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[Meplopiopoi Tou 802.11 og Q0S

» To DCF BagifeTal oToV avTaywVvIoUO Kal yI' auTo To AOyo Oev  TTAPEXEI
d1aPOPOTTOINON TNG Kivnong Kal EYYUNMUEVES KABUOTEPAOEIC ] ATTWAEIEC TTAKETWV.

S S S
) ] random I I I new random
station 1 nav backoff FlcTs F|ACK FIACK|  backoff
reset (7 slots) S S S (10 slots)
. D S S D
station 2 nav : RTS /| DATA || DATA | station defers
reset r F F F
_ S S S S S
. random remaining I
station 3 nav back-off backoff F|ACK
reset (9 slots) (2 slots) S
. D station defers, but keeps backoff counter (=2) D
station 4 nav , | DATA
reset . station sets NAV upon receiving RTS .
|S S S
station 5 F |ACK station sets NAV upon receiving RTS
S
station 6 station sets NAV upon receiving CTS,
DATA this station is hidden to station 1 . >
time
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[Meplopiopoi Tou 802.11 og Q0S

e 210 PCF 0ev utt@pxel yvwon TwV ATTAITACEWY TWV TEPUATIKWY WOTE TO
KavaAl va diveTal Ta TTIO ETTEIYOVTA.

« 210 PCF cival ayvwoTn n TePiodog HETAdOONG EVOG TEPUATIKOU OTO
oTroio divetal n adela yeradoong (polling).

g Contantion free period >
slFS slFS SlkFS PIFS SIFS
gt g —IJ o —f |<— Fr S —e CP
| B D7 +Paol D2+ ACK = Poll |D3—AI2H: +Poll Dd+Poll CF-End
U1 +ACK L2+ ACK LI~ ACK

— — - — - |

PIFS SIFS SIFS SIFS
NAY
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EtrekTaoeig TTou eicayel To 802.11e

*To AP ovopadletal Hybrid Coordinator (HC) kal uAoTTOIEI
TNV Hybrid Coordination Function (HCF) n otroia
TepIAauBavel dOUO TPOTTOUG AEITOUPYIAG:

« EDCA (Enhanced Distributed Coordination Access):
Eicaywyn d1a@opeTIKWY KAAoewV Kivnong oto DCF e
OIAPOPETIKI CUMTTEPIPOPA KAl TTIBAVOTNTEC TTPOCBAONG
OTO MEOO

« HCCA (HCF Control Channel Access): BeAtiwon twv
aduvauiwyv Tou PCF (Gueon petadoon Tou beacon,
EAEYXOMEVOC XPOVOG OECUEUONC TOU KOVAAIOU ATTO TOUG
oTaBuouCg)
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(Enhanced Distributed Coordination Access)

« CSMA/CA and Exponential Backoff

EDCA

« Four Access Categories (ACs) within one station

Voice

A 4

Backoff:
AIFS[AC_VO]
CWmin[AC_VO]
CWmax[AC_VO]

Video

A 4

A 4

Backoff:
AIFS[AC_VI]
CWmin[AC_VI]
CWmax[AC_VI]

Best Effort

A 4

Background

A 4

A 4

Backoff:
AIFS[AC_BE]
CWmin[AC_BE]
CWmax[AC_BE]

Backoff:
AIFS[AC_BK]
CWmin[AC_BK]
CWmax[AC_BK]

A 4

A 4

Contention to transmit

Transmission
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EDCA

(Enhanced Distributed Coordination Access)

Legacy 802.11 station
with

one backofF entity: IEEE 802.11e station with four backoff entities:

Eight priorities, 0-7 according to BD2.1D, are
mapped to four access categories (ACs)

