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Forget 5G. Let’s Talk About 6G! (WSJ
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Beyond 5G: what would 6G look like — and do we need it?

The ‘Internet of the Senses’ and a ‘cyber-physical continuum’ are on engineers’ horizon
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Mwu LWYCTUH nNopy4vin BHeCTU B NPaBUTEJNIbCTBO
npeanoXxeHusa no paspaborkam 6G
Mpembep-muHUCTP Poccun Muxann Muwyctid gan nopyyeHna MuHundpsl n MuHnpomropry

BHECTW B NPaBUTENbCTBO NPEAN0KEHNA N0 Pa3BUTII0 MOOWUALHBIX CETel WeCToro NOKoNeHNs
(6G). NopyueHKsa AaHbI N0 UTOram NOe3/KK raBbl NPaBUTENbCTBa B BOpOHeX Ky 06nacTb
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«MUHLUMOPLI U MUHNpoMTOPrY 10 14 deBpana HeobXoaNMO NOATOTOBUTE 1 BHECTU

§ B NPaBUTENbCTBO NPEANOXEHNA MO HaYUYHO-UCCNeA0BaTENbCKIUM U OMbITHO-KOHCTPYKTOPCKIAM
paboTam B chepe pa3sBuTia MOBUNLHLIX CETEN WECTOro NOKONEHNE»,— roBOPUTCS
B [OKYMEHTe, ony6nMKOBaHHOM Ha cailTe NpaBUTeNbCTBA.

P 4

Momumo 31oro MuHuwdpsl, Mudnpomrtopry n MuHsHepro Heobxogumo 1o 30 noHa
NPeACcTaBnTb MHULWATVEBLI MO CTUMYTMPOBAHWID CNPOCa Ha POCCUIACKE CUCTeMBI 1 CPeCTBa

npodeccioHanbHoN pagnoceasi ctaHaapTta DRM.
'Interacting with the network in 3 more immersive way — that is what 6G is likely to enable’ © Getty/iStockphoto .

Anna Gross FEBRUARY 7 2022
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NokoneHna mobunbHOU CBA3U —
6ernvin B3rnaa

6G ?

Altius,
Fortius»
CKOpOCTH,
CHUXEHUE Mepexon B
2 G MonHocTeio IP—  3apepxex, S
h RN,  ''epexod B [vanasoH
nyyLLIeHHas BaHHbIE, MM-OManasoH, = oooo F’Fu,
_ nakeTHas naKeTHas! GbicTpble, Mnosocsl B
W nepenaya ganHbx, KOMMyTauus ans  TEPSRSE ¢ Maflbivin ool Hecsimku —
-~ ! AOaHHbIX - _
: KOMMYTaUMen  ~neur k nakeTHOM AaHHbIX SEPEER L comHu 6/c
OPUEHTUPOBAHbI KAHAMOB - Lll<0MM IMT-2000 - HSPA, LTE, WIMAX... ~[6/c om 0.1 mc
Ha peyb, yraumu - HSPA+. .. ~ p :
. GSM, 1S-54, HSCSD. GPRS UMTS, ﬂeCﬂmKU Om 1 mc
C KOMMYyTauuneun ’ ’ ~10 M6/C COMHU M6/C
cananos - NMT 1S-136, 1S-95... EDGE.. CDMA-2000... 3

AMPS... EduHuubl kb/c TlecsmKu K6/c o 2.4 M6/c Om 10 mc
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Mo6bunbHbiU IP Tpaduk — c 2017 po 2022

CAGR (Compound Annnual Growth Rate) -
1 akcabauT (Exabyte) 46% CAGR (Comp . )
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Source: Cisco VNI Mobile, 2019
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2019 - 2020 2020 - 2021
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Russia Q1—Q2 2021

¢ MecaFoN

MegaFon is Russia’'s Speedtest Awards™ Winner for
mobile network speed during Q1—Q2 2021

