitable for certified critical
control
Connected robotics is not purely a technical optimisation problem; it is also a human -performance and human  -trust
problem. Operators, supervisors, and collaborators need stable feedback loops, clear state awareness, and predictable
intervention pathways. W  hen systems become partially autonomous or network -dependent, the cognitive burden can

increase sharply, especially if the interface does not communicate uncertainty, confidence, or degraded operating state

(3][4].

This means future architectures must account for workload, attention, trust calibration, and intervention latency. A robotics

rrrANB At An nNcReaeBr GSNAA dA rdB?AKAndeA BA" raAdAK RAJA dA DAnRAer BN/
condition or cannot intervene in time. The implication is that quality -of-experience, not just quality -of-service, must

become a first -class design objective in connected robotics.

The requirements emerging from these gaps are substantially stricter than those typically used in mobile broadband.
Connected robotics needs deterministic and context -aware service behaviour, especially where motion, safety, and
collaboration are involved. At minimum, the system must support bounded latency, low jitter, high reliability, and fast
recovery from failures. It also needs integrated sensing and communication so that the network can contribute to
positioning, environment awareness, and state estimation. Al -native orchestration is increasingly necessary to anticipate
network load, pre -stage resources, and mana ge robot missions proactively. In addition, interoperability is essential because
robotics systems will span heterogeneous middleware, network APIs, digital twins, and safety frameworks. Without
standard interfaces, even technically capable systems will re main difficult to deploy at scale.

Safety requirements extend beyond the robot controller to the entire operational chain. A connected robot may depend

on remote compute, shared sensing, or control authorisation. Therefore, the system must degrade safely if communication
quality drops or if external services become unavailable. The architecture should support fallback modes, autonomy
reduction, motion restriction, and human supervision escalation as native behaviours rather than exceptional ones.
Resilience must likewise be treated as a system property. It includes redundancy, state continuity, fault detection, and
service reconfiguration. Interoperability must cover not only communications standards, but also service semantics,
robotics middlewar e, control interfaces, and governance hooks. These are the foundations for scaling from isolated trials to
multi -vendor connected robotics ecosystems.

8.2. Connected Robotics Architecture

The connected robotics architecture should be understood as a distributed cyber -physical system in which perception,
inference, decision -making, and actuation are partitioned across robot, edge, network, and cloud resources. The joint white

paper by euRobo tics and one6G defines a multi  -plane baseline with integrated sensing and communication, Al -native
architecture, real -time digital twins, fleet management, and cyber -physical systems for immersive human -robot
interaction. Building on that work, this sectio n defines a reference architecture that supports teleoperation, autonomy, and

fleet -scale coordination while preserving safety -critical control functions. The central design challenge is to distribute
intelligence without diluting responsibility or control assurance [1]2].

8.2.1. Reference architecture overview

Traditional robotics architectures were primarily designed around connectivity. In such systems, networks acted as
communication channels that connected sensors, controllers, and robotic platforms. This model is increasingly insufficient
for emerging Al -native robotics systems.

A useful distinction can be made between Physical Al and Embodied Al . Physical Al typically relies on pre  -trained models
operating within structured environments, where intelligence is largely developed offline and deployed onto robotic

systems. In this paradigm, the network primarily serves to connect sensing, computing, and actuation resources. The
network effectively acts as the nervous system linking the body to a pre -existing brain.

Embodied Al extends this concept by allowing intelligence to emerge through continuous interaction with the
environment. Learning, adaptation, and decision -making occur within a closed feedback loop involving perception, action,
environmental response, and policy -driven adaptation. Such systems operate in dynamic environments and continuously
refine behaviour through experience. In this case, the network is no longer merely a transport mechanism; it becomes part

of the intelligence loop itself, supporting e nd -to -end intelligence across sensing, learning, reasoning, orchestration, and
control as illustrated in ~ Figure 28.

Consequently, future 6G systems must evolve beyond connectivity infrastructure towards closed -loop intelligence
infrastructure. The network, edge, cloud, and robotic platforms collectively participate in sensing, learning, reasoning,
orchestration, and con trol. This evolution transforms the network from a passive communications substrate into an active
component of distributed intelligence.
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Joint one6G and euRobotics whitepaper [1] establishes the architecture baseline around five euRobotics connected
robotics Topic group technical pillars: integrated sensing and communication, Al -native architecture, real -time digital
twins, fleet management, and cyber -physical systems for immersiv. e human -robot interaction. This reference architecture
can be structured around four coupled domains: robot, edge, network, and cloud. The robot layer hosts sensors, actuators,

onboard control, and immediate safety functions. The edge layer provides low -latency compute, local orchestration, state
fusion, and digital twin synchronisation. The network layer supplies connectivity, sensing assistance, and quality of service
assurance. The cloud layer supports long -horizon learning, fleet coordination, global op timisation, and lifecycle data
management.

The reference architecture can be understood as a multi -plane system linking robotic mission functions with distributed
intelligence, network support, and governance controls. Its purpose is not to describe another deployment stack, but to

show how sensing , decision -making, coordination, and assurance are separated and recomposed across the robot, edge,
network, and cloud so that safety  -critical functions remain local while higher -order intelligence can be shared or relocated
as needed.

This structure is not simply a deployment pattern; it is a control pattern. The architecture must preserve the integrity of

local control loops while enabling remote services to assist with reasoning, supervision, and optimisation [1] A well -designed
system should therefore be able to move functions up or down the stack depending on latency, risk, and resource

availability, without changing the safety case or operator expectations.

PHYSICAL Al

Pre-trained

Structured
environments

Network = transport

NETWORK

INSIDE THE LOOP)

Figure 28: Building the Nervous System versus the Brain/Body [20]

8.2.2. Operationalising the Reference Architecture

Within the reference architecture, this transition is reflected by the interaction between a multi -plane 6G robotics system
inwhichthe Robotics Service Plane hosts mission functions such as sensing, perception, cognition, planning, and actuation;

the Intelligent Service Plane  provides Al models, Al agents, model provisioning, task/intent translation, and lifecycle
orchestration; the Network Service Plane supplies sensing and communication support, localisation and tracking,

computing coordination, slicing, and network -wide tim ing services; and the Governance & Compliance Plane ensures
processing, data collection rules, privacy, safety, security, and policy -and -assurance functions covering observability,
sustainability assurance, interoperability, ethics, audit, and conflict resolution [1] A Domain Intent -Based Interface bridges

applicaton -r nNO4R4Q BdrrdeA dAANAA AADZ QeArancAdAar adat At N r"raANByr @&?An
Figure 29, which presents the end -to-end connected robotics architecture across the four planes and their runtime
relationships.
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Figure 29: End-to -end connected robotics architecture

Building on this structural view, the functional responsibilities of each plane are defined as follows:

1 Robotics Service Plane (Mission Functions) contains the operational functions that directly execute robotic behaviour,
including sensing, perception, cognition, planning, and actuation.

