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Some of Today's Wireless Applications
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Body-Area Wireless Networks
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eHealth Systems

MC-based Alzheimer & Epilepsy
_—Monitoring and Brain
Stilmulation Networks

MC-based
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Smart Devices and loT
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Smart Materials

VERIFIED
MARKET 31581
RESEARCH BILLION

$54.1
BILLION

Global
Smart Material Market

2022-2030

® e.g., ferrofluid, aerogel, metal foam, nanotube, amorphous alloy.
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A Location-Based COVID-19 Contact Tracing App
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® Advises isolation of individual A after SARS-CoV-2 positive test and
quarantine of its contacts; runs using Bluetooth.

Ferretti et al., “Quantifying SARS-CoV-2 transmission suggests epidemic control with digital contact
tracing,” Science, May 2020.
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Autonomous Vehicles

Aurora SDK for non-AV's AV Shuttle
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Wireless OBU Equipment
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Al Surveillance

Al being overlayed on a "dumb” camera Al can work with existing CCTV providing
image sufficient clarity
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Drone Delivery

Amazon’s render was a PR action, but is now being Potential for Vaccines and vital organ delivery
considered
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What's next?

Prof. George C. Alexandropoulos, 2 ion to Wireless Communications



Metaverse over Wireless Networks
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Holographic Teleportation

nications



Digital Twins
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Internet of Senses

Prof. George C. Alexandropoulos, 20: Introduction to Wireless Communications



How did everything happen?
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Maxwell, Hertz, and Lodge

® In 1865's publication “A Dynamical Theory of the Electromagnetic
Field,” James Clerk Maxwell demonstrated that electric and
magnetic fields travel through space as waves moving at the speed of
light; derives an electromagnetic wave equation with a velocity for
light in close agreement with measurements made by experiment, and
deduces that light is an electromagnetic wave.

® |n 1888, Heinrich Hertz demonstrated that one could produce and
detect electromagnetic radiation, based on the work of James Clerk
Maxwell.

® In 1894, Oliver Joseph Lodge identified electromagnetic radiation
independent of Hertz's proof and demonstrated an early radio wave
detector. A relevant patent was awarded in 1898 by the US Patent
Office.
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Lodge's 1898 Patent on Electric Telegraphy

w

UNITED STATES

PATENT OFFICE. .

OLIVER JOSEPII LODGE, OF LIVERPOOL, ENGLAND.

ELECTRIC TELEGRAPHY.

SPECIFXCATION forming part of Letters Patent No. 800,154, dated August 16, 1898.
Application fled February 1, 1898, Sezlsl Fo 668,762 Yo model)

To all whom it miay concern:

Be it known that I, OLIVER JOSEPH LODGE,
a subject of the Queen of Great Britain, re-
siding at Liverpool,in the county of Lancas-
ter, England, have invented certain newand
useful Imp in Rlectric T h
of which the following is a specification,

‘The object of my invention is to enablean

operator, by means of what is now known as
‘e f T Ly to i

wave

mes-

- sages across space to any one or more of a

number -of different individuals in various
localities, each of whom is provided with a

- snitably-arranged receiver; and to effect the

[

ancillary improvements the nature of which-
are hereinafter more particularly describe
and claimed. !
The method of infercommunication con-
sists, according to my invention, in utilizing
certain processes and apparatus for the pur-

pose of ingand asu
prolonged series of rapid electric oscillations

Prof. George C. Alexandropoulos, 202:

_is utilized for receiving purposes. Fig. 5 de-
piets the more prominent features of a long-
'ggt.z_mce arrangement, both sending and re-
ving.
tive foi'ﬁls of connection of apparatus in &
syntonic receiving-cireuit with appendages,
and Fig: 11is a detail view hereinafter more
particularly referred to. ’
Likelettersand figuresof referenceindicate
similar parts throughout the d:ﬁwings.

of

t.elegmph‘y consists, initssimplestform,of the

arrangement depicted in Fig. 1, wherein A
the-emitti T and B the

D!
receiving apparatus,

In the emitter illustrated in- Fig. 1 elec-
tricity from a suitablesource,suchasa Ruhm-
korff coil @, is supplied to a pair of conduc-
tors which discharge into each other from
Xnobs-b and c and thus excite oscillations,

which emit one or two waves before they are
,damped-out. )
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Guglielmo Marconi

® In 1894, Guglielmo Giovanni Maria Marconi demonstrated a radio
transmitter and receiver to his mother, a set-up that made a bell ring
on the other side of the room by pushing a telegraphic button on a
bench.

® |n 1895, his system became capable of transmitting signals up to 3.2
km and over hills. He concluded that a device could become capable
of spanning greater distances, with additional funding and research,
and would prove valuable both commercially and militarily.

