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AGH '-'b Sukces Wi-Fi

20 mid urzadzen

26% CAGR B Mobile (46% CAGR)
2017-2022 400 @ Fixed/Wi-Fi from Wi-Fi-Only Devices (18% CAGR)

350 @ Fixed/Wi-Fi from Mobile Devices (53% CAGR)
B Fixed/Wired (15% CAGR)

300
250

Exabytes
per month 290

150 .
100
50 . 29.4%
0
2017 2018 2019 2020 2021 2022

* Wireless traffic includes Wi-Fi and mobile
Source: Cisco VNI Global IP Traffic Forecast, 2017-2022
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https://twitter.com/WiFiAlliance/status/1699469536385212427
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Rozwdj Wi-Fi

Generacja Standard Logo

Wi-Fi 4 802.11n ©
Wi-Fi 5 802.11ac O
Wi-Fi 6 802.11ax ©O
Wi-Fi 7 802.11be 9

Wi-Fi 8 802.11bn
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[EEE 802.11 Working Group



The [EEE 802.11 Working Group is one of the most
active WGs in 802

¥ Focus on link and physical layers of the network stack

W Leverage IETF protocols for upper layers

OSI Reference

Model
IEEE 802
Application Local and Metropolitan Area Networks
Standards Committee (LMSC)
Presentation
Session
802.3 20211 802.15 802.16 802.18 802.21 ‘;92-'22 802.24
Transport CSMA/CD Wire'less 'Nireless Wireless L) c 80.2':9 Media Relr?oisasl Vertical
Ethernet {pecialty Broadband Regulatory O-€EXIStENCE ndependent g App.
WLAN , WG Area TAG
N K Jetworks Access TAG Handoff RO
etwor .
Data Link
IEEE _ IEEE 802.11 WG Voting Members: 400+
Physical
[ Medium
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https://ieee802.0rg/11/IEEE%20802-11-Overview-and-Amendments-Under-Development.pptx



~
[))]
e
S
=
©
o
<
W
O
=
™
AN
o
N
~
()
<
Q.
@
S
(@]
o
=
o
<
o
~
—
—
~
N
o
©
~
%]
Q.
>
o
S
D
~
(@]
S
-
[}
(]
Q
—
[}
(o
>
o
S
(=]
=
[%2]
[o
=
<




lll

AG

January 12-17

March 9-14

May 11-16
July 27 - August 1

September 14-19

November 9-14

Il 802,11 sessions in 2025

Kobe, Japan

Hilton Atlanta, Atlanta GA, USA

Hilton Prague, Prague, Czech Republic

Melia Castilla Madrid, Madrid, Spain

Hilton Waikoloa Village, Waikoloa,
Hawaii, USA

Marriott Marquis Queen's Park, Bangkok
Thailand

Interim

Plenary

Interim

Plenary

Interim

Plenary
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2024 May |[EEE 802
Wireless Interim Session

May 12-17, 2024 | Warsaw, Poland

Warsaw Marriott Hotel, POLAND

Welcome to the upcoming IEEE 802 Wireless Interim Session to be held at Warsaw

Marriott Hotel

REGISTRATION ACCOMMODATION

13
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= Ktore pasma sg nielicencjonowane?

* <1 GHz

* 60 GHz

e 2.4,5 GHz
* 6 GHz



6 GHz Channels in United States &
Europe/CEP
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cb Wi-Fi 6E — Nowe cechy

INICJATYWA DOSKONALOSC!

https://commons.wikimedia.org/wiki/File:The_field_(3514290419).jpg
photophilde, CC BY-SA 2.0 <https://creativecommons.org/licenses/by-sa/2.0>, via Wikimedia Commons
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802.11 Timelines



https://ieee802.org/11/Reports/802.11_Timelines.htm
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mﬂ cb Wi-Fi CERTIFIED 7™: Advanced performance for next generation Wi-Fi®

UCZELNIA W | - Fl 7 Features Benefits
AGH DA AEIA
h 320 MHz channels 2% higher throughput
=< Multi-link Operation (MLO) Deterministic latency, increased efficiency, greater reliability
4K QAM 20% higher transmission rates

EE E 512 Compressed Block Ack Reduced transmission overhead
-

mmam Multiple RUs to a single 5TA Enhanced spectral efficiency m

\_ -

320 MHz, non-contiguous spectrum, 4K QAM, 16x16 MU-MIMO
Enhanced OFDMA (multiple resource units per STA)

MLO

* Optional

* EPCS priority access

* Restricted TWT
* QoS provisioning

19
https://www.wi-fi.org/discover-wi-fi/wi-fi-certified-7
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Multi-link Device A Multi-link Device B
I Link 1 I
MAC-SAP MAC-SAP
IP address A < Endpoint
Link 2
STA2 |« »| STA2

