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 What has 5G been and what might 6G be ?
* Some 6G technologies trends

* The global connectivity opportunity &
challenge

* Alightin digital darkness
e Conclusion
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Mobile internet traffic growth is pushing the
capacity limits of wireless networks !
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Background of 6G

* Current research progress towards 6G
— 6Genesis Flagship Program (6GFP)

— Terabit Bidirectional Multi-user Optical Wireless System
(TOWS) for 6G LiFi

— |IEEE Future Network ‘Enabling 5G and Beyond’
— ITU-T Study Group 13: Network 2030

— NASA: Project Loon

— LG Electronics/KAIST: 6G Research Centre

— First 6G Summit in Levi, Finland, March 2019
— Carleton 6G Workshop, December 2018
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https://www.researchgate.net/publication/332967955_From_a_Human-Centric_Perspective_What_Might_6G_Be

Some Trends/Projections
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8.5 billions by 2030 & 11 billions by 2100

* As of 2018, 55% of the world’s population
lives in urban areas => expected to increase
to 68% by 2050

* By 2030, the world is projected to have 43
megacities with more than 10 million
inhabitants
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* 1In 2016, the United Nations released 17 Sustainability Development Goals (SDGs)
for the 2030 Agenda

GOOD HEALTH QUALITY GENDER

POVERTY AND WELL-BEING EDUCATION EQUALITY

DECENT WORK AND 1 0 REDUCED
ECONOMIC GROWTH INEQUALITIES

HE GLOBAL GOALS

For Sustainable Development

13 CLIMATE PEACEANNUSIICE 17 PARTNERSHIPS
ACTION smousmsmunous FOR THE GOALS




SDG & 6G
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* SDGs are expected to drive the evolution
of 6G
* 6G should target:
—Improved Efficiency
—Digital Inclusion
—More Safety and Security



\° Basic Internet Access/
; ® Global Access to the
Internet for All (GAIA)
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Spectrum
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* RF spectrum typically refers to the full frequency range from 3 KHz to 30 GHz.

* RF spectrum is a national resource that is typically considered as an exclusive
property of the state.

* RF spectrum usage is regulated and optimized

* RFspectrum is allocated into different bands and is typically used for
— Radio and TV broadcasting
— Government (defense and public safety) and industry
— Commercial services to the public (voice and data)

Wavelength [m]
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Density

Spectral
Efficiency

*" Increased Performance
" ~1,000 X

Current Performance
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Artificial Radio Space

* A new concept to assist reliable, secure, spectrum- and power-efficient
communications in indoor and outdoor scenarios

* Using a metal/ metamaterial surfaces or tunable reflect arrays consisting of low-cost
low-power-consuming passive/active reflecting elements

* To make the propagation channel more favorable to satisfy various QoSs

« Easily placed in/on the wall/ceilings of the buildings

“ T High data
Low 3 rate

E ,'atency} Programmable metasurfaces

Y 7 W%
o Power B
(" transfer )-

Frequency
selective
»‘) surfaces
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[1] C. Liaskos, S. Nie, A. Tsioliaridou, A. Pitsillides, S. loannidis, and I. Akyildiz, “A new wireless communication paradigm
through software-controlled metasurfaces,” IEEE Commun. Mag., vol. 56, no. 9, pp. 162-169, Sep. 2018

[2] C. Huang, A. Zappone, M. Debbah, and C. Yuen, “Achievable rate maximization by passive intelligent mirrors,” in 2018
IEEE ICASSP, Calgary, Canada, Apr. 2018, pp. 3714-3718.



Reconfigurable Intelligent Surface (LIS)
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Assisted Wireless Communlcatlon e

* Avery new concept [2], [3], with the potential of significantly reducing the energy
consumption of wireless networks while realizing Massive MIMO gains.

e Base station (BS) communicates with the users through a LIS.

« LIS is a planar array consisting of a large number of nearly passive, low-cost and low energy
consuming, reflecting elements, with reconfigurable parameters.

» Each element induces a certain phase shift on the incident electromagnetic wave.
* Objective is to make the propagation channel more favorable for the users.