® Marconi is being credited as the inventor of radio and shared the
1909 Nobel Prize in Physics with Karl Ferdinand Braun in recognition
of their contributions to the development of wireless telegraphy.
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Marconi's 1894 First Radio Transmitter
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How did things evolve?
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Computer Network Types by Scale

o
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Some Wireless Standards

® Wireless wide area network (WWAN): EDGE, Flash-OFDM,
GPRS, Lorawan, LTE, RTT, UMTS over W-CDMA, UMTS-TDD,
Narrowband loT, NR.

® Wireless local area network (WLAN): IEEE 802.11a, 802.11b,
802.11g, 802.11n, 802.11ac, 802.11ax standards (Wi-Fi).

® Wireless personal area network (WPAN) and most wireless
sensor actor networks (WSAN): 6LoWPAN, ANT, UWB,
Bluetooth, ZigBee, and Wireless USB.

® The technologies for cellular networks (WWANSs) are often split into
generations, 1G till 5G (now).
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Some of the I[EEE 802.11 Standards

Name of the Standard | Went Live Bands Max Network Remarks
Bandwidth
802.11be (WiFi 7) Currently 2.4 GHz, 5 GHz, 30 Gbps Based on draft 802.11be standard drafted in 2021.
Extremely High in works and new 6 GHz (Theoretically) The WiFi 7 standard is backward compatible with 2.4 GHz and 5 GHz
Throughput (EHT) band devices.
The 6 GHz band yields drastically less interference as compared to the
2.4 and 5 GHz bands.
802.11ax (WiFi 6) 2019 10 Gbps Will replace 802.11ac as a de-facto wireless standard.
High-Efficiency Uses less power more reliable in congested environments.
Wireless (HEW) Supports better security.
802.11ac (WiFi 5) 2014 5 GHz band 1300 Mbps (5 GHz Uses dual-band wireless technalogy, supporting simultaneous
Band) cannections on both 2.4 GHz and 5 GHz WiFi devices.
450 Mbps (2.4 GHz Most wireless routers are compliant with this standard.
Band) Most expensive to implement.
802.11n (WiFi 4) 2009 24GHz and5 | 600 Mbps Uses MIMO technology.
GHz bands Supports a better range over WiFi standards due to its increased
signal intensity.
Significant bandwidth improvement over earlier standards.
More expensive to implement over 802.11g (WiFi 3)
802.11g (WiFi 3) 2002-2003 | 2.4 GHz bands Up to 54 Mbps Uses the 2.4 GHz range.
Combines best of 802.11a and 802.11b.
802.11g access points work with 802.11b wireless network adaptors
and vice versa.
Least expensive.
supported by all wireless devices.
802.11a (WiFi 2) 1999 5 GHz band upto 54 Mbps (5 802.11a and 802.11b use different frequencies and hence are
GHz Band) incompatible.
802.11b (WiFi 1) July 1999 2.4 GHz band 2 Mbps (TCP) Unregulated.
3 Mbps (UDP) An issue with interference from microwave ovens and other

appliances using the 2.4 GHz range.
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Predicted Features for Wi-Fi 7

2019 . 2020 2021 2022 | 2023 2024
T T T T T T 1
May Sep May Mar Nov Nov May
Draft 0.1 Draft 1.0 Draft 2.0 Draft 3.0 Draft 4.0 Final amendment
802.11be 802.11be 80
task group (TG) Release 1 features Release 2 features
+ Multi-link operation IMO enhancements
L i P IARQ

Feature pr

.
1320 MHz bandwidth

L s ikaam

: Multiple resource units per STA

Wi-Fi 6
certification

Wi-Fi 6 certified products Wi-Fi 6E

FCC opens
6 GHz band

certification

Wi-Fi 6E certified products.

ow-latency operations
«Advanced AP coordination

i
fication

Wi-Fi 7 certified products

Fig. 1: Illustration of the current Wi-Fi 7 standardisation, certification, and commercialisation timelines.
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WLAN Sensing - IEEE 802.11bf

5 A

Activity recognition Vital signs monitoring

Gesture control Imaging

R. Du, H. Hua, H. Xie, X. Song, Z. Lyu, M. Hu, et al., “An overview on IEEE 802.11bf: WLAN sensing,”
IEEE CST, early access, 2024.
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The Evolution of Gs (1/2)
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The Evolution of Gs (2/2)

Generations 1G 26 2.5G 2.75G 3G 3.5G 4G 5G
Technology Analog Voice G5M GPRS EDCE CDMA 2000 HSPA WI-FI 1PV6 LAN/WAN/PAN
Multiplexing FDMA TDMA, CDMA  TDMA, COMA ~ TDMA, CDMA CDMA CDMA CDMA, OFMA CDMA, BDMA
Switching Circuit Circuit, Packet Packet Packet Packet Packet Packet Packet
Band type Marrow Narrow Narrow Narrow Broadband Wideband Ultra wide Ultra wide
Handoff Horizontal Horizontal Horizontal Horizontal Horizontal Horizontal Horizontal, vertical Horizontal, vertical
Main network PSTN PSTN GSM, TOMA WCDMA Packet GSM, TDMA Internet Internet
Carrierfrequency 30kHz 200 kHz 200 kHz 200 kHz 5 MHz 5 MHz 15 MHz 15 MHz
Bandwidth 150 kHz 5-20 MHz 5-20 MHz 5-20 MHz 25 MHz 25 MHz 100 Mhz 1-2 GHz
Data rate 24-14.4 kbys 14.4-64 kb/s 64-200 kby/s 470 kbys 3.1-14.7 Mb/s 14.4-63 Mbys 100 Mbfs-1 Gb/s 1 Gb/s and above
Features Voice only Data, voice Data, voice Data, voice Data, voice HD data, voice Ultra HD, VOIP Ultra HD, VOIP