32.97

Mean Speed Mbps

®11.90

Speed Score™ Mean Speed Mbps

CkopocTb mobunbHoro goctyna 8 P
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Speed Score™

MegaFon 30.04
MTS 19.20
Beeline 18.07
Tele2 17.38

MegaFon 2,702,584
MTS 1,601,506
Beeline 1,552,323
Tele2 1,335,823
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CkopocTb mobunbHoro goctyna B J/13TU ;)

(7 SPEEDTEST Apps Insights Network Developers
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Fnob6anbHbIN BbI3OB - HOBbIE NOTPebHOCTH

@ CrneraTy «<A3TWU»
\_It;!.ﬂh MEPBLIM IAEKTPOTEXHHMYECKKIA

100 Cbps - 1 Tbps

Peak Data Rates

10 cm (indoor), O.1ms
1 m (outdoor) ' Radio Latency
Positioning

10x
More Energy
Efficient

20 Years
Battery Life Time

100 Devices
per m*
Density

Max. 1 Out of
Million Outage
Extreme Ultra
Reliability

10 000X
Traffic Increase

© 6G Flagship

CyuwecTsylowme
TEXHONOMMN He
obecneymsatoT
notpebHocTeN
LMPPOBOro pa3BUTUA
4yesioBeYyecTBa
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Ot 5G K 6G — noTpebHOCTN 1 BOZMOXKHOCTHU

NpunoxkeHna u cepsuUchbl

CeHcopuka, HD+ Bugeo, XR, po60oToTeXHUKa, aBTOHOMHbIE TEXHOI'IOI'I/IM
CUCTEeMbIl, TPAHCNOPT, UHAYCTPUS, YeNOBEKO-MaLUNHHOE

B3aumogencteue, chip2chip, noaaepxka HOCUMbIX * MM U1 cy6-Tl'u, MHTerpaumua Bcex 4OCTYMNHbIX
YyCTPOMCTB, MeanLMHaA, CMapT-KOHTPaKTbl, ONIOKYenH... Aunana3oHoB

* MPOCTPAHCTBEHHO-BPEeMeHHOe KoaupoBaHMue

TeHaeHUMK pa3BuTUA 6ecnpoBogHbIX

* OT aHTEHHbIX peLUeTOK — K OpKecTpam

MH(I)Opma LMOHHbIX CUCTem npuemonepeaaTyMKoB U YMHbLIM NMOBEPXHOCTAM
* PocT ckopocTel, cHuxeHne 3anepxek, noBblleHue *  MHTerpaumsi Ha3eMHbIX U a3POKOCMMUYECKUX CUCTEM
HaAEXHOCTH,
*  POCT CneKTpansHoM acbcpekTUBHOCTH, * nepudepuiiHble BbIYMCIEHNs — nepudepuitHbIin NN

6opbba 3a aHeproadhHPeKTUBHOCTD,

* POCT KONnu4yecTBa U KOHLIeHTPaLMM y3NoB,

* OonblMe AaHHble /| MHOTO «ManbIX» AaHHbIX,

* KOHBEpreHuusi TEXHONIOrMN U CEPBUCOB CEHCOPUKMN,
NO3NLUMOHNPOBaHUA, YNpaBrieHUA, KOMMYHUKaLUN
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Ot 5G K 6G — noTpebHOCTN 1 BOZMOXKHOCTHU

» Smartphones and » Textile integrated « Skin-patchable » Body-implantable
accessory-type devices * Flexible/stretchable devices « Cyborg
fabrics
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Effortless to use/control, invisible but everywhere

NcTouHnk — « Communications in the 6G era», INIOIKILA Bell Labs
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Ot 5G K 6G — noTpebHOCTN 1 BOZMOXKHOCTHU