Asynchronous Multi-link

Trigger Frame

. T

ik L

U

-

CK

il

TF

—Uplink DATA—

Link 2

Downlink DATA

v

A J

Synchronous Multi-link

il

inka LU

—— Downlink DATA—{ |1 ///ITF ~Uplink DATA-| |BA|
— Downlink DATA | Yo ///rF Uplink DATA | [BA

Khorov, Evgeny, llya Levitsky, and lan F. Akyildiz. "Current status and directions of IEEE 802.11 be, the future Wi-Fi 7." IEEE access 8 (2020): 88664-88688.

20
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l@]ﬂ D WiFig I/‘"f " T \

e Multi-Access Point Coordination *\'\lm
LL LI

* Coordinated Beamforming \
* Coordinated Spatial Reuse L 7
Coordination
° HARQ Ra];lz:]l]lion )( Il framework
i / \
* Time-Sensitive Networking A

/
. . /
* Distributed MLO -
* Integrated sub-7 GHz and mmWave
Device 2
\
\\ Multi-AP coordination . y

Galati Giordano, Lorenzo, Giovanni Geraci, Marc Carrascosa, and Boris Bellalta. "What will Wi-Fi 8 be? A primer on IEEE 802.11 bn ultra high
reliability.” arXiv e-prints (2023): arXiv-2303

_—
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Poprawa wydajnosci
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Szymon Szott, Katarzyna Kosek-Szott, Piotr Gawtowicz, Jorge Torres Gémez, Boris Bellalta, Anatolij Zubow, Falko Dressler. 2022. ,Wi-Fi meets ML: A
survey on improving IEEE 802.11 perfor-mance with machine learning.” IEEE Communications Surveys & Tutorials 24, no. 3: 1843-1893.
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INICJATYWA DOSKONALOSC!

Wi-Fi + ML

Sumaryczna liczba artykutow
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Rok publikacji
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 © Uczenie maszynowe (ML)

AG H BADAWCZA

ML — rodzaj sztucznej inteligencji,
w ktorym ,,algorytmy mogg uczyc
sie na podstawie danych ML
treningowych bez koniecznosci

jawnego ich zaprogramowania””.

SL UL RL

x— () [y

*Wang, Jingjing, Chunxiao Jiang, Haijun Zhang, Yong Ren, Kwang-Cheng Chen, and
Lajos Hanzo. 2020. , Thirty years of machine learning: The road to Pareto-optimal wireless
networks.” IEEE Communications Surveys & Tutorials 22, no. 3: 1472-1514.
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data with labels
X

Supervised
learning

mapping
fix) =y

J A

good RSSI, 11ax, 80% busy *.

«m Uczenie nadzorowane (SL)

B

-

-“ medium RSSI, 11n, 10% busy

27
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«m Uczenie nienadzorowane (UL)

AGH | onmcz

data without labels
X

r ‘ 1
Machine
Learning

@

Unsupervised

learning

\/

Classes & kompresja informacji zwrotnej o stanie kanatu
association rules

Deshmukh, Mrugen, Mahmoud Kamel, Zinan Lin, Rui Yang, Hanging Lou, and Ismail Guvenc. "Intelligent Feedback Overhead 23
Reduction (iFOR) in Wi-Fi 7 and Beyond." In 2022 IEEE 95th Vehicular Technology Conference (VTC2022-Spring)
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vhwm o Uczenie ze wzmochieniem (RL)
Agent
* Wieloreki bandyta
* Q-learning
Nagroda Akcja « Gtebokie uczenie

(ze wzmocnieniem)

Srodowisko

29



Obszar Typowy cel ML Typowe Zysk z ML
metody

Dostep do kanatu
radiowego

Dostosowanie tgcza

Warstwa fizyczna

Ksztattowanie
wigzKi

Tryb multi-user
(OFDMA)

Spatial reuse

Wybor wartosci okna
wspotzawodnictwa
Wybor predkosci
transmisji
Klasyfikacja sygnatu,
estymacja szumow

Wybor parametrow (np.

sektor)

Przypisanie zasobow
uzytkownikom

Wybor kanatu, mocy
nadawcze]