* 1G (1970/1984)

* 2G (1980/1999)

* 3G (1990/2002)

* 4G (2000/2010)

* 5G (2010/2015)
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The 5G Use Cases

[
10Gbps Peak Rate
People’s 100Mbps Anytime Anywhere
ﬁﬁ Experience >3x Spectral Efficiency
driven

Smart Home/Building

-
Vertical’s -
'@ Digital ms Latency

transformation 99.999% Reliability
If driving car

T
10° Connections/km?
100x Energy Efficiency
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Each G's Key Technologies

Performance

66_ (definition is FFS)

5G (= eLTE + NR) |

FDM-based and/or new waveform

@ cmW & mmW & THz

OFDM-based Extreme coverage

-

OFDM-based cmW & mmw New NW topology
MIMO MIMO Further enhanced mMIMO
W-CDMA m
Turbo coding  LDPC/Polar cading ["”:;“f"d “R“‘C;’”MTC
TDMA loT URLLC/mMTC or everywnere

FOMA

' Generation

® More massive MIMO, densification, and higher frequencies.

® Learn, predict, and adapt via intelligent algorithms.

® Need for cost- and power-efficient transceiver hardware.
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3GPP Release Timelines

e

Ongoing Release timelines parch 2

TsG¥e TsGgea TsGase 3G TsGwTe  TsGrs TsGws  TsGenn TSGR TSOeRZ TSGR TSGRD4 TSRS
£ = = £ B (s e fil £ s s T B

RAN1

REN Complatbn [RAN2/Sfcor) Ranaplf

stage s (cTasA) D Release 17
TS
AsN18 OpenaPE D s

RAN Corttant daf. l RANG,
e

Release 18

Stage 2 [SA2 SAG,.] Nar

RANI

RAN Caompletion (RANZ/3/4car) I Ranaparf

*RAN Cortiert def. | rana
s | Release19
[P ——— A bracton . Bel e TO0

¢ R18 (5G-Advanced) frozen in June 2024; R19 is now the focus.
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3GPP Release 17 Features

aYay=
[156 L
g L

Multi-cast and Broadcast services Non-terrestrial networks Non-public networks
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Network Data Analytics Function Enhancements

upm )

! L *
NRF Harkf st
l
* State DB

Data Source - ] i A
AR/NF/NEF {Opti

Consumer * L . ond s ol
NFMMN | l . ‘ ﬁ @
i '.':I
o

Message Bus

® Collects data from user equipment, network functions, OAM
systems, etc. from the 5G core, cloud, and edge networks.

Introduction to Wireless Communications

© Prof. George C. Alexandropoulos, 2024



Content of 3GPP Release 18

Ied - System Architecture and Services

N ) TS
Edge Compuling Phas

Sytem Suppor or AL based Sarvices
Enablers for Nefwork Automation for 5G Phase 3
Enn. support of Non-Public Networks Phase 2
Network Sicing Phase 3

5G mullicast-broadcast sevices Phase 2
Satelle access Phase 2

56 System wih Satelite Backhaul

56 Timing Resiiency and TSC & URLLC enh.
Evolufion of IMS mulfimedia telephony service
Personal loT Nefworks

Vehicle Mounted Relays

led - Securty and Privacy

Privacy of identiiers over radio access

SECAM and SCAS for 3GPP virualzed network
products and Management Funclion (MnF)

Mission cifical securly enhancements Phase 3
Securily and piivacy aspects of RAN & SA features

led - Multimedia Codecs, Systems and Services
5G Media, Service Enablers

Split-Rendering
5G AR Experiences Archifecture

Video codec for 5G
Hedi Capables or Augmenied Rell Glses
A/

XR conversational services
WebRIC-based services and collaboration models

EVS Codec Extension

for Immersive Voice and Audio Senvices (IVAS_Codec)
Terminal Audio qually performance and Test melhods.
for Immersive Audio Services (ATIAS)

SGMS Enh. Networksiicing, Low lafency, Background
K

fraffic, 5GMS Uplink]
Furiher MBS Enh. (Free to air Hybrid unicast/broadcast]

*These ore preiminary st [As o1 SA#9 )
@309 00c. 2
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Release 18