Requirements Al/ML assisted KPls

Connecting intelligence Network Architecture & Control — Energy efficiency

Spectral efficiency

Programmable Edge & Ubiquitous Computing
Throughput (e.g., Tbps)
Determinism Radio Technology & Signal Processing l;":\f - e % Reliability (e.g., 1-10%)
Latency (e.g., sub-ms)
Integrated sensing Optical Networks
Positioning (e.g., cm level)
Sustainable Network & Service Security % ~ N Density
Coverage
Trustworthiness Non-Terrestrial Communication
Privacy
Affordable and scalable Devices & Components — Cost

11

European Vision for the 6G Network Ecosystem. The 5G Infrastructure Association. 2021-06-07
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Ot 5G K 6G — KnOueBble NoKa3artenu

Challenges Potential 6G solutions Open research topics
150 Tbp/s/km2 Stable service quality incoverage  User-centric cell-free massive Scalable synchronization, control,
Ca PAC it Y area MIMO and resource allocation
> Coverage improvements Integration of a spaceborne layer,  Joint control of space and
> g ultra-massive MIMO from tall ground-based APs, real-time
5 towers, intelligent reflecting control of IRS
surfaces
_ & { _ Extremely wide bandwidths Sub-THz,VLC Hardware development and
Energy Efficienc ser experience data rate mitigation of impairments
10 Gb/s
Reduced latency Faster forward error correcting Efficient encoding and decoding
schemes, wider bandwidths algorithms
Efficient spectrum utilization Ultra-massive MIMO, waveform Holographic radio,

adaptation, interference

use-case-based waveforms,

cancellation full-duplex, rate-splitting
Efficient backhaul infrastructure Integrated access and Dynamic resource allocation
backhauling framework using space and
frequency domains
Location accuracy
lcm E Smart radio environment Intelligent reflecting surfaces Channel estimation, hardware
~ development, remote control
x e Energy efficiency Cell-free massive MIMO, suitable Novel modulation methods with
modulation techniques limited hardware complexity
Devicetensity
2
IOM/ km Modeling or algorithmic ML-/Al-based model-free, End-to-end learning/joint
deficiencies in complex and data-driven learning and optimization, unsupervised
dynamic scenarios optimization techniques learning for radio resource

management

12



KPI

Peak data rate
Experienced data rate
Peak spectral efficiency
Experienced spectral efficiency
Maximum bandwidth
Area traffic capacity
Connection density
Energy efficiency
Latency

Reliability

Jitter

Mobility

Ot 5G K 6G — KnOueBble NoKasarenu

5G

20 Gb/s

0.1 Gb/s

30 b/s/Hz
0.3 b/s/Hz
1GHz

10 Mb/s/m?
108 devices/km?
not specified
1ms

1-10°

not specified

500 km/h

6G

1Tb/s

1Gb/s

60 b/s/Hz

3 b/s/Hz

100 GHz

1 Gb/s/m?

107 devices/km?
1Tb/J

100 ps

1-10°

1us

1000 km/h

CrioIroaTyY «<ADTWU»
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diysbe|4 59 @

13



CrioIroaTyY «<ADTWU»

MNEPBELIN ZAEKTPOTEXHHMYECKKMK

Ot 5G K 6G — KnOueBble NoKasarenu

Table 1 Technical Performance Requirements of 6G Systems and a Comparison of the 6G KPIs Relative to Those for 5G and 4G Systems

KPI 4G 5G 6G
Operating Bandwidth Up to 400 MHz Up to 400 MHz for sub-6 GHz bands Up to 400 MHz for sub-6 GHz bands
(band dependent) (band dependent) Up to 3.25 GHz for mmWave bands
Up to 3.25 GHz for mmWave bands Indicative value: 10-100 GHz for THz bands
Carrier Bandwidth 20 MHz 400 MHz To be defined
Peak Data Rate 300 Mbps with 4 x4 arrays 20 Gbps =1 Tbps
150 Mbps with 2x2 antenna arrays (Holographic, VR/AR, and tactile applications)
User Experience Rate 10 Mbps (shared over UEs) 100 Mbps 1 Gbps
Average Spectral Efficiency 25 Mbps with 2x2 antenna arrays 7.8 bps/Hz (DL) and 5.4 bps/Hz (UL) I x that of 5G
40-45 Mbps with 4 x4 antenna arrays
Connection Density N/A 10° devices/km? 10" devices/km?®
User Plane Latency 50 ms 4 ms (eMBB) and 1 ms (uRLLC) 25 ps to 1 ms
(Holographic, VR/AR and tactile applications)
Control Plane Latency 50 ms 20 ms 20 ms
Mobility 350 km/h 500 km/h 1000 km/h
Handling multiple moving platforms
Mobility Interruption Time N/A 0 ms (uURLLC) 0 ms
(Holographic, VR/AR and tactile applications)