I & 5 4 3 o 2 1
| |
- ] - e — -
- Y v v v
Four access categories (ACs) representing four
pr?:r.i!t].- ! priorities, with four independent backoff entities
Backoff i Higher priority Lowser priority
entity -————— —
AC_VO ALV AC_BE AC_BK
Backoff
E entity
.I : [ .
| | l |
[T I ; — Byl
| | Backoff: | | i Backoff: Backoff: Backoff: Backoff:
DIFs AlFs[ac_vol AIFSIAC_VI) AIFs[AC_BE] AIFS[AC_BK]
\\ 15 OWmin[AZ_VO) CWmin[AC_Wi] CWmin[AC_BE] CWmin[AC_BK]
1023 : CWmaxlAC_VO] CWmax[AC_W1] CWmax[AC_BE] CWmax[AC_BK]

U|in:|n parallel access at the same slot, the highes-priority AC
backoff entity transmits; the other backoff entityfentities act as
if a collision occurred.

I - n
| AIFs = 2, 3, ... (for stations) %

‘- Tramsmissicn

AIFS = SIFS + aSlotTime x AIFSN * Transmission

M Figure 4. 3] Legacy 802 11 station and 802 1 Ie station with four ACs within one station.
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Inter Frame Space ka1 Contention
Window
HERRR
Background H

' AIFS[AC_BE] | TTTTT
- ” Pt 1clfo|rt|

' AIFS[AC_BK]

L

v

' AIFS[AC_VI]

o Video ‘ ‘

AIFS[AC_VO] ——

1

[ 1]
< ”I | Voice

| 1]
! 1
! 1
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Aladikaoia Avraywviouou pe EDCA

random random
backoff backoff
AIFS[0] 3 slots AIFS[0] 5 slots
— B R
Station A ' : f 5 I
AP — i g i
random ! ! ! ! Remaining

i backoff i Backoff
| AIFS[3] 3 glots ' ATFS[3] 2 slots

" Freeze counter, set NAY ‘ ‘
Station B = ' ! | |
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nomalised throughput (Mbps)

08

0.7

06

05

04

03

02

wice 802.11e

= — — video 802.11e
- Best effort 802.11e

—+— Background 802.11e

—a— wice 802.11b
—B—ideo 802.11b
—— Best effort 802.11b

—— Background 802.11b

10

12 14

Stations

16

18 20
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media access delay (ms)

12 ' .

—e&— AC3
"y —#— AC2
10l —+— DCF

—+— AC1
gl —=— ACD
ar

1 ]
5 10 15
packet generation rate (pkts/s)

KivnTd kail acupuata dikTua



HCCA

(HCF Control Channel Access)

802.11e periodic superframe

Contention Free Period, CFF (polling through HCF) Contention Period, CF (listen before talk AND polling through HCF)

QoS CF-Paoll CF-end QoS CF-Poll

B U LT

transmitted
ﬂ H y by HC

| p——

. transmitted by

E. 1| T ~ P e | -
BE Con B e "H.‘ T T‘qfqh J H } T -\"-1 B
J AN S BN g S

(E)STAs
", B v U'I
ey R , ta
T " N TXOP ™~
\\\ \\ RTSICTS/
TBTT ) . . . ; \_1\ fragmented DATAJACK TETT
TXOP - TXOP TXOP % (polled by HC)
RTSICTS/ RTS/ICTS/DATA/ACK - 1
gmented DATA/ACK (after DIFS+backoff) time

olled by HC)

Mepi€xel kal TO XpOvo yia 1o eTTOPEVO Beacon
Target Beacon Transmission Time (TBTT)

MepI€XEl KAl TO XPOVO yIa TOV OTTOI0 OiVETAI TO KAVAAI

T

ransmission Opportunity
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Aladikaocia Asopeuong ue HCCA

[edio “Queue Size”

QoS QoS
CF-POLL CF-POLL CF-end
AP § B f !—gg
Station A gg
Station B gg

Contention Period (CP) —

4—

Contention Free Period (CFP) — ‘
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Factors Affecting Wireless QoS

» QoS of wireless network is affected by the following:
» Attenuation,
» Multi-path interference,

» Spectrum interference: for example interferences from
neighboring cells,

> Noise: Noise sources can be natural and man-made such as
radio, TV and other radio-frequency transmission,

> Mobility: affects hand-over and resource utilization,
management,

» Limited capacity: resources are costly.
» Higher error rates are typical
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Core Network QoS Components

> Admission Control: Limits number of flows
admitted into the network so that each individual
flow obtains its desired QoS.