Access Traffic Steering, Switching & Spliing
support in the 5G system architecture Phase 3
Proximifybased Services in 5GS Phase 2

UPF enh. for Exposure & SBA

EeEer el i e iy
Gener b management, expost

& commanicglion o

56 UE Polcy Phase 2

UAS, UAV & UAM Phase 2

Support for SWWC Phase 2
System Enabler for Senvice Funclion Chairing
Extensions fo TSC Framework fo support Defiet
Seamless UE confex! recoven

MPS when ccess 1o EPC/SGC is WLAN

led - Management, Orchestration and Charging
Ineligence and Avlomation; St Configutation of AN NEs

Enh, aufonomous nefwork levels Evalualon of aufonomous netvork
e e e SR P e

s, Enh. infe
R Enh. of the. fo
NWDAF

Management Archifecture and Mechanisms: Nefwork sicing
provisioning fules. Enh. service based management archilecture
Support of New Services: Enh. Energy Efficiency for 5G Phase 2, New
pects of Enorgy Eciancy fo SG natwors P

Enh. management of Non-Public Nefworks, Nefwork and Service:
Operationsfor Eneroy U, Key Gty ndolon (k8o 50
service experience, Deferministic Communication Service
Assurance

Cherging Aspects for Enh. Support of Non-Public Networks

led - Application Enablement & Critical Communication
Applications

MCX Enhancemorts ~MC over SGS (SMBS, rasel Adhoc group
comm. MCPTI
Roiwas - Goleway U, nlerworking

Edge App Archilecture Enh, SEAL Enh, Subscriber-Aware API
(CAPIF Enh,)
Fused location, Appication Data Analyfics, App Layer NW Siicing

Enhancements fo V2X, UAS appfcaion-enablement
Fulire Focloes, Pesonalof nehwors, Capabily exposure for
o plafform:

+for full
glspecificai

See the 3GPP Work Pl

vt 3Py

fetall, as Release 18 develops:

jwork.

ndropoulos, 202

RAN

TSG RAN 3
led - Radio Layer 1 (Physical layer)
© NR-MIMO Evolution
 AI/ML - Al Interfoce
o Evolution of duplex operation
© NR Sidelink Evolution
o Positioning Evolution
© RedCap Evolution
© Network energy savings
© Further UL coverage enhancement
 Smart Repeater
o DsS

© Low power WUS
© CA enhancements

RAN2 led - Radio layer 2 & layer 3 Radio Resource Confrol

 Mobiity Enhancements

© Enhancements for XR

© Sidelink Relay Enhancements

© NTN (Non-Terrestrial Networks) evolution - NR
 NTN (Non-Terresfrial Networks] evolution - IoT
© UAV (Uncrewed Aerial Vehicle)

 Multiple SIM (MUSIM) Enhancements

© In-Device Co-existence (IDC) Enhancements
* Smalldato

© MBS

RAN3 lod - UTRAN/E-UTRAN/NG-RAN arhiecture
related network infertaces

¢ Addilonal {opological improvererts — 1AB/VMR

© AI/ML for NG-R

 AI/ML for NG- RAN 3<

© SON/MDT Enhancements

© QoE Enhancements

o Resiiency of gNB-CU-CP

RAN4 led - Radio Performance and Profocol Aspects
© RAN4-led spectrum items
© <5MHzin dedicated spectrum

Reb18 Workpkan for
Crwivork

3 compieton ond ASN1 codeand OperaPeese

it ke 222 1
ek i o 5 S S o) o e

“Source: RP-213697 (RANS94-6)
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Timeplan of 3GPP Release 19

1 2023 2024 2025 ]

(§ o N o T o J o § o § o § a3 J o4 | o J co J a3 J ot J ai ]

#98-¢ #99 #100 #01 #102 #103 #104 #105 #106 #107 #108 #109 #10
Rel19 Scope
Discussiony/ Guidancs
Selected Rel19
AL SIDAWID Rel-19 Final
‘Approval
Approval
Stage1 Stage2 Stages Rel19
B = Complete

Moderated
Email

mail
Discussions

WGs start
working on
Rel-19 SID / WIDs
approved at
SA#I01

/B Functional Freeze date
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3GPP Release 19 Technical Priorities

TSG SA major Rel-19 topics

Core topics: Misc. topics:

- for Energy Utite:

Prof. George C. Ale;

ndropoulos, 20!

TSG RAN major Rel-19 topics

AML Alrinterface.» Nework Energy Saving Enh

MIMO Ex Mobility Enh,
Duplex Ev. NEv.
Ambient laT XREV.

Additional RANT led ‘Additional RANZ led

AIML for NG-RAN
SON/MD
nel mod

‘Additional RANS led

+ LP-WUS/WUR
- Multi-carrier Enh,
Coverage Enh.

- Positioning Enh.

NeR
SLRelay Enh
AV /UAM

Brosdcast / mulicast
£ 2agregarion.
ccHahovanon nd

‘Additional / Other
candidate topics

Topological Enh.