» Can be easily integrated into the walls of the building. Large Itetigent Suface (LIS

i | =} Reflecting Element

Nx1 Fast-fading

Current implementations: o Lﬁy T S Chamnel
* Reconfigurable reflect arrays, — [T £

 Liquid crystal metasurfaces, (=]

C Programmable metamaterials- K Single Antenna Users %

[3] M. Di Renzo, et al. "Smart radio environments empowered by Al reconfigurable meta-surfaces: An idea whose time
has come", EURASIP Journal on Wireless Communications and Networking, 2019.

[4] Q. U. Nadeem, A. Kammoun, A. Chaaban, M. Debbah, and M. -S. Alouini, "Intelligent reflecting surface assisted multi-
user MISO communication", IEEE Wireless Communications Magazine, Under Review.
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M. Di Renzo, M. Debbah, D.-T. Phan-Huy, A. Zappone, M.-S. Alouini, C. Yuen, V. Sciancalepore, G. C. Alexandropoulos, J.
Hoydis, H. Gacanin, J. de Rosny, A. Bounceur, G. Lerosey, and M. Fink, ““Smart radio environments empowered by
reconfigurable Al meta-surfaces: An idea whose time has come,”” EURASIP J. Wireless Commun. Netw., 2019.
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M. Di Renzo, M. Debbah, D.-T. Phan-Huy, A. Zappone, M.-S. Alouini, C. Yuen, V. Sciancalepore,
G. C. Alexandropoulos, J. Hoydis, H. Gacanin, J. de Rosny, A. Bounceur, G. Lerosey, and M. Fink,
“Smart radio environments empowered by reconfigurable Al meta-surfaces: An idea whose
time has come,”” EURASIP J. Wireless Commun. Netw., 2019.
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Advantages of Reconfigurable Intelligent Surfaces

SHen

* Potential Advantages:
*Coverage for what was once unreachable

(Not-Spots).
*Interference cancellation.
* Physical layer security enhancement.

M. Di Renzo, M. Debbah, D.-T. Phan-Huy, A. Zappone, M.-S. Alouini, C. Yuen, V. Sciancalepore, G. C.
Alexandropoulos, J. Hoydis, H. Gacanin, J. de Rosny, A. Bounceur, G. Lerosey, and M. Fink, “Smart radio
environments empowered by reconfigurable Al meta-surfaces: An idea whose time has come,” EURASIP

J. Wireless Commun. Netw., 2019.
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Some Questions of Interest

* Observation:
 Location of the RIS and its orientation highly affect its influence on the performance

of the wireless network.

* Questions:
« What is the optimal set of buildings/objects to be selected for RIS deployment ?

» What is the optimal ratio of buildings that need to be equipped with RIS ?
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* 500 Buildings/km?
« 10 BSs/km?

* RIS ratio; 5%

1 km

1 km



* 500 Buildings/km?
« 10 BSs/km?

* RIS ratio: 10%

1 km

1 km



RIS Ratio (40 %)
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Reduction of Not-Spots
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Coverage probability
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Coverage Probability (After)
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Feasibility Region

Feasibility Region
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Multi-hop RIS-Assisted Communication:
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*Route selection
n . °Potential gain
. when RIS routing
is used
*Optimal
allocation of RISs’
resources for
routing multiple
signals.




-
NIZ N NIz N NIz Nz '\

4 R SV N2 N2 W N

NP 6 S St SOt 8 Pt P

AR AR AR AR AR AR AR

R R R R R R R R R I S

* Optimal RISs
selection

* How many RISs
should be allocated
per user.

* Optimal Allocation
of RISs’ resources
for serving multiple
users
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Interference Cancellation Using Destructive
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* Resource
allocation of RISs
between signal
enhancement and

(( ) interference
cancellation

* Selection criteria of
RISs used for
interference
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6G |
& beyond

1Hz 1006Hz THz band 10THz

[1] H. Elayan, O. Amin, B. Shihada, R. M. Shubair, M. -S. Alouini, "Terahertz band: The last piece of RF spectrum
puzzle for communication systems", IEEE Open Journal of the Communications Society, January 2020.