1 Intelligent Service Plane (Al & Orchestration) provides intelligence and decision -support capabilities through Al
models, Al agents, task and intent translation, model provisioning, and lifecycle orchestration. This plane enables
adaptive and Al -native operation while remaining subject to governance co nstraints.

1  Network Service Plane (Enabling Services) provides the runtime support services required to connect, coordinate, and
synchronise distributed robotic systems. These functions include sensing and communication support, localisation
and tracking, compute coordination, network slicing, and network -wid e timing services.

1  Governance & Compliance Plane (Assurance & Lifecycle) establishes the policies, controls, and assurance mechanisms
that govern system behaviour, data usage, model lifecycle management, security, privacy, safety, interoperability, and
accountability across robot, edge, network, and cloud domains.

While each plane has a distinct architectural role, their internal functions can be consistently classified into three cross -
cutting categories: service functions, enabling services, and governance functions. This decomposition aligns with the

functional ¢ ategories introduced in ~ Table 13 where mission functions define what the system does, enabling services define

how execution is supported, and governance functions define the constraints and assurance mechanisms under which

operation remains trustworthy and compliant.

Table 13 Functional decomposition of the connected robotics architecture

AUTEe) Architecture element Role in data/control flow
category
. Generate, interpret, decide,
Service . . " . . .
function Sensing, Perception, Cognition, Planning, Actuation sequence, and execute mission
behaviour.
Data & Event Exchange, Discovery & Naming, Closed - . .
. Move data, coordinate runtime
. Loop Control, Al Agents & Orchestration, Al Models, .
Enabling S L . resources, support decision
: Model Provisioning, Compute Coordination, Sensing & T
service s L . loops, and enforce timing
Communication, Localisation & Tracking, Network .
. ) - . constraints.
Slicing, Network -wide Timing Services
Governance Lifecycle & Data Governance, Processing Governance, Control the model and data
function Data Collection Rules, Security, Safety & Risk lifecycle, set constraints, assure
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RS Architecture element Role in data/control flow
category
Management, Privacy, Policy & Assurance, Ethics, compliance, and resolve
Interoperability, Audit, Conflict Resolution, conflicts.

Sustainability Assurance

The reference architecture becomes actionable through a set of operational patterns that link mission intent, control,
orchestration, and governance. These patterns define how the system translates vertical requirements into enforceable
runtime behaviour a  cross robot, edge, network, and cloud resources. The Domain Intent -Based Interface (DIBI) plays a
central role in this binding and serves as the bridge between a vertical domain, such as autonomous logistics, remote
medical surgery, or smart manufacturing, and the 6G system. It allows stakeholders to specify mission intent, objectives,
constraints, and acceptable degradation modes, rather than the implementation details of how the network or robots
should achieve them. In this way, DIBI translates operation al goals into machine  -actionable policies that can be enforced
across the system domains. It also supports state -based assurance by providing continuous feedback on whether the
system is still operating within the declared mission objectives (i.e., tasks) [13]and safety constraints. It supports:
1 Policy -DZEd,% NA Qe ArAcEAdAArif r?20t ArR XTAQANBEA QRRIQOYRAG Kde KeAY KABAAQ
{1 Dynamic adaptaton: Re & Ni ABnANR XéND2ON &Nre&k?adeA dR NANa&f' ANWNAr Dzeen F
9  State -based assurance: Real-time feedback to the user on whether the system is still meeting the stated mission
intent.

8.2.3. Governance & Compliance Plane Decomposition

To make governance responsibilities more explicit, the Governance & Compliance Plane is organised into three
complementary governance domains:

91 Lifecycle & Data Governance: This domain governs the lifecycle of data, models, and digital assets across the connected
robotics ecosystem. It includes multi -domain and multi  -vendor management, data collection policies, processing
governance, model lifecycle management, provenance tr acking, retention policies, and data -sharing controls. These
functions ensure that information and Al assets remain traceable, manageable, and compliant throughout their
operational lifetime.

1  Security, Safety & Privacy: This domain establishes the protections required for trustworthy operation. Security
functions protect communications, infrastructure, identities, and services from malicious activity. Safety and risk
management functions ensure that robotic behaviour rem ains within acceptable operational boundaries and that
hazards are identified, monitored, and mitigated. Privacy functions govern the collection, processing, and sharing of
sensitive information in accordance with regulatory and organisational requirements

1 Policy & Assurance: This domain provides continuous oversight and verification of system behaviour. It includes
observability, auditing, ethics management, interoperability assurance, sustainability assurance, conflict resolution,
compliance monitoring, and risk monitoring a nd assurance. Policy and assurance functions continuously evaluate
whether runtime behaviour remains aligned with mission intent, operational constraints, regulatory obligations, and
stakeholder objectives.

Together, these three governance domains provide end -to-end assurance across the model lifecycle, data lifecycle,
operational behaviour, and compliance posture of the connected robotics system. The functional view reinforces that
connected robotics require s an end -to -end architecture rather than isolated communication features. Service functions
define what the robot does, enabling services define how the system supports execution, and governance functions define

the constraints under which the system remai ns safe, secure, interoperable, and accountable. Together, these functions
support teleoperation, shared autonomy, fleet coordination, and human -aware operation in safety  -critical environments.

8.2.4. Architectural Realisation Across Key Functions

The following subsections show how the reference architecture is instantiated across mission intent, time -critical data
flows, teleoperation, shared autonomy, fleet coordination, and Al -native orchestration. Together, they demonstrate how the
architecture  addresses the requirements and gaps identified in Section 8.1 while preserving safety, resilience, and
interoperability.