Lean protoclsack High spoed packatization Layer 2 UP Enih
RAN architectural Enn. / AS Securiy Enh.

h
h

ability update
Gthers lleinactive Eni, AAN slcing En, etc)

omplexit
cy Timin




The Evolution of Full Duplex Technologies

FD gNB & HD UEs FD gNB & FD UEs FD gNB (M-TRP) & SBFD UE
B A—R KR
s NS

Ul/ VL W \ \ / \
cu
—
0—10 Ot Vran
cc EN 1
cc cC
o ov | [ o | [
oL jj o
+—— Slot — Slot - + Slot
Non-overlapping UL/DL subband Partially or fully overlapping UL/DL
(SBFD)

Rovo-
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How do wireless systems work?
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Fading in Wireless Communications

Channel gain
(log scale)
3
= — Pathloss ;
~wneeee Path loss + Shadowing } Large-ecalefading
~ Path loss + Shadowing

+ Multipath Fading —* Small-scale fading

»

Distance
(log scale)
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Multi-Antenna Transceivers and Beamforming

Desired

Desired / coverage

suppression

/, /I - Weight

e MIMO systems comprise of multi-antenna TXs and RXs.

® What about H/W cost and power consumption?
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Multi-User Beamforming and Massive MIMO

Null steering

® Spatial multiplexing of multiple users in the same time and frequency.
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The Rate Formula

® The rate per user in bps is given by:

BW x SM gain

e x SE

R =

BW is the bandwidth (more can provide higher rates)

SM gain with MIMO, depends on the number of antennas

K is the number of users in the system

SE depends on: S&N&I powers and SP techniques; upper bound given
by Shannon's formula

© Prof. George C. Alexandropoulos, 2024 Introduction to Wireless Communications



Higher Frequencies for Higher Throughput

Frequency Ultra High A

Capacity

10..100 Gbps

Ultra Low
+ Huge available spectrum Latency )
w | Eband 80GHz b i Ne10Gbps
mm D-band  *150GHz | (et atency High Peak
[ ] Capacity
1..5 Gbps
High
= Good resistance to rain Rellablllty
15-42 GHz Traditional : ;g ar\: ;g g:z = High spectral efficiency
Microwave an - u High reliability Multiband links Ny
1.16"Gbps r
N
13 Gz Long Haul = Huge deployment of 6/7/8 GHz ::g”g;:'s';"':“;?g;m Long Reach |}
Microwave ® 11and 13 GHz = Ultra high reliability High Capacity = |
& Reliability /
Coverage ) /

(-
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What are the targets for 6G?
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6G Key Capabilities

Networked Sensing

Native Al ‘\

;;
<

~~
) Extreme Connectivity
/

Native Trustworthiness - Sustainability
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Al/ML for Wireless Networks

o — Rocoiver  Dastination

AI4NET

Mostage
2 A

st
w (7

Al as an Optimization Tool

Prof. George C. Alexandropoulos, 2

Noise.
Source

L
e oyl
e

Native Al Support
in 6G

Link level:

From
module-by-module
optimization to
intelligent E2E
communication links

Network level:
From cloud-based
computing to
distributed learning
network
infrastructure
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Sensing

Networks as Sensors

ﬁm;}
] (@ -EL

NLOS joint sensing with
gNB and UE

\

High-accuracy
localization and tracking

Simultaneous imaging,
mapping, and localization

—— Data

Augmented human senses Gesture and activity

recognition

<+ Sensing link

oduction to Wireless Communications
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Full-Duplex-Enabled ISAC

Digital Domain Analog Domain
aro)
TX RF Chain 1 ﬂ
Information Digital . : .. *| Analog :
Symbols TX BF . M

* TXBF

(Tx RE Chain v}
TX RF Chain Ny

Active 1 Ny
Analog
) SIC
Joint
K<NyMg t
Cancellation RS S| Attenuation
and TX/RX Lines
Beamforming —
------------------ »| Digital Selection Network
SIC
) T ™,
(RY RE Chain 1 )
D RX RF Chain 1 |« 1y
o 4—] Digtal | e, : .. | 3fAneeg )
Symbols RX BF ¢ ° * *| RXBF
e rere v |
D<HRX RF ChainM, D

B. Smida, A. Sabharwal, G. Fodor, G. C. Alexandropoulos, H. A. Suraweera, and C.-B. Chae, “Full-duplex
wireless for 6G: Progress brings new opportunities and challenges,” IEEE JSAC, 2023.