» Scheduling:
» Scheduling affects delay, jitter and loss rate.
» Allows protection against misbehaving flows.
» Takes into account traffic and channel conditions
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Traffic Scheduling in 802.11e

reqsl reqs2 reqs3
‘ oW bbb
TXOP; TXOP; TXOP;
>
A A A i
tl t2 t3
< >'< >
< >

<= Maximum Delay

'L : data arrival
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IEEE 802.11
Physical Layer Enhancements



802.11 PHY enhancements

Wi-Fi6 | Wi-Fi 6E

Launch date 2007 2013 2019 2021 2024 (expected)
IEEE standard 802.11n 802.11ac 802.11ax 802.11be

Max data rate 1.2 Gbps 3.5 Gbps 9.6 Gbps 46 Gbps

Bands 2.4 GHz, 5 GHz 5 GHz 2.4 GHz, 5 GHz 6 GHz 2.4 GHz, 5 GHz, 6 Hz
Channel size 20, 40 MHz %0 fa%i%[‘fﬁd " %0 +2!;JE3.41%UBE‘IH2 Up to 320 MHz
Modulation 64-QAM 256-QAM 1024-QAM 4096-QAM
MIMO 4x4 MIMO Axa o, DL MU 8x8 UL/DL MU-MIMO 16x16 UL/DL MU-MIMO
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802.11 PHY enhancements

=@ Wi-Fi 5
@

OFDMA, UL and DL MU-
MIMO, ta » tirme
Based on IEEE B02.11ac (TWT), 1024-0AM

- set-if=clace WPAS car "l
5 GHz band aperation Best-in-class WPAZ security

8x8 MIMO, DL MU-

80 MHz and 160 T g/2019

MHz channels, 256-
: Wi-Fi 6E

2.4 and 5 GHz [ P I - .
Launched in uk: i IO, 40 ’l::‘:‘lr'l:‘i . as Max data rate: ~7 Gbps = Extends Wi-Fi 6 with &
2007 . Y GHz band operation®
Laurched Juna/2013 ® Launching Jan'2021

operation
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802.11 PHY and MAC

Frequenc
y

Channel
width
PHY

MIMO &
beamfor
ming

Max.
data rate

24 GHz 5GHz

20 MHz 20 MHz

DSSS OFDM

No No

11 Mbps 54 Mbps

2.4 GHz

20 MHz

OFDM,
DSSS

No

54 Mbps

2.4/5
GHz

20/40
MHz

OFDM

Yes

600
Mbps

MAC:
CSMA/CA and
wideband medium
5 GHz access
20/40/80/ r N\
160 MHz
OFDM
Yes N 7/
~6933
Mbps PHY-II:

MIMO and beamforming
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OFDM vs FDM

> FDM

» Non-overlapping subchannels
» Wastage of bandwidth necessary to separate subchannels

A

> OFDM

» Overlapping but orthogonal subchannels

» Carefully chosen subchannels — at the peak of each
subcarrier, all other subcarriers are zero

COYYYYY YN
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OFDM subcarriers

Amplitude

At the peak of each
subcarrier, all other
subcarriers are zero

> Fred.
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OFDM

» How to spread information over the subcarriers?