1  Sensing, communication, compute, control: A key architectural principle is the coordinated treatment of sensing,
communication, compute, and control. Robotics produces high -dimensional sensory traffic, often including video,
depth, force, vibration, and localisation streams. These streams must be transported, processed, and fused without
destroying the timing relationships on which control depends. This is why connected robotics requires integrated
sensing and communication rather than a simple network overlay. Compute placement also matters. Some functions
can run locally on the robot, some at the edge, and some in the cloud. The architectural objective is to minimise
unnecessary movement of time -sensitive data while preserving the ability to use remote intelli gence where it adds
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value. A practical implementation may place reflexive safety and motion control on the robot, situational fusion at the
edge, and fleet -level optimisation in the cloud.

1  Teleoperation support:  Teleoperation remains one of the clearest stress tests for connected robotics. It requires low -
latency command delivery, stable state feedback, synchronised perception streams, and operator interfaces that

remain meaningful under network variability. For t his reason, teleoperation should be treated as a first -class
architectural use case rather than a special mode layered on top of generic networking. The system should support
predictive filtering, command smoothing, adaptive video coding, haptic feedback where relevant, and fail -safe

reversion if the connection quality falls below thresholds. Teleoperation is therefore not only a communications
challe nge but a human -system integration problem in which control quality, trust, and task success are tightly linked.

1  Autonomy and shared autonomy: Autonomy in connected robotics must be distributed and context -aware. The robot
should retain immediate reflexive autonomy for local safety and motion stabilisation, while higher -level decision
support, planning, and optimisation functions can be distribu ted across edge or cloud services for planning and
strategic optimisation. This allows the system to benefit from larger models and better context without exposing
safety -critical loops to remote nondeterminism. Shared autonomy is especially important in h uman -collaborative
environments. The architecture should allow the robot to operate independently when conditions are stable, but to
re-engage human oversight when uncertainty, risk, or task ambiguity increases. The interface between autonomy and
supervisi on therefore becomes a core architectural feature rather than an application detail.

1  Multi -robot coordination:  Fleet -scale robotics creates another design dimension. Multiple robots may share map
fragments, localisation information, task schedules, and resource assignments. To support this, the architecture must
enable distributed coordination, common data models, shared state, and policy -controlled collaboration. The network
and edge layers become especially important because they mediate the exchange of shared context and collective
intent. Multi -robot coordination also introduces failure coupling. If one robot or service becomes unavailable, the
remainder of the system must continue operating safely. This requires decentralised fallbacks, replication of essential
state, and well -defined coo rdination protocols that do not assume perfect connectivity.

1  Al-native orchestration:  Al-native orchestration is a defining feature of the connected robotics architecture. Rather
than treating Al as an application layered on top of the network, the architecture should allow Al to contribute to
resource allocation, task scheduling, sensing prioritisation, and fault prediction. This improves responsiveness and
reduces unnecessary overhead. In an Al -native architecture, orchestration decisions are informed by continuously
learned models and runtime intelligence, rather than solely by predefine d rules and static optimisation policies.
However, Al -native orchestration must remain constrained by governance and safety rules. Prediction should assist
control, not silently replace it. The architecture therefore needs policy -aware orchestration, monit ~ orable decisions, and
a clear separation between advisory intelligence and safety -critical execution. This is especially important in systems
that rely on edge and cloud services for part of their decision -making chain.

1  Design principles: The architecture should be guided by several principles. Modularity is needed so that sensing,
compute, network, and control components can evolve independently. Adaptability is necessary because operational
conditions, robotic mission objectives, and res ource availability may change dynamically. Resilience is required so that

the system degrades gracefully rather than failing abruptly. Interoperability is equally important. Robotic systems will
operate across vendors, middleware stacks, and standards ecosystems, so the architecture must support service
abstraction and standardized interfaces. Finally, security, safety, and trust should be embedded from the outset, not

appended later. In connected robotics, architecture is inseparable from assurance.

8.3. Governance, Standardisation and Ecosystem
Readiness

Connected robotics systems must be safe, secure, trustworthy, ethical, explainable, dependable, and responsibly governed.
This requirement is not additive; it is architectural and built in. Responsible governance must therefore be embedded into
both the de sign of the system and its operational lifecycle. The relevant challenge is to ensure that autonomy remains
bounded by explicit human, safety, and policy constraints, even when intelligence is distributed across device, edge, and
cloud resources.

The connected robotics community discussion increasingly points to dependability, ethics, and standardisation as core
enablers rather than secondary concerns. In particular, the use of a multi -plane reference architecture provides a natural
basis for expre ssing dependability and governance obligations across layers.

8.3.1. Responsible Governance

Responsible governance requires that ethical and sustainability constraints are managed across the lifecycle: design,
verification, deployment, operation, monitoring, and retirement. Machine -interpretable governance rules should be used
where possible so t hat the robot can reason over norms, context, and policy constraints. This is especially relevant where
decisions are supported by remote or edge -based ethical reasoning services.

A robust and responsible governance process should include ethical impact assessment, validation of context data, runtime
monitoring, human intervention for inconclusive cases, and post -deployment auditing. In the connected robotics setting,
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governance must also be distributed across the robot Vhetwork \edge \cloud chain so that no single service failure silently
invalidates the overall assurance model.

Sustainability as a governance objective should be treated as a governance -related architectural objective, especially for
large -scale deployment of Al -native and 6G -connected robotic systems. A robotic architecture is more sustainable when it
minimises lifecycle energy and scarce resource consumption, limits unnecessary hardware redundancy, supports
repairability and software updates, enables efficient use of communication and compute resources, and reduces waste

across deployment, operation, maintenance, and end -of-life phases. This is increasingly important because advanced
robotic systems rely on energy  -intensive sensing, Al inference, networking, and cloud/edge processing.

From an architectural perspective, sustainability requires thoughtful allocation of functions across robot, edge, and cloud.

High -frequency safety -critical control should remain local, while heavier non -real -time optimisation or analytics tasks may

be offl oaded only when this improves overall energy and resource efficiency. The same principle applies to sensing and
communication: semantic communication, event -triggered reporting, adaptive sensing rates, and context -aware
orchestration can reduce bandwidth a nd computational overhead without compromising mission performance.

Sustainability also depends on architectural longevity and durability. Modular software and hardware interfaces, reusable
components, interoperable standards, maintainable Al pipelines, and support for controlled reconfiguration can extend
system lifetime and reduce the environmental and economic cost of replacement. Sustainable robotic architecture should
therefore not be understood only in environmental terms, but also as the capacity to preserve value, efficiency, and
operational usefulness over time acr oss evolving technical and regulatory conditions.