[2] H. Sarieddeen, M. -S. Alouini, T. Al-Naffouri, "Terahertz-band ultra-massive spatial modulation MIMO", IEEE
Journal on Selected Areas in Communions, September 2019. e
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Point-to-point free space optical
communications (FS0) using lasers in
the near IR band (750 nm to 1600

nm)

Visible light communications (known
also as LI-F1) using LEDs in the 390
nm to 750 nm band.

NLOS UV communication in the 200
nm to 280 nm band.

[1] C.-X. Wang, F. Haider, X. Gao, X.-H. You, Y. Yang, D. Yuan, H. Aggoune, H. Haas, S. Fletcher, and E. Hepsaydir, “Cellular
architecture and key technologies for 5G wireless communication networks,” IEEE Communications Magazine, vol. 52, no. 2, pp.
122-130, Feb. 2014.

[2] A. Chaaban, Z. Rezki, and M. -S. Alouini, "Fundamental limits of parallel optical wireless channels: Capacity results and %?Jtage
formulation", IEEE Transactions on Communications, vol. 65, no. 1, pp. 296-311. Januarv 2017.



alllasc &llal] aealy

A
Sy

autonomous  N@rrow beam connects two optical wireless

Wireless g == Drone transceivers in LOS.
Fronthaul W\ i
. Benefits
.- Last Mile
Solutions * Unlicensed and unbounded spectrum

» Cost-effective

* Narrow beam-widths (Energy efficient,
immune to interference and secure)

e Behind windows

* Fast turn-around time

 Suitable for brown-field

Primary ===

Buildin&w

Temporary
Events@l

/

Applications B
PP e . .  Additive noise and background radiation
* Initially used for secure military and in space - Atmospheric path loss
* Last mile solution .
e Atmospheric Turbulences
» Optical fiber back-up g

* Alignment and tracking

High data rate temporary links

Wireless Fronthaul/Backhaul in celluar network

[1] M. Esmail, A. Raghed, H. Fathallah, and M. -S. Alouini, "Investigation and demonstration of high speed full-optical hybrid FSO/fiber communication
system under light and storm condition", IEEE Photonics Journal, vol. 9, no. 2, February 2017.

[2] M. Esmail, A. Ragheb, H. Fathallah, and M. -S. Alouini, "Experimental demonstration of outdoor 2.2 Thps super-channel FSO transmission system", in
Proc. Optical Wireless Communications Workshop in conjunction with Proceedings IEEE International Conference on Communications (ICC'2016), Kuala
Lumpur, Malaysia, May 2016.
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World Wide BS Distribution
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World Wide BS Distribution
UMTS (3G)
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World Wide BS Distribution
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Global Connectivity
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« Billions of people around the world are still without internet access.

— Understanding the reasons behind the “Digital Divide”

— High-quality connectivity enables richer/denser communities to share knowledge and
strengthen the economies of less fortunate/dense communities.

=90-100% W o
=30-89% X
= 70-79%
60-69%
50-59%
. w40-29%
30-39%
=20-29%
= 10-19%
=0-9%

Source: International Telecommunications Union #



https://en.wikipedia.org/wiki/International_Telecommunications_Union

Urban Connectivity

In communities with low income, the digital
disparity is much more profound.

People who have high-quality internet service
are more likely to benefit from health care, self-
education and social/governmental services.

It needs collaboration and agreement among
various stakeholders, i.e., government, policy
makers, service provider, manufacturer and
community members.

Household Income Broadband Access ' ¢
THE ' ; V S % : ; ;5
71
* = oy . ==
WiFi pots WiFi Hotspe
mmmmmmmmmm Broadband Access . Commercial Broadband Access
Py Py
Broadband Access T Broadband Access T
"!Mapping New York Glty’s R Voo tecmcaneone R sy AL T S e Household e

‘Map_.and web desig . Winkler - https://winkj601.github.io/
: S

47


https://winkj601.github.io/
https://www.nytimes.com/2018/12/04/technology/digital-divide-us-fcc-microsoft.html
https://www.bbc.com/news/business-46862214
http://www.sfweekly.com/news/can-san-francisco-finally-close-its-digital-divide/
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Bridging Digital Divide