Tataria et al.: 6G Wireless Systems: Vision, Requirements, Challenges, Insights, and Opportunities
14
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Mpobnembl papnokaHana 6G

NMonoca no nokoneHnam, Mly
Peub NaHHble Buaeo VR/AR/XR 100 000,00

10 000,00

1 000,00

100,00

10,00

CKOpOCTb nepeagayvn AaHHbIX

1,00

/ CneKktpanbHaa 3pPeKTUBHOCTb 0,10
0,01
Anana3oH \ 1 2 3 4 5 6
[Monoca

Paboune 4acToTbl MO MNOKONEHUAM,
Mly

BroakeT paanonnHmnm

1000 000,00

100 000,00 /

10 000,00 /

1000,00

100,00



Specific Attenuation [dB/km]
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3aryxaHue B atmocdepe B sub-THz pgnana3soHe
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OkHa npo3pauHocTu B sub-THz anana3oHe
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Table 2 Operating Windows in THz Bands. Free Space Loss Is Calculated at the Center Frequency of Each Window. Absorption Loss Is Obtained From

Fig. 4 for “Standard” Atmospheric Conditions

Window # f. [THz] B;;z [GHz] Loss at 10 mm [dB] Loss at 1 m [dB] Loss at 100 m [dB] Absorption Loss [dB/Km]

Wi 0.245 210 60.18 80.18 120.18 3

W2 0.41 65.61 64.65 84.65 124.65 20
W3 0.49 86.21 66.2 86.2 126.2 40
W4 0.66 152.59 68.79 88.79 128.79 60
W5 0.84 141.91 70.88 90.88 130.88 80
W6 0.94 473 71.86 91.86 131.86 150
W7 1.03 57.98 72.65 92.65 132.65 -

Tataria et al.: 6G Wireless Systems: Vision, Requirements, Challenges, Insights, and Opportunities

17
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Ycunnurenn mowHoctu sub-THz anana3soHa

Saturated Output Power vs. Frequency (All Technologies)

70
CMOS CMOS PAs 978
60 _ SiGe PAs 336
SiGe GaN PAs 1159
50 GaN GaAs PAs 579
InP PAs 250
40 GaAs LDMOSPAs 90
LDMOS Others 77
30 InP Multipliers 66
= Oscillators 45
g % ~=Trend CMOS Products 233
§ -—=Trend SiGe Total 3813
“ 10 | —Trend GaN
0 ——Trend_GaAs P o
~—=Trend LDMOS A £
-10 Trend InP ‘
v Oscillators
-20
Multipliers
-30
0,1 1 10 100 1000

(Log) Frequency (GHz)
https://gems.ece.gatech.edu/PA_survey.html 18
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IEEE 802.15.3d B aAnana3oxe 300 Ny
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Vitaly Petrov, Thomas Kirner, and lwao Hosako. IEEE 802.15.3d: First Standardization Efforts for Sub-Terahertz Band Communications toward 6G. IEEE Communications
Magazine. November 2020 19



CrioIroaTyY «<ADTWU»

HDopoxxHaa kapta 6G ot 5G Infrastructure | S st
Public Private Partnership (5G PPP)

