FDMA/TDMA

N
frequency

time-slot (usually of the same size)
time




OFDM: Orthogonal Frequency Division Multiplexing

Channel

> Divides spectrum into ———
many small, partially
overlapping subcarriers

» Subcarrier frequencies JMMM—L—»

f1 fz fa Frequency

“‘orthogonal” to each other (a Normal frequency division multiplexing

» Traditional FDM does not et
allow overlapping

—

Specirum saved

Frequency

(b) OFDM
2



OFDM: Orthogonal Frequency Division Multiplexing

Guard Band Suo(ame«}\
\ \ \ Frequency
: Division
CALLA T \ <> : - ) Multiplexing
' ' Frequency

Channel

>
L

Bandwidth

OFDM

(8) Spectrum for FDM signal

Amplitude

Frequency

Amplitude




OFDM: Orthogonal Frequency Division Multiplexing

Amplitude (volts)

< e >
< 1/2f;) >

Period =T= 1/f,

(a) Three subcarriers in time domain

S

— T =7

h
(RS
|

1
B M W

(b) Three orthogonal subcarriers in frequency domain

(c) Three carriers using traditional FDM


http://goo.gl/79G5QX
http://goo.gl/79G5QX

OFDM: Orthogonal Frequency Division Multiplexing

Orthogonally spaced overlapping subcarriers

Subcarrier Peaks___ /\

Sinc function
side lobes

N

* Closely spaced subcarriers overlap

* Mote that subcarrier nulls correspond
to peaks of adjacent subcarriers for
Zero Inter-Carrier-Interference.

Frequency

AN

subcarrier Mulls

OFDM Signal Frequency Spectra



OFDM with QAM

< Frequency >



Constant / Variable Bit Rate

D3
Max, - sample: 75
300 00:01:32:759
7 T R _
MPEG4 240 kbps
{avcl)
P Peak
150 276 kbps C B I 2
. Cursor
V1 Cursor
Al 00:01:14:074
266 kbps (s)
0
MIN = 207 kbps MAX = 276 kbps AYG = 240 kbps FRAMES = 2780 Load Clo |
640 x 360, NTSC 29.97 fps  (4.125 MiB) o8 =

Max. San’llple:‘ 59 I ‘ ; I ' I ' \ ‘ ‘ ' 7 : ‘ 1 . ‘
500 00:01:32:759
(a) -
MPEG4 249 kbps
(avecl)
S Peak N
250 474 kbps
B Cursor 0
v 1 Cursor
Al 00:00:58:058
131 kbps (s)
0
MIN = 95 kbps MAYX = 474 kbps AYG = 249 kbps FRAMES = 2780 clo
640 x 360, NTSC 29.97 fps  (4.221 MiB) =




ALOHA (KaBapo - Pure)

> 2UVEXNG XPOVOG, HETAOOAN OTTOIOONTTIOTE XPOVIKH GTIYHN

» A&V UTTAPXEI OUYXPOVIOUOC Kal 0 KABE KOUPOGS EeKIva TN
METAOOON AUECWC MONIC DEXTEI TO TTAKETO OTNV OUPA TOU (APIEN

TTOKETOU)

» EAv uttapcel ouykpouaon TO TTOKETO ETTAVAMETAdIOETAI HETA ATTO
TUXQio XPOVIKO dlaoTnua

sion1 L (o] e W :
NS Time
Station2 ===, __________[Fame2a] | ______[Fame22] _____________ -
P NS Time
Stuton3 e .. N - N [EEmesa)__,
Time
saons LB WlFemear] _______ [Fememm] _________ N
A Time
Collision Collision
duration duration



Tepayxiopévo ALOHA (Slotted)

2100ePO PEYEBOC TTAKETWYV

A\

XpOvog petadoonc TTakETou =pEyeBoC xpovoBupidac (slot)
Kd&Be tTakéTo peTadideTal oTnV TTPWTN XPovoBbupida YETA TNV
aqgicn Tou

ATTQITEITAI CUYXPOVIOUOG

2.€ TTEPITITWON OUYKPOUONC N METAdoOoN eTTavaAapBAvETal HETA

aT1TO TUXAIO apIBud Xpovobupidwyv

Station 1

Station 2

Station 3

Station 4

™ !le

|
s

la)