8.3.2. Societal Aspects

Connected robotics deployment raises significant societal considerations that extend beyond technical performance. As
robotic systems become more autonomous, networked, and integrated into public and commercial spaces, their societal

impact V on labour, acce ssibility, public trust, and community acceptance ¥V must be addressed as a core design and
deployment concern.

Human factors remain central. The human operator functions as a system constraint requiring workload -aware interfaces
and intervention pathways. Current systems under -specify operator workload, trust calibration, and intervention latency.
Human oversight m ust be defined precisely, including performance thresholds, intervention authority, escalation
thresholds, and incident reporting paths.

Public acceptance depends on transparency regarding how robots perceive, decide, and act. Systems must be able to
indicate uncertainty, explain high -risk decisions, and escalate when context is insufficient for autonomous action. This
supports not only reg  ulatory compliance but also the social legitimacy required for widespread deployment.

Ethical and explainability requirements are increasingly central to Al -enabled robotics. IEEE 7007 -2021 [7] provides an
ontological framework for ethically driven robotics and automation systems, with concepts, definitions, axioms, and use

cases that support clear communication across robotics, ethics [8], and related disciplines. The standard is valuable because

it turns ethics from a purely philosophical concern into a structured vocabulary for engineering and governance of
autonomous intelligent systems.

In connected robotics, this matters because decisions may be made under partial observability and distributed intelligence.
Systems must be able to indicate uncertainty, explain high -risk decisions, and escalate when the context is insufficient for
autonom ous action. Explainability is not merely a user interface feature; it is a governance mechanism that supports
oversight, auditability, and accountability.

Ethical impact assessment, inclusive design practices, and attention to distributional effects ¥ who benefits and who bears
riskV are necessary components of societal readiness. These considerations should inform not only robot design but also
governance fram eworks and deployment policy.

8.3.3. Architectural dependability

Dependability [6] is a system -level property. In connected robotics, it emerges not only from component reliability but from

how service functions, enabling services, and governance functions (see Table 13 are composed and interact across the
architectural planes. It depends not only on the quality of components but also on how perception, planning, actuation,
communication, supervision, and cybersecurity [12] are composed and realised. A connected robot must therefore be
designed so that mission autonomy and safety -critical control are separable. High -level Al may propose actions, but
deterministic safety layers must remain able to validate, constrain, or over ride them.

Safety is central and primarily realised through governance functions that constrain service behaviour. The architecture

must support risk monitoring and assurance, safety functions, emergency stop, safe braking, collision avoidance, degraded -
mode operation, and  supervised recovery. ISO 10218 and ISO/TS 15066 [10] remain key references for collaborative and
industrial robotics safety, while the connected robotics context extends these requirements to communication

dependence and distributed control.
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Safety -Critical Deployment  requires an explicit operational design domain, a safety case, and a documented set of
assumptions about environment, users, supervision, and connectivity. If a robot depends on edge services, remote APIs, or
network -native capabilities, these dependencie s must be included in the safety argument and assurance. A robot that
becomes unsafe when connectivity is poor has not been properly engineered for deployment; it has merely been
connected.
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Figure 30: Governance, safety, and cybersecurity layers for connected robotics

Runtime assurance mechanisms are therefore essential. These include watchdogs, health monitors, anomaly detection,
safety supervisors, event logging, and independent stop functions. Human oversight must also be defined precisely,
including intervention aut hority, escalation thresholds, and incident reporting paths. The deployment model should be
able to tolerate degraded communication by transitioning to lower autonomy or safe state rather than preserving function

at the expense of safety. Figure 30 illustrates how governance, safety, and cybersecurity mechanisms are layered across the
architecture and how they interact with service and enabling functions to ensure dependable operation.

Cybersecurity in Connected Robotics is distinct from safety, but the two are tightly coupled in connected robotics.
Cybersecurity is a foundational architectural property of dependable robotics [9] because a robot that can be manipulated,
deceived, or disrupted cannot be considered trustworthy even if its nominal control logic is safe. In connected and 6G -
enabled robotic systems, the attack surface extends across onboard software, middleware, sensor s, actuators, edge/cloud
services, APIs, remote update channels, and robot -to -network communication links, which means architectural security

must be treated as an end  -to -end system property rather than as an isolated software feature.

Architecturally, cybersecurity ~ [11]requires defense -in-depth. This includes:

(a) Strong identity and authentication mechanisms for devices, users, and services
(b) Secure boot and trusted execution for critical functions
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(c) Encryption and integrity protection for robot -to -robot, robot -to -edge, and robot -to-cloud communication
(d) Network segmentation between mission functions and safety -critical control

(e) Secure logging for accountability and incident response

() Secure update mechanisms with rollback capability

(g) Supply -chain assurance for software, Al models, and hardware components

(h) Continuous vulnerability monitoring across robot, edge, cloud, and network services

An example of a potential attack is malicious interference that can create physical harm, operational disruption, and loss of
trust. The ISA/IEC 62443 [9] family is therefore highly relevant because it addresses industrial automation and control
systems across relevant development, deployment, and lifecycle management. The standard is especially important for
distributed robotic systems that depend on netwo rked services and operational technology.

Cybersecurity controls should cover secure development, identity and access management, segmentation, monitoring,
incident response, and update mechanisms. In a connected robotics architecture, security cannot stop at the robot. It must

extend across edge nodes, orchestration platforms, APIs, and cloud services. This is consistent with the distributed threat
surface described for connected robotics and with the operational continuity focus of IEC 62443 standards suite [9].

8.3.4. Standardisation and ecosystem readiness

Standardisation remains one of the main barriers to ecosystem scale. Telecommunications standards bodies, robotics

standards bodies, and Al governance initiatives have each advanced substantial work, but the interfaces between them

remain under -specified. The 6G robotics standardisation landscape remains fragmented [17] across service abstraction,
certification, safety assurance, and interoperability.

European policy frameworks increasingly recognise this challenge. The euRobotics Vienna Statement [19], emphasises that
aligned standardisation, innovation, and policy efforts are essential for Europe to scale robotics and Al effectively. Aligni ng
standardisation efforts with industrial strategy is therefore a policy priority, not merely a technical one.