Subcarrier 1

Subcarrier 2

Bit stream | _
Serial to Subcarrier 3 Parallel

parallel to serial

00O

010011

Subcarrier n
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OFDM

> Example with 8 subcarriers ~ *""""

0100110110010101

N

Sub i\\ *
Sub2 |\
Sub3 |
Sub 4
Sub 5
Sub 6
Sub 7
Sub 8

Step 1: Serial to parallel

R | O, |O|FRP|O|O|F4

R |IO|IFRr|IP|IO|IOC|F|O
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OFDM

» Step 2: Modulate bits on each subcarrier

Sub 1

Sub 2

Sub 3

Sub 4

Sub 5

Sub 6

Sub 7

Sub 8

R |IO|lRr|[P|IO|O|(R|O

R|IO|FRP|[O|FL,|O|QOC |

BPSK

y

A

0 1

<
<«

v
A
v
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OFDM

» Step 2. Modulate bits on each subcarrier

<0 1
BPSK -
Sub 1 0 1
Sub 2 1 0
Sub 3 0 0
Sub 4 0 1
Sub 5 1 0 >
Sub 6 1 1
Sub 7 0 0
Sub 8 1 1
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Why OFDM?

» Frequency selective fading
» Some frequencies within the channel fade severely

» These frequencies are uncorrelated

At Ideal channel At Reality

v
—n
—
~
S~

Deep faded
frequencies
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Why OFDM?

Single carrier OFDM
A A A A
N ~
NI "~ 7N INVI ~— ;=
(C N 1, \;"\ ARy \_,' 180
I 1 | ! 1] |
Vv T g v i JIo
: T \:H 1 | i o
I 1 11 1 I I 11 1
| oo uoo
I I I I
l ¢ | i v
| \ ! | '

\ A

Deep faded
frequencies

» Frequency selective affects only some subcarriers in
OFDM

> Lower bit error rate , , ,
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OFDM Block Diagram

Transmitter

Error Interleaving

: . Subcarrier -
correction (serial to Transmission

coding parallel) ULl

Recelver

. Error
Subcarrier Parallel to

Reception correction

demodulation serial .
decoding
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Interleaving

» Process of mapping the incoming data bits to subcarriers
> In practice, serial to parallel interleaving is not round-robin

» General rule
> Map the consecutive bits to subcarriers far away from each other

> Reduces the probability of consecutive bits being dropped due to fading
in nearby subcarriers — improves FEC performance

At

]
0100110 AR RE R
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Error control - Parity checking

single bit parity:
= detect single bit
errors

— d data bits —A Lo

| 0111000110101011‘ 0 I

two-dimensional bit parity:
= detect and correct single bit errors

dq 4

ds 4

row

d1,J
d2,J

parity
A4, j+1

d2 j+1

di j+1

l d; 4
column :
parity di+1,1

101011
111100
011101
00101/0

no errors

14

1 £
L

dj1

101

i I

)

ditq j+1

, parity

O]

L LS

1110

error

0 (

101

pe‘lrrity
error
correctable

single bit error

ol © K
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Modulation

» 802.11a supports following modulation schemes

Modulation Bits per symbol
BPSK 1
QPSK 2
16-QAM 4
64-QAM 6
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Block Interleaving

» 802.11a example
> 48 subcarriers
» Modulation chosen - 64 QAM (6 bits per symbol)

More complex versions of
block interleavers used

> Interleaver buffer size = 48 x 6 = 288 bhits

C1 G Cag
Subcarrier no.
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Subcarrier Modulation

» Subcarrier symbol
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Final transmission

> Combine subcarriers

11 Ol 111 1

Resultant OFDM symbol
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802.11a OFDM PHY

Modulation Coding rate Coded bits per Coded bits Data bits per Data rate
subcarrier per OFDM OFDM symbol (Mbps)
symbol symbol
BPSK 1/2
BPSK 3/4
QPSK 1/2
QPSK 3/4
16-QAM 1/2
16-QAM 3/4
64-QAM 2/3
64-QAM 3/4
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802.11a OFDM PHY

Modulation Coding rate Coded bits per Coded bits Data bits per Data rate
subcarrier per OFDM OFDM symbol (Mbps)
symbol symbol
BPSK 1/2 1
BPSK 3/4 1
QPSK 1/2 2
QPSK 3/4 2
16-QAM 1/2 4
16-QAM 3/4 4
64-QAM 2/3 6
64-QAM 3/4 6
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802.11a OFDM PHY