RL

SL

SL, UL

SLIRL

RL

Wieksza
przeptywnosc

Wieksza
przeptywnosc¢

Wieksza
skutecznosc
klasyfikacji
Wieksza
przeptywnosc,
Krotszy czas
poszukiwan

Wieksza
przeptywnosc
Wieksza
przeptywnosc,
mniejsze opoznienia
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Aspekty standaryzacyjne




o

AIML TIG/SC

A G H BADAWCZA
MAC 802.11
802.11bh COR 1
RCM
: 802.11 802.11az
802.11b
EDP ! REVmMe NGP
R 802.11bk | 802.11bc 802.11ba
320MHz Po BCS WUR
. . 802.11bf 802.11
I(1I'¥l:.)|aA|:Ic21 TUHR Study ||~~~ SENS || T ] 22020
Group 802.11ax
802.11bb HEW
IMMW SG 802.11be LC
(Nov 2023) EHT 802.11ay
NG60
AMP SG
802.11bd
Liaison MAC & PHY NGV
N )
— —— v N v S ~ _/ _
Liaison Discussion TIG/Study TG without WG SA Published Published
Topics Topics groups Approved draft Letter Ballot Ballot Amendment Standard



AIML TIG: Investigate WLAN support of Artificial

Intelligence/ Machine Learning

Use of AIML for 802.11 applications is an active area of work in the research
community. See Applying ML to 802.11: Current Research and Emerging Use

Cases

Current applications focus on performance improvement parameter
selection for channel access control and link adaptation, multi-user
parameters, channel usage

Focus of the 802.11 AIML Topic Interest Group is to

Describe use cases for Artificial Intelligence/Machine Learning

Possible observations:

Current SNR levels, historical
SNR levels, camera images, etc.

Machine
Learning

@

Link status
SNR, ACK/NACK

Actions:

Beam sector selection

P —— . ————

(Al/ML) applicability in 802.11 systems and Controller
R Wi-Fi device Machine
H ° og_eoge B;Zigéi:t ﬁz Learning
Investigate the technical feasibility | 4
- v __Sent frames’/q I‘L‘_____Sem( rrrrr v T |
of features enabling support of Al/ML. (] /]
__/ 7'~> —” 4 00 o0 -Mcss:ﬁeszel
Collision p’roba'l;i)li'ty AR = QPSK
111 gzu; °7° . 1(%24—QAM
120402 Inference & (D]
u- = ow & [ symbol [ SGI | symbol R
Sender >

November 2022

t

\
(-

ML models
SL: random forest, ANN
RL: stochastic learning, MAB

I((.«n)l

Destination

35


https://mentor.ieee.org/802.11/dcn/22/11-22-0979-01-aiml-applying-ml-to-802-11-current-research-and-emerging-use-cases.pptx
https://mentor.ieee.org/802.11/dcn/22/11-22-0979-01-aiml-applying-ml-to-802-11-current-research-and-emerging-use-cases.pptx

edu.pl

il
dagn.e

,@J.JJ cb AIML TIG: Przypadki uzycia

.  Umozliwiajgce stosowanie ML w sieciach WLAN
A. Wydajne udostepnianie modeli ML

Il. Uzywajace ML do poprawy wydajnosci sieci WLAN
A. Kompresja informacji zwrotnej o stanie kanatu
B. Rozproszony dostep do kanatu
C. Poprawa roamingu
D. Koordynacja wielu punktow dostepowych
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cb AIML TIG: Multi-AP Coordination

©@ 4| + Group creation: compatible AP-STA pairs
®®5| «  Scheduling & TXOP sharing

AP gg L1 Coordination TN
(AIML) a~=p .. J <« l > .. T AP 2
’ CSl, BSR, etc. \
/astosowanie ML
STA 1 STA 2 STA 3

* Wybor par stacja-AP
* Konfiguracja transmisji

* Predykcja planu transmisji

* Redukcja narzutu sygnalizacyjnego

38
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=m  Wyzwania standaryzacyjne

Kompatybilnos¢ wsteczna
e Sygnalizacja

* Wydajnosc¢

Narzut ML

e Koszt trenowania rozwigzan
* Wiecej monitoringu

. Wymiana modeli

* Urzadzenia uruchamiajg nieznany kod

39
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‘NARODOWE
CENTRUM
ANNAUKI

ML-driven Radio Resource Management
In Wireless Local Area Networks

Techmsche ' E
Universitat
A G H

Berlin

" s Projekt MLAWIFI

41
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Projekt MLAWIFI: przeglad