The euRobotics community, through the Al, Data and Robotics Association (ADRA), actively contributes to shaping the
European robotics research and innovation agenda, including standardisation priorities. In line with the euRobotics Vienna
Statement [19], coordinated efforts across the European robotics community support alignment between stakeholders and
standardisation processes, facilitating pre -normative research and convergence on common frameworks.

CEN/CENELEC plays a central role in European harmonisation, coordinating with ISO and IEC to ensure that European
robotics standards align with international frameworks while addressing EU -specific requirements such as the Machinery
Regulation, Al Act, and  Cyber Resilience Act.  As robotics increasingly integrates Al and connectivity, CEN/CENELEC must
also liaise closely with ETSI on telecommunications aspects and with ISO/IEC JTC 1/SC 42 2 on Al governance.

Future standardisation should therefore focus on:

1  Standard service interfaces for robotics -network interactions

1  Methods for safety certification under variable network conditions

1 Interoperable governance and audit mechanisms

1  Shared terminology across communications, robotics, and Al communities

Without this alignment, connected robotics will remain a collection of promising demonstrations rather than an industrially
deployable system category.

The main standardisation bodies [9] active in this domain can be grouped by role. For robotics safety and machinery
integration, the key bodies are ISO/TC 299, CEN/TC 310, ISO/TC 184, ISO/TC 199, and relevant IEC technical committees. For
telecom performance, mobility, and 6G architecture, the main venues are ETSI, ITU -R, and IEEE, with one6G and euRobotics
contributing to pre  -standardisation and ecosystem alignment. For industrial cybersecurity, the primary references are IEC,
especially the IEC 62443 family, together with relevant ISO and ETSI work at the industrial and network interfaces. For Al
governance and trustworthy Al, the relevant bodies are ISO/IEC JTC 1/SC 42, IEEE, and CEN/CENELEC. For interoperability

and service interfaces, the main bodies are ETSI, IEEE, I1SO, and CEN/CENELEC. For testing, validation, and performance
measurement, ASTM plays a complementary role alongside IEC, |IEEE, and ETSI. For European harmonisation and
regulatory alignment, CEN/CENELEC, ETSI, BSI, DIN, and one6G/euRobotics all have important roles.

Table 14: Standardisation priorities for 6G empowering connected robotics

Requirement

area Emerging requirements Current gap Standards focus
Real-time ?t?;r”gifert_z:!n'ii‘:ﬁ:“ggr'n'rz‘l"’ 56 does not 3GPP, ETSI, ITU-R, IEEE, ISO TC
control JItter, guarantee  worst - 299, CEN TC 310

loops

2 Subcommittee 42 of ISO/IEC Joint Technical Committee 1 on Avrtificial Intelligence
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Requirement

area Emerging requirements Current gap Standards focus
case robotic control
performance
Wireless  safet loops Safety still depends
Safet Safes oot y netwoprk' mainly on local  ISO TC 299, ISO TC 184, IEC, CEN
y W control or wired  TC 310, SO TC 199
services
fallback
Integrated sensing, Sensing integration

Sensing and and positioning 3GPP, ETSI ISG/GR on ISAC, ITU-R,

localisation at centimetre

positioning - accuracy remain IEEE, ISO TC 299, CEN TC 310
to millimetre scale L
limited
Motion -to -photon Jitter, buffering,
Teleoperation optimisation, haptic and missing haptic 3GPP, ISO TC 299, IEC, IEEE, ETSI,
P support, synchronised guarantees limit ITU-R, CEN TC 310
media reliability

Operator workload,

Workload -aware trust calibration,
Human factors interfaces, intervention and intervention ISO TC 159, ISO TC 299, IEC, IEEE
pathways timing are under -
specified

Multi -connectivity, self - Coverage loss and

Resilience healin non -terrestrial radio -frequency ITU-R, ETSI, 3GPP, IEEE, ISO TC
9 shadowing remain 299, CEN TC 310
network fallback L
major risks

Mrmwe O e g 39FP, ISOIEC C USC 42, 1T
operation L N 9 ' . ETSI, IEEE, ISO TC 299

distributed learning task -agnostic
Semantic -crc?;lz;;er:iecva?irgn instead of i\llwféftlncaetlr(;rk;ilit and ETSI, ITUR, IEEE, ISO/IEC JTC 1/SC
communication PE y 42,1SO TC 299

raw sensor streams remain immature

:;?vr\]/z?lid intrgggzgz - Integration remains ISO TC 299, CEN TC 310, IEC, ETSI,
Interoperability i ces, g n IEEE, OPC Foundation, ISO/IEC

middleware profiles, vendor -specific

. JTC1

discovery

Auditable data, privacy, Governance is not ISO/IEC JTC 1/SC 42, ISO/IEC
Governance policy arbitration, yet built into 42001, ISO/IEC/IEEE 24748 -7000,

accountable autonomy control loops ETSI, ISO TC 299

8.4. Conclusion

Connected robotics will require a new engineering contract between communication, computation, control, and
governance. The evidence across the chapter points to a single conclusion: 5G and Wi -Fi are useful foundations, and may
remain suitable for many non -safety -critical or controlled robotics deployments, but they are not sufficient on their own for

the most demanding deterministic, resilient, and safety -assured connected robotics operation. The architecture must
therefore shift towards 6G  -native capabili ties, integrated sensing, Al  -native orchestration, and distributed assurance across
robot, edge, network, and cloud
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Equally important, technical capability must be matched by governance maturity. Safety, cybersecurity, explainability, and
standards alignment are not external compliance layers; they are part of the system architecture itself. A successful
connected robot ics ecosystem will depend on interoperable standards, clear safety cases, runtime oversight, and a shared
vocabulary across robotics, telecommunications, Al, cybersecurity and ethics communities. This is the basis for scalable,
responsible connected roboti  cs and for the next phase of one6G and euRobotics collaboration.