M. A. Islam, G. C. Alexandropoulos, and B. Smida, "Direction-assisted beam management in full duplex
millimeter wave massive MIMO systems,” IEEE ICC, 2021. (Best Paper Award)
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6G RAN Key Performance Indicators

Network Capacity:

Peak Rate:  1000X w.r.t. 5G
1 Tbit/s

Air Interface Latency:

Experienced Rate: 0.1ms

10-100 Gbit/s

Sensing/Position Accuracy:

Energy Efficiency: 50 cm outdoor, 1 cm indoor

100X w.r.t. 5G, Total < 5G

Sensing/Imaging Resolution:

Sensing Battery Life: 1-3 mm

20 years

Air Interface Jitter:

Device Density: +/-0.1ps
10 millions/km?
Network Coverage: Reliability:
10 dB+ 99.99999%
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6G Use Cases

Al Al

+ Al-enhanced network automation

- Alaas for data management

- Alaas for distributed learning and inferencing

eMBB+

+ Ultimate immersive cloud VR

- Haptic and multi-sensory communication
- Glass-free 3D and holographic displays

- Broadband wireless access for the unconnected

URLLC+

- Factory of the future

+ Motion control

- Collaborative robots in groups

- Fromintelligent cobots to cyborgs
+ Level 5 autonomous vehicles

eMBB+

Sensing
+ High-aceuracy localization and tracking
+ Simultaneous imaging, mapping. and localization
+ Augmented human senses

+ Gesture and activity recognition

= Smart buildings
Sensing + Smart healthcal
= Smart services enabled by UAVs
= Wide-range loT services
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Spectrum for 6G

Sub-6 GHz 6 GHz 10 GHz mmW E-band THz

Optical

e O T e I T el S f{v”l””wl””\

2 6 8 10 e 20

00 40 500 000 (GHz)
Low " Optic
bands s

Operating bandwidth of each generation follows the "five-times more" rule

Basic Coverage Layer 2G: 200 KHz
3G: 5§ MHz
4G: 20 MHz
Capacity/Coverage Layer 5G: 100 MHz
Ultra-high/high bands/high end of mid-bands 6G: 500 MHz-1 GHz

Ult.ra Experience l-ayer . + Low/mid-bands remain the most cost-effective way for wide coverage
(extremely h!gh d.ata rates, hlgl)ﬂ-resoiutmn Ve e Decornamatina FeG
peositioning/sensing... * THz bands open new possibilities for sensing and communication
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Paradigm Shift

Soft Air Interface Intelligent Air Interface

Add-on Al Optimization Native Al

Add-on Power Saving It-in Power Saving

Communications Only ions & Sensing
5 G Passive BF & Beam Management 6 G trolled Channel
Reactive Channel Tracking g/Prediction or Controlling

Cellular & Satellite trial plus non-Terrestrial

Multi-Carrier Operation Flexible Spectrum Usage

Analogy/RF-unaware Analogy/RF-aware
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Capabilities and nds for Future Devices

=)

Intelligence Smarter

O ®

Ambient Sensing Versatile
Four Future
Capabilities Devices
Multimodal Human- Diversified
Machine Interface SRS
- @
Energy Harvesting/ Cloudified

Battery Technologies
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Challenges in H/W Components and Computing

(a) Low Efficiency for mmWave RF Amplifier (b) Deep Learning Computing Requirement
1000
=2
100 c
£
5
10 o
Distance (m) g Computing hardwar
o
o1 g
2
001 3
0001 Data rate (Git/s) g ers JITCOloE
1985 1990 1995 2000 2010 2015 2020 2025 2030 2035 2040
Single digit efficiency of power amplifier to Computing demand double every 2-3 months
overcome additional 20dB propagation path loss Open source software have difficulty to sustain
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Challenges in Channel Modeling
* RIS
LS -ELAA "o,@ « THz
« NTN « OWC

- ISAC e
Fo P -~ 6G channel model P N
%
%_ ', Stochastic I] 1
£ \ @ CEM
S N Ray-based _ 7
< 5G ay-based
§ S T -
] 4G &3
g %
2— 3G Measurement
S
O

Physical model

Analytical model
e.g., Rayleigh model

\ 4

Deterministic levels
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6G and Beyond Key Technologies

Cell-Free Terahertz Band
Massive MIMO P
Communications Commu!ucallons
(Section X) (Secilon “l’

Internet of Intelligent
Space Things with Communication
CubeSats and UAVs Environments

(Section IX) (Section IV)

Ambient
Backscatter Pervasive Artificial
Communications Intelligence
(Section ViII) (Section V)

Reconfigurable Network
Front-ends/Dynamic ‘ :‘:E’ .
Spectrum Aicess ‘o'( “\ Autou:natlon
(Section V) . 4 . (Section VI)
____________ Pid : ‘\‘_____________
. Quantum ' . Internetof @
! Communications s ' ' NanoThings
| (SectionXLC) | "“jnternetof ¢ ..(SectionXLA) ;

Section XI.B)

' [

(]

! BioNanoThings -
]

! [
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6G Timeline

2018 2019 2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030

WRC ¥V WRC-19 V WRC-23 ¥ WRC-27
Allocate 5G Spectru Discuss 6G Spectrum ' Allocate 6G Spectrum