* Cooperation
needed to bring
reliable internet to
those without it

Lack of Sufficient Weak Development
Digital Connectivity and Growth

VICIOUS CYCLE OF
DIGITALDIVIDE

Limited Investment of
ServicesinICT

I)Lc“ um-«

. N " Low quality of education

SOCIaI B¢ rr Shortage of healthcare

) -"ﬂ—‘_-u x

_ for schooling B i T 12
Poor infrastructure Rt | -
5 TR W W1 e

[1] E. Yaacoub and M.-S. Alouini, ”A*‘Key 6GC ¢ unand Opportunlty Connecting the Remaining 4 B|II|ons A Survey

on Rural Connectivity,” Submitted for Pub{lcatloﬁfﬁvallable at https://arxiv.org/abs/1906.11541
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*  Smart Healthcare
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[1] E. Yaacoub and M.-S. Alouini, “From smart cities to smart living: Providing backhaul connectivity for loT in rural areas,” Submitted for Publication
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,J * Mobile phones are popular but keeping
them powered isn't necessarily easy in
developing countries.

* The renewable energy sources such as
photo-voltaic cells and wind turbine can
help people having access to electricity.
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-===«@) Solar Panel

Prototype “WindFi” Base Station



https://edition.cnn.com/2019/09/23/tech/solar-kiosks-rwanda-intl/index.html
https://edition.cnn.com/2019/09/23/tech/solar-kiosks-rwanda-intl/index.html
https://ieeexplore.ieee.org/document/6208124

Rural Backhaul Connectivity

OPTIC FIBER
-« LONG TERM CAPEX+OPEX

4.5
4+
Fiber Optic
3.5 — & —Microwave - 10km
) - Vertical FSO - Solar Powered - 5km
% ar & Vertical FSO - Solar Powered - 10km
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[1] E. Yaacoub and M.-S. Alouini, “From smart cities to smart living: Providing backhaul connectivity for loT in rural areas,” Submitted for Publication



“Tower-in-the-air”
» Solar-powered swarm of HAPs in the backbone network at
a height of 18-28 km

g

Flight equipment
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FSO for UAV Communication

Facebook Aquila Project

Satellites
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* Geostationary Earth Orbit (GEO) Satellite
* Fixed position in the sky at ~35,000 km

* Relatively large delay

» ViaSat1,2,3

~35,000 km
and tracking
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Hybr'd VHT Satellite with Site Diversityeesss,

" * " 41»\, 41»\ " * 23 * «»{*}

; DeSIgn for hybrid RF
¢ and optlcal feeder

_ ] erformance of mu tibeam ver hlgh throughput s telllte
- system bgs,ed on FSO feeder I|nk W|th HPA onllnearlty, Submitted for publication - .



* TV White Space (TVWS)

— Reusing TVWS unless harming TV channels

by interference
— VHF/UHF Band (i.e. 470~700 MHz)
— Ultra-wide coverage




Tethered UAV/Balloon

Mobile Ground Station Tethered UAV

@ i Hoyering
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Backhaul Link

N Tether to UAV \

N Data link
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. Adva ntages
v © Unlimited flight time
 Supports heavier payload ie
» Wired/reliable backhaul link K .

» Mobility and relocation flexibility: Track the time-varying traffic
demand spatial distribution
* Line-of-sight with ground users: Probability increases with altitude
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Wireless Mesh Networks

Satellite
* Advantages ’&.\ .......

— Easy to deploy (disaster recovery, refugee camp)
— Sustainability (wind and photo-voltaic energy)

— Flexibility (data traffic routing control)

Wireless Mesh Network é

Solar/wind-powered
Earth Station (Portable)



Broadband Connectivity

From Urban to Rural Areas

Leaend;
Large population Wired (Fiber) 0 X DTN % s .
— e EQ_, atellite
.Agglomerauon connection ?h'n. Connectivity :

(e.g., city)
Wireless connection
Small rural Tz (e.g., WiFI/WIMAX Balloon/HAP/ Ground
UAV Station

@ population mesh, TVWS, Wi
% Connectivity

@ X
: @ Agglomeration .
® microwave, FSO...)
o Phase B
(b2), (b4) : Delay Tolerant Network