More broadly, the transition from isolated demonstrations to deployable systems will depend on sustained co -design
between researchers, industry, standards bodies, and regulators. The near -term priority is to translate these architectural
principles into r eference implementations, testbeds, and pre -standardisation outputs that can validate performance,
safety, and interoperability in realistic environments. In that sense, connected robotics is not only a technology roadmap,

but also a coordination challenge for the wider innovation ecosystem.
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9. Distributed Federated Al
uy AADZ TAQOt AN - NAEAJQAF uT-U AcN ABeAf At

' ARG O0dAA dAANAADF NAON u! uU

AADZ At N RecADzs §tNr AN rdf ARAOAAANKT Ot ANF QAT At N SAr DAAA dr OQeKK
AArdft Arne@dQONMNrNr AADZ r?nnecan DNOdrdeA BA:L gAF dA A?BNcEe?r AmnnAdQAna(
t NAAAt R rBAEAn Af &dO? An? &EaN NA Qs vt QNA A NN AMNKamee NGMNed?Arr  /eNRA Pvee DA yA A DZANGEF NN A N |
ENe?daENBNAArr ReaR adtANdpat N k NrA nerrdk AN SArR AAre BAADAAN At N 2rAFN eR

'u &Nna&Nr NAar A AeeXk Ae reAWN ANaAReact AF naEek ANBr at Arn AN&EN naENWde
QeBnANi ¢gar ea At N AKAQ: R At N ANONrrAcr BeDNAr AADKMNMMKGLNDZA BrrsNE  dQe
rneNAB AKA DAQM DRofedgONre e At N QAe?DZ AADZ nNacReaB At N BeDNA k?dADIAT
oeaN¥NeER At N AAcf N ABe?AAr AADZ QeBnANi dar eR DAAA At An ANNDZ Ae kN N
QOANAKdAdAdNr OQA?r dAF OQtnfeXk ADBA\E AN r Q@ERIBX A JONVAA®EeDY eW Net NADR ANAGech DNA/
e NeQeBN At NrN Ot AKANAFT NrR D&raAcdk?ANDZ ANAcGAdA? AADZ ARNENAQN A NOQt
QeBneANAAr DAWeANDZ e AcAdAdAF $dARNENANDNDDWAG QN A N? rDZA A ANk P AANDE FA AA tAl
t?2fF N ABe?AAr ©R DAAA Ae At N OQAe?DZ AgBdAF AA NinKedadA?f At N A¥WAJAAK AN

(Industry 4.0) (Agriculmrej (Healthcare} [Transponation) [ Logistics j

Figure 31 A carrier network along with connected terminals forms a distributed platform.

AinNQJRJOQAAKA' R A QAcedNae ANAReact AKeA?P Sdat OQeAANQANDZ ANEBJdAAAr RecBr
AceN DHrAcEdk?ANDZ ReeB At N QeacN AEDANNENDEZ NeE®ONOAGr DBE AAner PAGEN t eBNr R
QAcEr R DZEQANR Ar Mg BN RBA AN dr AAre 7 AAt NeENDZ AADZ Qe AANOANDZ AKK eW Na
AANDZ ReeB NADZ DAY dONr uNsfs WNtdQANrR BekdAN ANEBJdAAAr UR BA =fArR eA
yt NeNRe&NR At NeN dr A 7 cPAMNAEARAR AMNDL NI DDA AGglhSrMe eRRAeADZ QeBn?
dAQ&ENAr N At N rnNNDZeR ANAGAdAFT S ane kaEedAf OeBn?aAndeA OQAer NE& aAe DAAA
AADZ Ae QeARecB Ae naEd¥AQr OQeAracAdAArs

UA At dr rNOAdeAR &N naceWwdDN Ni ABnAN ?2rN OQArNrR Ar ANAA Ar AN e¥W N
DAY NAenBNAAr dA At N NinAedaAadeA eR DZracdk?ANDZ 'u ANOQt Ade?Nr Rea
enndBd' AndeAs VANNNABARrdeAABRr?2nnecen AeWNA D& rAcdk?ANDZ! u DAnAer BN/

9.1. Use cases

EdrAancdk?ANDZ ANAGAdAFT ReOQO?r Nr eA dARecBArndeA BAAAF NBNAA dA r"raANBr Qe
Ae AQt gN¥ N A DANr d&NDZ WefAN/RA AADZ AMBIA N BRA®eN, AADZ BAAAFT N At N kNt A¥Wde?
Rec At N DAY NRAeQeBN NIl BIAAA f "umsNBirt N A cADZadeAAKX AceNAr eR qu,r/\czq,R?AN
dAReEBAAdeA 7" rANBrR QeBBNa&QONR NANcEf' DHrarcdk?adeA AADZ AncARRJQ OQe/
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ONAA EAAd ' N@ARAQdr QeBne ANAAR AADZ t NAON AcN ?2AncEAQOrd QAKX AADZ Aen rr QAKA
AnnaEeeAQt Nr R 5t Ne&N NAQDANY NAdQANe QA 4ADNBEe QAKX rAAAN dARecBAAdeA 2t AnA A,
Ae kN eR F &aNAA dAANGEGNrAR naee¥ ¢DHAFT F cNANUE BAEeBABQAANr NQE 8nBeENBZ 7 dAt A

f JAAKK" R A2neAeBe?r AAWdP AandeA dr AN eR At N RGNADZ At Arn na&Nr NAar B
DNOdrdeA BAt dAFR rdAON da B?2raA OQeAr dDNa& ANAck'™ WNt dOANFiBuren32DANr A &d A/
>? ®&NAAAT AN R At N Bera ?2rNDZ'!u BeDNAr dr DANNn ANAcAdA? kNQA?r N =&
2r Ae &?A A rARN A?2aeAeBe?r DZEQWJAFs , eacBAAA" At N AnnaEeAQt ?2r NDZ dr
DAAA ONAA BN GEre Ar eeDNE Ae nNaeReaeB At N eRRAGAN ANAEAdAF nt ArNs o
DNONAAEAKd' NDZ BeDNAR ~t NaE&N At N ANaAfRea&s dr A OeAandA?2e?r KNA&GAGA?T AN
BeDNAr AADZ dBnaeeW N At NdIB RENU BeDNA dA ENAK 2

VEHICLES PEDESTRIANS

Figure 32: Autonomous navigation is an example use case of distributed learning.

9.2. State -of -the -art

9.2.1. Standardization & Related Initiatives
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9.2.3. Academic literature

From the cloud to the edge: towards distributed Al
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9.3. Ongoing research
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Figure 33 DISTINQT's Architecture Overview
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Figure 34 Distributed QoS prediction scheme
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9.3.2. Decentralized offloading decisions
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Figure 35: System model; right: an example topology, left: message sequence.
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9.3.3. Autonomous Navigation
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Fa: Probability of selecting an action based on a type of knowledge

(1 — Ppest)
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Figure 36: Description of the transition process from exploration to exploitation through three types of knowledge
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ANAGect dr At N &Nr?2AA eR At N QeBkdAAandeA R At N kNraA rNe? NAONr eR AC
BAd A B N BAsaresslt, the convergence of the network is faster 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 37: 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 38). Consequently, each agent may
require more time to determine its optimal policy, as it relies only on its own experiences.