IEEE COMMUNICATIONS SURVEYS & TUTORIALS., VOL. 24, NO. 3, THIRD QUARTER 2022 1843

Sehr geehrter Herr Professor Dressler,

VDE

“ Wi-Fi Meets ML: A Survey on Improving IEEE 802.11 Performance with Machine
Learning”

ich freue mich Ilhnen mitzuteilen, dass der Vorstand der ITG |lhre Arbeit

als eine der besten Verdffentlichungen des Jahres 2022 auf inrem Fachgebiet bewertet und Ihnen
hierfir (gemeinsam mit Ihren Koautoren) den

VDE ITG Preis 2023

ing Wi-Fi 6 and developing Wi-Fi 7, which will bring higher
data rates, better multi-user and multi-AP support, and, most
importantly, improved configuration flexibility. These technical
innovations, including the plethora of configuration parameters,
are making next-generation WLANs exceedingly complex as the
denendencies hetween narameters and their inint onfimization

and WI-F1 / [D]=[/] 1S already under development. There are
several reasons for the popularity of Wi-Fi: well-defined use
cases, freedom of deployment and configuration (thanks to
operating in unlicensed bands), and the existence of inexpen-
sive in manufacturing and highly interoperable devices.

42
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,@JJJ, cb Projekt MLAWIFI: Reinforced-lib

https://reinforced-lib.readthedocs.io/

v

\ \ 1
obs(!) obs(? obs("

NN\ X | 4

Our library

N \\ 7/ / —

{info—

obs“/
“ Cagent’
[Extension )’sm’ R

e

Wojnar, Maksymilian, Szymon Szott,
Krzysztof Rusek, and Wojciech Ciezobka.
"Reinforced-lib: Rapid prototyping of
reinforcement learning solutions."
SoftwareX 26 (2024): 101706.

43
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Further Reading




November 2022 doc.: IEEE 802.11-22/1784r1

Wi-Fi Meets ML: Re-thinking Next-generation Wi-Fi

Networks (Nov tutorial)
Date: 2022-11-14

Authors:
Name Affiliations Address Phone email
Boris Bellalta UPF Barcelona Plaga de la Merce, 10- boris.bellalta@upf.edu
12, 08002 Barcelona,
Spain
Szymon Szott AGH University of Al. Mickiewicza 30 szott@agh.edu.pl
Science and 30-059 Krakow
Technology Poland

[m] ¥, [m]
(=],

https://mentor.ieee.orqg/802.11/dcn/22/11-22-1784-01-0000-wi-fi-meets-
ml-re-thinking-next-generation-wi-fi-networks-nov-tutorial.pptx



https://mentor.ieee.org/802.11/dcn/22/11-22-1784-01-0000-wi-fi-meets-ml-re-thinking-next-generation-wi-fi-networks-nov-tutorial.pptx
https://mentor.ieee.org/802.11/dcn/22/11-22-1784-01-0000-wi-fi-meets-ml-re-thinking-next-generation-wi-fi-networks-nov-tutorial.pptx
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=m  Jutorial

Machine Learning and Wi-Fi:
Confluences, Ongoing
Activities, and Ways Forward
Francesc Wilhelmi, Szymon
Szott, Katarzyna Kosek-Szott,
and Boris Bellalta

Sigmok
aCill|

‘MobiCom 2023 144

v

https://mlwifitutorial.qithub.io/

[EEE International Conference on Machine Learning for Communication and
Networking

| The 29th Annual International Conference On
Mobile Computing And Networking 5-8 May 2024 /1 Stockholm, Sweden

2-6 Oct 2023, Madrid, Spain

52
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https://ieee802.0rg/11/IEEE%20802-11-Overview-and-Amendments-Under-Development.pptx
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Sieci przemystowe Sieci medyczne
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https://ieee802.0rg/11/IEEE%20802-11-Overview-and-Amendments-Under-Development.pptx
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I V2X (802.11bd)

https://commons.wikimedia.org/wiki/File:Types_V2X_.png
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b Sensing (802.11bf)

AGH BADAWCZA

) _‘zu_
i “
Respiration Rate Sleeping
(]
- o
A /\ . Behavior
O Tracking ’\
Heart Rate ' ' Gait
(R @
kK 37
Dietary Exercise
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https://ieee802.0rg/11/IEEE%20802-11-Overview-and-Amendments-Under-Development.pptx
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When | fix the WiFi

8 What my pa DZIQI(UJQI

https://www.reddit.com/r/meme/comments/irpd1m/wifi_fixing_is_overrated/
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