B 36ppsc

ITU-R

‘b@ AGEP 6G : Study & Specifications

o R18 starts 5.5G standardization

o 6G vision finished before WRC-23, vision workshop in June 2022

© Atthe end of 2024, 6G workshop

o At the end of 2025 or early 2026, 3GPP starts study of 6G (Requirement, SI, WI ...)
e First specification of 6G finished in 3GPP in 2030
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A Promising 6G Technology:
Reconfigurable Intelligent Surfaces
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Programmable Over-The-Air Signal Propagation

Operator

Radio Access Network Control

BS,
A 0

M. Di Renzo, M. Debbah, D.-T. Phan-Huy, A. Zappone, M.-S. Alouini, C. Yuen, V. Sciancalepore, G. C.
Alexandropoulos et al., “Smart radio environments empowered by Al reconfigurable meta-surfaces: An idea whose
time has come,” EURASIP JWCN, May 2019. (EURASIP Best Paper Award 2021)

C. Huang, A. Zappone, G. C. Alexandropoulos, M. Debbah, and C. Yuen, “Reconfigurable intelligent surfaces
for energy efficiency in wireless communication,” IEEE TWC, 2019. (IEEE Marconi Award 2021)
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Available Fabricated RISs
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A Simulated 20 x 20 RIS ©50 0GHz

Incident 20x 20 RIS
wave

Reflected
wave

Q. Luo, G. C. Alexandropoulos, Y. Zhou, and X. Ma, “Ultra-wideband metasurface at SubTHz: Hardware
design and reflection optimization,” EuCAP, 2022.
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Wireless Environment as a Service

RISE-6G Outduor/indoor}1 all

Hotspot in public

dense scenario ))) Indoor

residential

@ vV L 4 y 4 y https://rise-6g.eu/

E. Calvanese Strinati, G. C. Alexandropoulos et al., “Wireless environment as a service enabled by
reconfigurable intelligent surfaces: The RISE-6G perspective,” Joint EuCNC & 6G Summit, 2021.

E. Calvanese Strinati, G. C. Alexandropoulos et al., “Reconfigurable, intelligent, and sustainable wireless
environments for 6G smart connectivity,” IEEE COMMAG, 2021.

G. C. Alexandropoulos et al., “Smart wireless environments enabled by RISs: Deployment scenarios and two
key challenges,” Joint EuCNC & 6G Summit, 2022.
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RISs for Secrecy and Eavesdropping

Malicious RIS
Oodocd--0O
A Unit Cell - H
nitCells| ¢+ ¢ ¢ <, 3
A G2
Ol ---
\ ¢
1 E
K Antennas
BS [}
N Antennas

RX

H, S
I I Y R | /MAntennas

LUnitCells| : : : - :

oog--O
Legitimate RIS

G. C. Alexandropoulos, K. Katsanos, M. Wen, and D. B. da Costa, “Safeguarding MIMO communications
with reconfigurable metasurfaces and artificial noise,” IEEE ICC, 2021.

G. C. Alexandropoulos, K. Katsanos, M. Wen, and D. B. da Costa, “Counteracting eavesdropper attacks
through reconfigurable intelligent surfaces: A new threat model and secrecy rate optimization,” IEEE OJCOM,
20223.
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Secrecy Spectral Efficiency Maximization

The legitimate BS formulates and solves the following problem:

OPy : N U 0. Rs 2 Rrx — R
s.t. Tr(VAV) + Tr(Z) < P,
U2 <1,1< Ny < min{M, N},
| =1V0=1,2,...,L
Rrx 2 log, |In, + UPAHVVTR"U (UH <J2|M + |:|Z|Z|H) U)_l‘

7A3E £ log,

-1
Ix + HeVVHHY (02|K T HEZHQ) ‘

G. C. Alexandropoulos, K. Katsanos, M. Wen, and D. B. da Costa, “Safeguarding MIMO communications
with reconfigurable metasurfaces and artificial noise,” IEEE ICC, 2021.
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RIS Configuration via Supervised Learning

C. Huang, G. C. Alexandropoulos, C. Yuen, and M. Debbah, “Indoor signal focusing with deep learning
designed reconfigurable intelligent surfaces,” IEEE SPAWC, 2019.

G. C. Alexandropoulos, S. Samarakoon, M. Bennis, and M. Debbah, “Phase configuration learning in wireless
networks with multiple reconfigurable intelligent surfaces,” IEEE GLOBECOM, 2020.
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DRL-Based Orchestration

BS

RIS,

Contfoller -

oog--0

ooo--o

oog--o

RIS,

o0

el §

= — [Oog-g

Doo--0

RIS;

[y )
A =l=l=F=

Sl (=== =

RIS,

| | =l=l=F3=
OO0 0

G. C. Alexandropoulos, K. Stylianopoulos, C. Huang, C. Yuen, M. Bennis, and M. Debbah, “Pervasive
machine learning for smart radio environments enabled by reconfigurable intelligent surfaces,” Proc. IEEE, 2022.
C. Huang, Z. Yang, G. C. Alexandropoulos, K. Xiong, L. Wei, C. Yuen, Z. Zhang, and M. Debbah,
“Multi-hop RIS-empowered terahertz communications: A DRL-based hybrid beamforming design,” IEEE JSAC,