St

e [ Environment

TSel k[Agem i+lJ voe [Agent |+n]

Figure 38: 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 39 illustrates how an agent learns 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 associate d with JAL, i.e., it offers a scalable solution.

one6g.org




one6G WG2 White Paper 6G Technology Overview
p ay (OHEBG)

St w ai
—_— adi
Ti Agent
Si+1 a1
i+
Tit1 Agent i+t
dm
- —— e — * I _____
_______ »r
1
Sttn
L il
Titn Agent i
Joint Team Joint
states reward actions
Environment ]4_

Figure 39: 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 polic y, but 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 the number of a gents. The authors 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 component s: 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

- Performs the action Agent chooses another actic
¢ ent 2
T AR selected by the and avoids a collision with the

collision controller purple agent or the wall on the
j “ j v j § 4
¥ Possible % v
X Lj collision 5 IJ L]
in the next

4 No prionty tag

step

i/

R ki
R i Performs
Goal D Agent | R.R Ij [_'\ :
Agent 2 priority tag ¥, ‘ selectes

behavioural po

Figure 40: 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
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agent calculates its future position according to the action chosen by its behavioural policy. For this calculation, the auth ors
considered that each action has both linear and angular velocities associated with it. Thus, future positions 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.

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 angle, 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 this 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 41).
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Figure 41: Process of data homogenization, synchronization and estimation proposed in [102]

9.3.4. Enhanced Client Discovery and Client Selection in Federated
Learning
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Figure 42: Reference architecture for research on Edge -assisted MQTT -based Client Discovery  [73]

Studies on SDN -assisted FL Client Selection
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Figure 43: Possible reference scheme for research on SDN -assisted FL Client Selection.

9.3.5. Resource -aware Federated Learning
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Figure 44 : 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 45: 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 @dropose 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 freezi ng

and guantization of the model at constrained de vices. 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

46 shows an overview of the proposed solution.
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Figure 46: 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 configuration on
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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 al 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:

1  Aniid case, where data is randomly distributed to all devices, and hence, every device has about the same number
of samples per class.

1 Anon -iid case, where we vary the non  -iid -ness with the value of  J of a Dirichlet distribution, similar to [99] . Hereby,
the number of samples per class varies between devices.
1  Arc-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 FjJORD  [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:

1 Centralized: All data is centralized (on one device), serves as a theoretical upper bound.

1 FedAvg (full resources): FL is applied, but all devices have full (homogeneous) resources. This baseline serves as a
theoretical upper bound.

1  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.

Table 15 Accuracy (Top 1) in % for DenseNet, MobileNet, ResNet18, ResNet50, and
Transformer. For XChest the F1 macro score is given (unbalanced data).
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Topology DenseNet MobileNet ResNet18
Setting CIFARI10 CIFAR10 CIFAR10 (w. GroupNorm) FEMNIST
Dirichlet « — (iid)  n.-iid@o.1 re@(, 1 — (iid) rc@0, 1 - (iid) n.-iid@o. 1 rc@0, 1 — (iid) rc@, 1
Centralized 87.840.2 RT7.0+0.7 82.5+1.1 88.1+0.0
FedAvg (f. res.) 84.3+£0.1 75.6%1.5 74.94+3.3 849402 774427 76.1+0.1 69405 729+1.4 86.2+0.1 82.9+1.2
CoCoFL (ours) 82.04+0.2 71.9+1.8 68.84+4.6 83.24+0.3 72.4+2.9 71.3 4+ 0.1 61.2 + 1.4 63.6 + 3.5 85.0+0.1 81.54+0.6
FjORD T3.7£0.1  60.4x2.1 48.8+6.8 79103 51.9£7.3 644 £ 06 429 £ 1.7 470 x50 B855£00 69.31£3.3
HeteroFL 76.4+0.3  64.0+2.4 51.2474 T79.54+0.2 53.0+£7.6 648+ 0.1 552 +0.3 17.5 £ 5.0 85.9+0.0 709458
FedAvg 76.5+£0.1 60.4+4.2  50.9+£7.5 T8.1+04 19.9+£8.7 56.2 £ 0.8 528 + 1.1 159 £ 4.7 86.1+£0.1 G4.9£7.8
Topology ResNet50 DenseNet MobileNet(large) TF TF-S28
Setting CIFAR100 CINIC10 XChest IMDB Shakespeare
Dirichlet o — (iid) re@i, 1 — (iid)  n.-iid@0.1 re@n. 1 — (iid) n.-iid@0.5  re@.b — (iid) — (iid)  —re (Leaf)
Centralized 61.60.4 30.5+0.2 94.2+0.2 84.7T£0.7 52.9+0.7

FedAvg (f. res.) 57.04£0.3 53.0£0.6 77.240.1 539423 65.1+1.1 94.1+£0.3 859+1.8 0932402 82.6+£04 49.140.1  49.4+£0.1
CoCoFL (ours) 52.54+0.2 41.8+2.5 73.6+£0.1 53.5+4.3 52.4+7.3 91.340.3 73.0+6.4 87.3+3.8 82.5+0.5 49.3+0.3 49.1+0.3

FjORD 13.640.8 20,643 65.14£0.7 49.242.2 411469 66.32£0.9 527439 624408 7854071 42,9405 43.040.3
HeteroFL 15.040.7 31.0£2.3 60.440.2 504424 434+7.2 69.4£1.0 650400 65441.6 79.240.3" 441402 441402
FedAvg 35.240.2 23.7+£0.4 67.71£0.4 48.3%25 424472 68.2+1.0 67.0£0.6 66.8+1.4 785+£0.6 40.5+£0.3 40.3£0.1

The results are presented in  Table 15 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 res pect 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.

