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What happens online in 60 seconds?

Google = sSpotify

— s Www.rethink-wireless.com
(January 2012)

= “[...] IPhones caused
disastrous performance
problems on AT&T networks”

= “Verizon Wireless blamed
similar factors for several
outages on its LTE network”

s A decade of research on 4G/4G+
= 5G will be more data hungry
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http://www.rethink-wireless.com/

5G: Rise of Autonomous Things

= All these services connect people
= Next decade....

= We need to connect autonomous things....
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* Driver behind 5G (and beyond)

= Data hunger (always) + Internet of Things

= Massive number of devices with services that are
more critical than Facebook/Instagram posts!



The Internet of Things: A key
driver for 5G

Data-centric services | 0T services
Key goal |* High data rates  Reliability (99.999%) and
Low latency (few ms)

Links e Few transmissions (| Massive (1000+)

< 100 simultaneous) transmissions
Direction |* To users * From loT devices
Devices |* Human-centric: e Machine-centric:

Smartphones, tablets sensors, drones, etc.

= A shift from data rate (i.e., Gbps) centric communications
towards reliable low latency communications!
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5G: Satisfying Hunger for Rate

= Massive number of = Higher (millimeter wave) frequencies)

= Alot of available bandwidth [
but very limited range ||I|¢

antennas
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= Wireless physical layer: A lot of acronyms ©

cpr-oroM B DFT-s-orpm [ FOFPM (less LDPC
guard)

= The gist: Innovative ways to get more “bits” on a wireless medium ¢




{56: Satisfying Hunger for Rate

Samsung boasts 7.5Gbps moblle speed
record II"I 5G trla'. i By Liam Tung | October 16, 2014 -- 0945 C PDT) | Topic: Networking

M1 and Huawei reach 35Gbps speeds durlng 0 SO many records!
5G trial
During a trial of 5G network technology, Huawei and M1 used mmWave B Wh at’ S the truth?

spectrum in the 73GHz band to achieve transit speeds of 35Gbps.
ff) By Corinne Reichert | January 18, 2017 -- 0454 GMT (2054 PST) | Topic: Telcos = Rates at IOW frequenCieS:
| VEON, Nokia launch 5G trial in Kazakhstan 36 GbpS typlcal can go up
Catherine Sbeglia 5G, Network Infrastructure 'to 10 Gbps
Initial speed tests in Kazakhstan trial show a downlink speed of 1.0GB per second _ o
= Rates with millimeter wave:

10 Gbps to 40 Gbps but
static users only

MTS drives 5G speeds to 2.1Gbps in 28GHz trials in Moscow

© 06 September 2019 | Alan Burkitt-Gray

Turkey's Turkcell breaks world 5G network speed record

GSM operator reaches nearly 2.3 Gbps speed via 5G network, says company

Gokhan Ergocun | 06.08.2019 NeW 5G Speed World record

I OpenSignal: US has the fastest 5G peak Speeds In partnership with SK Telecom and BMW Korea, Ericsson

used advanced 5G technology to track a connected car
travelling up to 170 km/hour to demonstrate data
Kelly Hill transmission speeds on a 5G network.




5G: Managing Latency
()

Over the
air delay

Backhaul and core delay

= Network slicing

5G network slicing

[ | G rant free aCCESS < ( )> 5G network slicing enables service providers to build virtual

end-to-end networks tailored to application requirements.

Mobile
bbbbb
band

DDDDDD

network

= Reduced “hops” for transmission, shorter time to build frames, etc.

s Target/trial latency: 1 ms, Reality: closer to 5-10 ms range when
looking at end-to-end latency |



5G: Reliability

Physical layer: improve how we: a) “code” information and b)
exploit frequencies so as to reduce errors and retransmissions

Frequency
Diversity

Improving redundancy: paclzet redundancy and node redundancy

Core network: Virtualization and slicing (again)

Achievable reliability? Five 9s observed in very limited trials,
no clear view on what happens in the real world



‘L Will there be a 6G?