(b6) : Satellite Backhaul Network
(b7) : Isolated Local Network

Phase C

(c2), (c3), (c¢5) : Permanent Connection

(b4) l.

e @ |

I
® O (c4) : HAP Backhaul Network

® ) 7)o (c7) : Satellite Backhaul Network

e

O
&® &®

Gradual Expansion of Broadband Connectivity
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AP: Access Point
3G/4G/5G CPE: Customer Premises Equipment
. DTN: Delay Tolerant Network
WIiMAX GS: Ground Station
WiLD RRH: Remote Radio Head
33 TVWS: TV White Space
23 TVWS UAV: Unmanned Aerial Vehicle
:;0;_ WiILD: WiFi Long Distance
S WIMAX: Wireless Interoperability for Microwave Access
E<P

Satellite

, ';ﬂ« 'G
/\/ Balloons

1 7T ,%_T—
Drones/UAVs
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Multihop/
Mesh
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DTN

Internet
Access

Microwave Links

Controllers

Fiber

Backhaul
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Customers also viewed these products

&11&51&&111& >

Among snck children twice as many
& boys than girls
Approximately 10% Adults over é
of the population 40 years R
worldwide were
affected by asthma g:h;lg(eer;rasged Genetlc
4 factors
Lungs
-i ' Asthmatic
. bronchiole 3M Liternann 3200 Electronic Series Adult 3M Littm iaster Cardio g Stethos 3 Littm. um 30 Littmann 3100 Electror Adult

H during an Stethoscope, Black Blac trb chest piec raura\s Tube, 27 i r sasv Stethoscope, Blac -

Normal Xkkk 25 *kkd 3B F

Pets Pollution Infections Food s attack :
bronchiole
$499.99 $205.11- $237.71 $64.99 - $98.60 $425.49
2-day shipping 2-day shipping

43 o ’ ' @ b3
Exercise Stress Dust Inhaler Aerosol Mucus

 Chronic monitoring of respiratory issues can be life saving
* With the advances in electronic technology it is possible

63



Bottom contact 1 layor double-sided Ropent 5 tr
tApo anchors

; .« DIVFabrication:

N N — Simplified fabrication

\ N S ' — Use sustainable materials:
N e‘\%‘\‘\i\ j he=s paper and tape

o we e o \Wearable soft acoustic sensor

[1] S. M. Khan and M. M. Hussain, “Low-cost foil based wearable sensory system for respiratory sound
analysis to monitor wheezing”, IEEE Intl. Conf. Wearable and Implantable Body Sensor Networks (BSN
2019), May 2019, Chicago, IL, USA.

[2] S. Ahmed and M. -S. Alouini, " Rotational operator of the fractional Fourier transform enhances4he

detection of R peaks in arrhythmic ECG signals ", Under review.
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After Hurricane in Puerto Rico in T vl ™

2017, Project Loon supported BN \i\@" ‘ v i
emergency connectivity while R A '-‘l‘k. 5 ? :
mobile networks were being N\

recovered.

P 2

s
\t':'\“




2 Z Y Y

7
N2 Z VY &r Sz

P G hes
S

Z >
Ze S NZo S N2 N2
Q208 P T8208 7S 208 77820
L2820 P IS 28 S 208 I Z0S S 208 0

67



Climate Monitoring Using

Internet of X-T

Internet of Underground Things . Internet of Space Things Internet of Underwater Things

Changes in soil Cloud cover Ocean Salinity
Seismic activity R Sun radiation Acidity
Gas leakeage -y A A4 Ocean and land surface monitoring Temperature

™~ - = 7-7‘\'\.‘;‘

[1] N. Saeed, A. Celik, T. Al-Naffouri, and M. -S. Alouini, "Underwater optical wireless communications, networking, and localization: A survey", Elsevier Adhoc
Networks, 2019.

[2] N. Saeed, T. Al-Naffouri, and M. -S. Alouini, "Towards the Internet of underground things: A systematic survey", IEEE Communications Surveys and Tutoria@é 20109.

[3] N. Saeed, A. Elzanaty, H. Almorad, H. Dahrouj, T. Y. Al-Naffouri, M -S. Alouini, "CubeSat communications: Recent advances and future challenges", Under Review.
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