Modulation Coding rate Coded bits per Coded bits per Data bits per Data rate (Mbps)
subcarrier symbol OFDM symbol OFDM symbol
BPSK 1/2 1 48
BPSK 3/4 1 48
QPSK 1/2 2 96
QPSK 3/4 2 96
16-QAM 1/2 4 192
16-QAM 3/4 4 192
64-QAM 2/3 6 288
64-QAM 3/4 6 288
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802.11a OFDM PHY

Modulation Coding rate Coded bits per Coded bits per Data bits per Data rate (Mbps)
subcarrier symbol OFDM symbol OFDM symbol
BPSK 1/2 1 48 24
BPSK 3/4 1 48 36
QPSK 1/2 2 96 48
QPSK 3/4 2 96 72
16-QAM 1/2 4 192 96
16-QAM 3/4 4 192 144
64-QAM 2/3 6 288 192
64-QAM 3/4 6 288 216
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802.11a OFDM PHY

Modulation Coding rate Coded bits per Coded bits per Data bits per Data rate (Mbps)
subcarrier symbol OFDM symbol OFDM symbol
BPSK 1/2 1 48 24 6
BPSK 3/4 1 48 36 9
QPSK 1/2 2 96 48 12
QPSK 3/4 2 96 72 18
16-QAM 1/2 4 192 96 24
16-QAM 3/4 4 192 144 36
64-QAM 2/3 6 288 192 48
64-QAM 3/4 6 288 216 54
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Demodulation

» Received symbols depend on channel variations
> Multi-path — common reason behind amplitude and phase changes

Inter-symbol interference

I . : * : F 3

Transmitter Receiver
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Demodulation

> Hard decision

> Calculate the distance to the constellation points, pick the one with the
lowest distance

» Can be overly conservative

~a

/N

Receiver
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Demodulation

> Soft decision

> For the received symbol, calculate its distance to the nearby
constellation points

» Use the distance to associate a probability to the constellation point
> Combine the probabilities with FEC decoding to minimize errors

~a

/N

Receiver
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RSS, SNR and SINR

» Commonly used measures of channel quality

» RSS — Received Signal Strength
» Measured in dBm
» Often available through RSSI register on WiFi chipsets

» SNR — Signal to Noise Ratio (S/N)
> Measured in dB
> Ratio of RSS and measured noise, available or can be derived

» SINR — Signal to Noise and Interference Ratio (S/I+N)
> Measured in dB
» Considers how much interference is caused by other transmissions
» Very useful metric but difficult to measure
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Recelver sensitivity

» Better signal strength (higher SNR) ensures lower inter-symbol
Interference (1SI)

» 802.11 standards associate a receiver sensitivity with each

modulation and data rate

802.11a

Modulation

Data rate (Mbps)

Receiver sensitivity (dBm)

BPSK

-82

BPSK

-81

QPSK

12

=79

QPSK

18

77

16-QAM

24

74

16-QAM

36

-70

64-QAM

48

-66

64-QAM

54

-65
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OFDM in 802.11ac

» 802.11ac introduces the use of 256 QAM
> 256 QAM — 8 bits per symbol

Modulation Coding rate Recc_ei_v(_ar
sensitivity
(dBm)

BPSK 1/2 -82
QPSK 1/2 79
QPSK 3/4 -77
16-QAM 1/2 74
16-QAM 3/4 -70
64-QAM 2/3 -66
64-QAM 3/4 -65
64-QAM 5/6 -64
256-QAM 3/4 -59
256-QAM 5/6 -57
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OFDM in 802.11ac

> 802.11ac uses wider channel widths
> 20, 40, 80 and 160 MHz
> More subcarriers for OFDM

Channel OFDM
width (MHz) subcarriers
20 52
40 108
80 234
160 468

» For higher data rates, 160 MHz channel width and 256 QAM
modulation can be used
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