Will there be a 6g after 5g? In Control, Almost from the Beginning Until
N, [(Radlcaj) IﬂdUStry View: the Day After Tomorrow

Wnte with conﬂdence

g @Gegiali-there ts orwas™  jan C. Willems*
ellective, an II]IS ree
ESAT-SISTA, K.U. Leuven, Kasteelpark Arenberg 10, B-3001 Leuven, Belgium

4 Lea@Fe @V@f‘“\Nl I I be One of the differences in working in a mathematics

5 A versus a theoretical engineering environment is psy-
nsy . chological. Both fields feel insufficiently appreciated

b CB@QJ QQJ)G@Q aBd Qm ITQWMJFQ oy M alhemat.ics reacts to this by lblaming the ‘others’, forl
present)

misunderstanding them. Engineering reacts by blam-

5@ |SP bad real Iy bad We ing ‘themselves’, for not doing ‘the right thing’. Dis-

Hi, this is an interesting question, cussions about theoretical engineering research often

f dJJ @ feels like visiting a graveyard in the company of
As orlem6@dgu@ glu o un? nrg saM=H we do 5G right, we w Nietzsche. From the beginning of my career until now,
not have 6G”. And what is meant by this is that if the 5G system will be properly I have always been hearing that ‘the field is dead’.
deﬁneR afrslt VT sthere will be no need for next Gs, asth ‘circuit theory is dead’, ‘information theory is
L ?EJ Ie deled on top of 5G in a “easy” and flexibl dead’, ‘coding theory is dead’, ‘control theory is dead’,
manneEJ of the design principjes for 5G was/is to nativelly support forward ~ ‘system theory is dead’, ‘linear system theory is dead’,

compa t@f@‘\'f\l &SH[SH ‘SFt@n |a “HX is dead’. Good sciénce, howevgr. is always alive.
However, I believe that un nately, even if 5G will be good enough togbe abl
ok AUB AN AALBNCY GRS, DLk

marketing purposes as our industry is used to ha\ 2 anew G every ~1O years.

has several limitations
= Beyond 5G (5 yrs) vs 6G (10 yrs)

m Wireless
research
IS “dead”
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5G Limitations

High speed, high = Coverage: the never

= Reliability (99.999% low - : :

. rural ar
latency/error free links): mobility, high ending rural area
achieved in trials but still  frequency conundrum
hard to achieve in practice

N P

@ Artificial ;:‘r .‘ I . | F .I

keeI)lng up T@ChﬂOIOQY IKLAP Intelligence AUTONOMY

virtual reality

with the N
—KE]HaShia:Hsf = Emerging and foreseen
- 11

technologies



¢ 6G: Quick Vision

6G: Driving Applications » Rate: 1 Terrabit per
second

s Latency<1lms
A s .52 - M Interactions | Ledger iabili
utonomous .., - | Interactions fgy T:zhlf:)logies N Rellablllty (beyond
five 9s)

6G: Driving Trends = 1000X improvements

More Bits, From Spatial Rise of AL Brain over Emergence of End of the Convergence of -
Spectrum, to Volumetric Wireless Smart Smartphone Commu:ication, | W. Saad, M . Ben n IS,
Reliability Spectral and Surfaces and Sensing,
Energy _ Environments e Contml,;nd and M ] Chen , " A
Efficiency ¥ ' - Py Localization, o -
A— 4 x> Vision of 6G Wireless
L Systems:
Applications, Trends,
Technologies, and
Open Research
Transceivers [l Communicat Integrated Energy "
with ion with - Terrzstrial, Transfer and o P ro b I ems ' I E E E
Integrated Large S Airborne, Harvesting . '

Frequency Intelligent T and Satellite = N EtWO I’k, tO ap pear,
Bands Networks 295 :
2019.