2021. (IEEE Communications Society Leonard G. Abraham Prize 2024)
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Enabling 3D Localization with Passive RISs

SISO

MISO

SIMO

MIMO

N I RIS, 0 BSs, WB

™

1RIS, I BS, WB

2

RISs, / BS, NB

IRIS, I BS,NB

IRIS, ] BS,NB

IRIS, I BS,NB

K. Keykhosravi, B. Denis, G. C. Alexandropoulos, Z. S. He, A. Albanese, V. Sciancalepore, and H.
Wymeersch, “Leveraging RIS-enabled smart signal propagation for solving infeasible localization problems,” IEEE

VTM, 2023
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RISs for Seamless Localization and Sensing

Beacon-UE Channel
RIS Anchor Channel

RIS Localization Channel
Sidelink Channel
Sensing Channel
Scenarios

Beacon-Assisted Localization

Beacon

Fiure elements by macravecaron Freeak

S

ot
Vehicle :,g c2

W
Ris-attached

&

!

Self-L&S with
a Full-Duplex

(v Transceiver
B3

Cooperative Localization

H. Chen, H. Kim, M. Ammous, G. Seco-Granados, G. C. Alexandropoulos, S. Valaee, and H. Wymeersch,
“RISs and sidelink communications in smart cities: The key to seamless localization and sensing,” IEEE COMMAG,
2023.

C. Huang, S. Hu, G. C. Alexandropoulos, A. Zappone, C. Yuen, R. Zhang, M. Di Renzo, and M. Debbah,
“Holographic MIMO surfaces for 6G wireless networks: Opportunities, challenges, and trends,” IEEE WCOM, 2022.
(IEEE Communications Society Fred W. Ellersick Prize 2023)
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The RIS Potential for ISAC

Sensing
Subspace

RIS

Assisted Increased Correlation

&
Channel Gain

|
|
|
|
——

Communication
Subspace

S. Prabhakar Chepuri, N. Shlezinger, F. Liu, G. C. Alexandropoulos, S. Buzzi, and Y. C. Eldar, "Integrated
sensing and communications with reconfigurable intelligent surfaces,” IEEE SPMAG, 2023.
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Multi-Functional RISs

propagation inside the microstrip propagation inside the microstrip

emitted
incident
signal —> B\Q’Q/ %- TX RF Chain A PNG R, * * * AP, signd!

L Txoma [/

LTI T
: : apopEDED
opoDpEDREDR : opopERED
TX RF Chain opEDEDRED
A emitted

DDDDDDDD%
A T T T ~

©p) 5]
L s L
2 o

power source

baseband pruczssmg baseband processing power source

G. C. Alexandropoulos, N. Shlezinger, |. Alamzadeh, M. F. Imani, H. Zhang, and Y. C. Eldar, “Hybrid
reconfigurable intelligent metasurfaces: Enabling simultaneous tunable reflections and sensing for 6G wireless
communications,” IEEE VTM, 2023.

E. Basar, G. C. Alexandropoulos, Y. Liu, Q. Wu, S. Jin, C. Yuen, O. Dobre, and R. Schober, “Reconfigurable
intelligent surfaces for 6G: Emerging applications and open challenges,” IEEE VTM, 2024.

N. Shlezinger, G. C. Alexandropoulos, M. F. Imani, Y. C. Eldar, and D. R. Smith, “Dynamic metasurface

antennas for 6G extreme massive MIMO communications,” [EEE WCOM, 2021. (IEEE Communications Society
Fred W. Ellersick Prize 2024)
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Should | invest in wireless
communications expertise?
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The Wireless World in 2030

The Wireless World in 2030 s empeviaos o

LP-WAN - Low power wide area network UWB - Ultra wideband
mmWave - Millimeter wave spectrum

The future is a mix of heterogenous wireless technologies: no one size fits all!

® Some key vendors: Ericsson, Nokia, Huawei, Samsung, Qualcomm, Intel, Cisco, NEC, Capgemini, Ciena, D-link, ZTE,
Fujitsu, NXP, Mavenir

® Top 10 mobile operators: AT&T, Orange, Vodafone, MTN, América Mévil, China Mobile, Telefonica, Deutsche
Telekom, Airtel, Verizon

® Various new players: Apple, Google, Continental, etc.
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Thank you for your attention

Contact Information:

f2f: Office A44, DIT, NKUA Campus
e-mail: alexandg@di.uoa.gr
URL: www.alexandropoulos.info

© Prof. George C. Alexandropoulos, 2024 Introduction to Wireless Communications


mailto:alexandg@di.uoa.gr
www.alexandropoulos.info