ITU-R 6G Vision Group

March 2021
> IMT - 2030

&

TR eGVin

EU Horizon Europe

PPP Smart Network and Services )

European Vision for the 6G Ecosystem. 5GIA.
DOI: 10.5281/zenodo.5007671
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[locTaHOBKa BCex BOMpPOCOB AO0/1HKHA Y4NTbIBATb —

BpemeHHble pamMKu — Ha ropusoHTe 10 net
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JKOHOMMYECKYIO Lienecoobpa3HoCTb, XapaKTePHYIO A58 MacCOBOro NPMMeEHeHUs

Ha Kakne moLwHOCTM NnepeaaTynKkoB MOXKHO
paccynTbIBaTb Ha YacTtoTtax >100 IMy?

Ha Kakon ypoBeHb LWyma NPUEMHbIX TPAKTOB
MOXHO paccyYmMTbIBaTb Ha YacToTax >100 My?
Kakue nepcneKkTuBHbIe annapaTHoO-
NpPOrpaMmHble TEXHOIOTUN Haa0
paccmaTpmBaTh?

KakoBa pa3ymHasa macwtabmpyemocTtb U
obpaTHas COBMECTUMOCTb PeLIEHNIN?

KaKkyto posib moryT urpatb paanodoToHHbIe
TEXHONOTNKU?

KakoBbl MOryT 6bITb NEPCNEKTUBHbIE
TEXHONOIMMU N MaTepUanbl’?

3a0ayu uccnedosaHul

Bbibop nonoc yactot >100 [Ty, pacnpegeneHne cnektpa 6G
MOHUTOPWHI pagmMocnekTpa AN aAanTUBHOMO YNpaBaeHuUs
PaANOYACTOTHLIM PECYPCOM

TexHonornm ynpasaeHna pagmodactoTHbIM PECYpPCcoOM

Mopaenu KaHanos 6G ot Ty, ao Tly,

Bbibop npenenoB u CETKU cnekTpanbHON 3pdeKTUBHOCTU ANs
Pa3HbIX CLLEHapMeB

MpumeHnmble cnekTpanbHO-3¢PeKTnBHbIe CKK

LindpoBble aHTEHHbIE peLlleTKN (KOHGOPMHbIe, pa3perkeHHble) =
«OPKeCTpbI» TPaHCUBEPOB

YMHble/peKkoHbUrypmpyembie noBepxHOCTU-paccenBaTenmn

OT popmmnpoBaHMA Anarpamm HanpaBAEHHOCTU — K YIPaBAEHUIO
pacnpeaeneHnem Nona B Lesneson obnactm

Ultra massive MIMO, extreme MIMO, cell-free massive MIMO
ApanTMBHO HacTpamBaemble BY y3nbl, UAbTPLI yeuantenu,
aHTeHHbI (+ UN)

CocyuwectBoBaHMe CPeACTB CBA3UN, 30HANPOBAHUA, NOKANMU3aALMUN,
BM3yanmsaumm ob6ctaHoBKM B cybTly-Anana3oHe

21



AKTyanbHble npobaembli

| Moaynauusa / KoguposaHue / mynbTUnaeKcupoBaHue

MNMpocTpaHcTBEHHO-BpemeHHoe KoguposaHue, MIMO, massive MIMO
CmapT-aHTeHHbl, aganTuBHoe dopmupoBaHume nyyeu

CnektpanbHana aPpPeKTUBHOCTb

Kommytauua naketos vs. Kommytauuma KaHanos

Manble 3agepXku, uRLLC

9P PeKTUBHOCTb CTEKOB NPOTOKONOB

NHPopmaumoHHana 6e3onacHoOCTb

dHeproadpPpeKkTnsHocTb - Green Wireless Networks
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Ctpeneuy A* (nat. Sagittarius A*, Sgr A*)

n
©

Declination (J2000)

~ 10 yrnosoi cek!

45mo0s ~ 42moos 17h30m00s
Right Ascension (J2000)
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