Multisensory Connected robotics Wireless Brain- Blockchain and

XR and e Computer ° L' |l Distributed o®

&
& W

Applications [ M B
Systems

TR K
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https://arxiv.org/pdf/1902.10265.pdf

Trend 1: More bits, More

i Spectrum

s From millimeter wave to terahertz: more bandwidth, shorter distances

f: 300MHz 3GHz 30GHz 300GHz 3THz 30THz 300THz

* Radio | ‘mi cccccccc ‘ | THz ‘ ‘IH ‘ uv
6GHz 24 GHz v | | | | | |

A 1m 10cm 1cm 1mm 100 um 10um Tum
E: 1.24peV  124peV  124peV 1.24meV 124meV  124meV 1.24eV
4G Large Millimeter Wave Bandwidth Opportunity /\/\/\/\/\/VV\N\WMM

= Going from the Gbps to the Terrabit per second (Thps)
= Challenges
= Understanding propagation properties at THz frequencies
= Overcoming short range and molecular absorption
= Reliability, reliability, reliability!
= Important note: 6G iIs NOT a case of just using THz!
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eAir

* Trend 2: 3D Networks amazon

= Communications in 3D: rate, latency, reliability . *° ' ‘.
= \Volumetric spectrum efficiency (bps per Hz per cubic meter)
= Rural coverage with drones

14



iTrend 3: Rise of Al

Al to be smart:
Intelligence — can
mimic human brain

Al as fiction: Al to compute:
Talos — the “bronze” Computers — can do
man of Greek myths arithmetic, math, etc

= Artificial intelligence enabled by machine learning

15



i Trend 3: Rise of Al

Observe and

Connect

= Monitor
environment

= Monitor people

= Generate data

Smart city;
Devices
Peopl

m Self-sustaining

Q
Act and adapt Understand networks

= Self-optimize = Residents’ needs

= Self-organize = Devices parameters  |'m Analytics
Knowledge

= Provide m City information
recommendations = Environment status s Smart

to authorites optimization

16




Trend 3: From Big Data to
i Massive Small Data

= Cloud big data was the norm but data Is private and

distributed Federated Learning
= Edge, on-device D @ SRR & (5
Al/learning TR
o (‘i)) = Can users collaboratively
cunurt mose 3 3 gziw learn a task of interest?
TIINT = Learning (at the edge) to
ot s B communicate?
o B ®l = Communicate to enable

e edge learning



Trend 4: “Brain” over

i Wireless

= Can brain-like processing occur over

wireless networks? A
s Brain-in-the-comm.-loop = == AR
= Recent result: very low latency = [mmerse ina
cannot be perceived by a virtual world
human brain

01

= Save resources via brain-aware -

P LA PR S
5 5

communication ST
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Trend 5: Smart Surfaces

'''''

Binary reconfigurable metasurfaces

Inspired by metamaterials, simplified through physics

More antennas




Trend 6: Convergence

o y did we come up with all of the “G”’s?
= 6G will go beyond communications to provide...

Communications  Control L_ocalization
Wireless Power
s ... Amulti-purpose B
System!

Sensing



i Interdisciplinary Foundations

Communication &
Information

Al/Machine learning Theory

Intelligence ommunication
foundations foundations

‘\ e /

\
\
\
\
\
\
\
\
\
1

Electromagnetics

Game Theory

3D Stochastic

Control Theory &—— _/
/ Geometry

6G System

Networking
foundations

. ] Network Science
Microeconomics &

Optimization
foundations

Statistics

Computing
foundations

Stochastic
Optimization &
Optimal Transport

Physics

Psychophysics

& Physiology 21



emphasis on machine-to-machine ( ) communications to describe a more complex

system that also encompasses people and processes.

| . Internet of Everything (IoE)
C O n C I u S I O The Internet of Everything (IoE) is a concept that extends the Internet of Things (/oT)

“The Internet of Everything connects up all of these separate concepts into one cohesive whole. It’s
= not just about allowing devices to talk to each other, it's about allowing everything to talk about each
2 G " V O I C e other. In some ways, you can see the Internet of Things as the equivalent of a rail road line, including
the tracks and the connections, whereas the Internet of Everything is all of that, and the trains, ticket
machines, staff, customers, weather conditions, etc.”

3G: Basic multimedia
4G: Heavy data/streaming
5G: Internet of Things s 3
6G: Internet of Everything? gail'43 88
7/G: Quantum Internet of Everything?

The “G” principle: “Odd numbered Gs explore
new ideas, even numbered Gs perfect them”™

s Wireless I1s not dead =




5 Finally....
(o) Trancvo [

Communications

Connect

Autonomy
Act (intelligently)
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