9.3.6. Split learning on deep edge

In this section, we study alternative approaches to split the learning (training or inferencing) at deep edge devices.
Collaborative Split Federated Learning

Distributed learning techniques, e.g., FL, impose significant communication and computation overhead on participating

clients. Although resource  -aware techniques, such as those presented in Section 7.3.5, can be applied to adjust these
overheads to the nod es' capabilities, such adjustments come at a cost: a reduction in accuracy. Split Federated Learning

(SFL) splits the model between clients and the server at a cut layer, addressing FL challenges without compromising

accuracy [106]. However, existing SFL schemes still face long training delays due to client heterogeneity and substantial
communication overhead. In particular, clients need to receive gradients from the server to continue the
backpropagation process, increasing delay. Additionally, multiple models V one per client ¥ must be exchanged,
significantly increasing the communication overhead.

In [107], we proposed Collaborative Split Federated Learning (C -SFL), which splits the model into three parts at two layers,

taking into account client heterogeneity. We group the clients into two categories vV weak and strong ¥ selecting a subset
of the stronger clien ts as aggregators. We then split the model into a server -side model and a client -side model. The
client -side model is further divided into a weak -side model and an aggregator -side model, where the former is trained at
all clients and the latter only at the aggregators. C -SFL enables parallel training and aggregation of the aggregator -side
and server -side models during each local epoch, improving model accuracy without incurring additional compu tation or

communication costs.
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Figure 47:Clients perform forward propagation (1) and send activations to the aggregator (2). Aggregators perform
forward propagation  until the cut layer (3) and transmits the activations to the server (4). Backward propagation  process
is performed at aggregators (5), devices, and the server (6). Finally, server and aggregator models are aggregated in
parallel (7).

Figure 47 illustrates the training workflow. The parallel training of aggregator -side and server -side models efficiently utilizes

DZAN OAKAdNAArs 9feacN dBnecAAAAAT R At N nA cddirdyAsinck pdrtierNdt e dieatA  giden ce W Nr

model is aggregated per epoch rather than per multiple. C -SFL also reduces significantly the total communication
overhead, as each local aggregator transmits one single aggregated model to the server instead of one individual model

for each client per training round. The collaborative and cut layers, are the same across clients in order to prevent the
AfF €NF AnhdeA eR BeDANAr ndat DHRRN&ENAA A?BkN&E eR AAr N{fOGSR n~t 4Ot
We evaluated the proposed solution and compare it with the state -of-the -art split learning techniques for different models

and data sets (for MNIST and FMNIST, we used AlexNet and for CIFAR -10, we used VGG -11). We consider a network with 100
clients, 10 of which are aggregators (aggregator nodes have 4x CPU cores). We illustrate in Figure 48 and Figure 49 the
accuracy as a function of training delay and communication overhead. As we observe, C -SFL shows similar or better
convergence behaviour but reduces the communication overhead by a large margin compared with the state of the art.
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Figure 48: Test accuracy versus training delay
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Figure 49: Test Accuracy versus communication overhead. Low latency inferencing at deep edge

Large Language Models (LLMs) have transformed natural language processing tasks such as question answering,
conversation, and code generation. To achieve low -latency responses, there's increasing interest in running LLM inference

atthe edge, where devices  like smartphones, 0T nodes, oron  -premise servers often face memory and compute constraints.

A key technique to overcome these limitations is partitioning large models across multiple edge devices to leverage

collective resources. The majority of state -of-the -art techniques apply coarse -grained partitioning ¥ splitting the model
along large block boundaries such as entire decoder layers, each comprising multiple attention heads and feed -forward
blocks, and assigning them to different devices.
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These partitions are typically static, with a fixed block -to -device mapping throughout inference [109],[110] and [111However,
coarse -grained, static partitioning is often insufficient for large LLMs, which require finer -grained and adaptive schemes
due to their autoregressive nature U generating tokens one at a time. During this process, intermediate representations

(keys and values) for all previous tokens are stored in caches within the multi -head attention (MHA) modules and grow with
sequence length, since each new token attends to all previous ones. As inference progresses and caches expand, treating

each Transformer la yer as a single block can lead to device overload, highlighting  the need for more flexible partitioning
approaches.

In [112] we propose a fine -grained, attention head -level partitioning approach that enables more flexible use of edge
resources, as illustrated in ~ Figure 50. To minimize inference latency, we design a resource -aware Transformer partitioning
algorithm that re  -evaluates placement every few tokens during generation. The algorithm is myopic V it reacts to current
device compute availability and network bandwidth. O n first execution, it assigns blocks to devices; on subsequent runs, it
migrates blocks to minimize total delay (inference + migration). By partitioning at the attention head level and co -locating
heads with their K/V caches, we enable dynamic migration un der resource constraints . Distributing attention heads across
devices enable parallelism across devices , significantly reducing inference delays.

Figure 50: lllustration: attention head  -level partitions (red lines) and additional cuts for feed -forward and linear projection
blocks (green lines) allow flexible block assignment across edge devices. The controller node handles inference requests
and partitioning,  while attention heads (with K/V caches), feed forward , and proj ection blocks are distributed across
devices D1 VD4.

We evaluate our algorithm in two settings to assess both correctness (optimality gap) and scalability:

- Small -scale (3 V5 devices, N = 4 tokens): We compare against an exact solver and simpler heuristics (Greedy, Round -
Robin, Static, Dynamic) under constrained compute and memory. Our method stays within 15 V20% of the optimal
and outperforms baselines by 40 60 %.

- Medium -scale (25 devices, N up to 1000 tokens): We benchmark against EdgeShard [109] and Galaxy [111linder
heterogeneous edge conditions. Our method scales well, achieving up to 9 V10x lower latency and memory
overhead.

These results highlight the effectiveness of attention head -level partitioning combined with dynamic block migration for

efficient autoregressive LLM inference.

9.3.7. Need for understanding the potential of distributed Al in various
use cases for 6G

EdrAncdk?ANDZ dAANAAQF NAON reAk?adeAr tA%N KNNA nacener NDZ naNWde?r AT Re
NRRNOAQWN QeBnNadAf AAANEAAAGWYN Ae ONAAcEAAd' NDZreA?adeAr R AANZt Ar kN
eR At NrMWNAQ@WNRNaEN QAr Nr dr A?2aer QAAKGAT >@C &Nr FigueQBs AN AA NWNRreRaet G5 r A dA
QeBner NDZ eR r NWNEAK ,  Naceact f?2AQ0ndeAr u,fUR 5t NeEN NAOQt ,f dr DANnKe
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