—_—
T -~

-~

e .l —\-— -

Collision
duration

4 Frame 1.1

———————

Collision
duration

Frame 1.2

Frame 3.1

A T

_______

Time

Time

———

Time

Time



doon (Throughput)

o

PuBuartr

| ---+--- Slotted Aloha
| ---©-- Pure Aloha

£
2
B
kS
@
k3
W
£
s
=

Max Throughput for Pure Aloha




KpiTiki Tou ALOHA

» AOTABNC CUUTTEPIPOPA : EVA TTAKETO UTTOPEI
va £XEl uwnAn N xapnAn kabuoTtépnon via TNV
idla PuBuatrodoaon (S)

e EXxel O'X&TIKG UIKpN puBuatrédoaon (Ikavotnta)
=18% N 36%
e AANNA

+ Eival TToAU a1tTAd oTnVv uAoTtroinon

+ Exe1 xapnAn kaBuoTtépnon yia XapnArn Kivnon

+ H kaBuoTtépnon cival avecaptntn aTro Tov
OUVOAIKO TTANBUC O TWV KOUPWV



[MToAAaTTAnN MNpooTTréAaon
Avixveuong ®épovrog (CSMA)

» 'Evac KOUPBOG ptropei va akouael av aAAol Kool
METAOIOOUV UCTEPA ATTO £VA XPOVIKO OIAoTNHA

» E@oOoov ol KOuBol yTTopouv va aKOUOOoUV HETADOOEIC
AAAWYV, JTTOPOUV va avaaAouv Tn JETADOOT) TOUG,
WOTE VA aTTOoPUYOUV Jia BERaIN ouykpouaon

» Agv AtTOPEUYOVTAI OAEC Ol CUYKPOUOEIC ECAITIAC TNG
apyoTTopnuEVNG avixveuong NETadoong
(kaBuoTEpnon 01adoCNC OrUATOG)



CSMA TNMPQTOKOAAA

Mn emripovo (Non-persistent) CSMA

[TakETa TTOU POAVOUV O€ pIa avaKpaTa)\)\aum
XpovobBupida, yeTadidovral oTNV ETTOPEVN
XpovoBupida

- EdQv n xpovoBupida agiEnc Tou TTAKETOU €ival
ATTa0XOANUEVN, cavaoxedialoupe TN HETADOON UETA
QTTO TUXQIO XPOVO (TTPOCTIOIOUMOACTE OTI UTTAPCE
ouykpouan)

- KaAn puBuatrédoon
- KaAd poipacpa NG Kivnong oTo XPOVOo
- H kaBuoTEpnon aucaveTal ECAITIOC TOU UN-ETTIMOVOU



CSMA NMPQTOKOAAA
(ouveExeia)

1-emripovo (1-persistent) CSMA
- Edav uttdpyxel aveKPeTAAAEUTN XpovoBupida
LMETAQIOOVTAI TA TTAKETA OTNV ETTOUEVN

- Edav n xpovoBupida cival atracxoAnueEVN TTEPINEVOUE
MEXPI VA Yivel adpavnc Kal HETADIOOUNE OTNV ETTOUEVN

- KaAn kaBuoTtEépnon o€ XxaunAn kKivnon
- Ox1 kal Tooo kKaAn JEYIoTN puBuaTtrédoon

« 2T0 TEAOG TNG TPEXOUOAG METAdOONG UTTOPEI va
OUYKEVTPWOEI peyaAn Kivnon



CSMA NMPQTOKOAAA (cuvexeia)

P-emripovo (p-persistent) CSMA
» E@appoletal og kavaAia XxpovoBupidwv.

» Ot1av €vag KOPPOG €TOUMET va EKTTEPWPEL VA TTAKETO,
EAEYXEI av N TpExouoa Bupida gival diIaBEaiun.

» Av gival, EKTTEUTTEI OTNV ETTOPEVN UE TTIOAVOTNTA P , EVW ME
moavotnta 1-p eravaAauavel Tn diladikagia oTnV
ETTOMEVN XpPOvoBupida

» Av gV TW PETACU KATTOI0C AANOC PHETAdWOEI, AEITOUPYEI Oa
va OUuVEREI ouykpouan (TTEPIMEVEI TUXAIO apIOuO
XPOVvoBUPIdwWYV Kal CavaTTpooTTaBE()



A comparison of simple protocols

er packet time)

o

ut

o

through

g

S

1.0
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2

0.1

0.01-persistent CSMA

Nonpersistent CSMA
0.1-persistent CSMA
0.5-persistent
«—CSMA
Slotted
ALOHA
1-persistent
Pure 2+ CSMA
»~~ ALOHA
| | | | A | |
2 3 4 5 7 8 9

G (attempts per packet time)



NMoAAaTtrAR MpooTtréAaon Avixveuong PEpovrog
Me Avixveuon Zuykpouong(CSMA/CD)

KABE KOUPBOG PTTOPEI va AKOUOEI TO JECO TTPIV HETABWOEI KAl Ol PUOIKEG 1I010TNTEC TOU
MEOOU ETTITPETTOUV O€ €va KOUBO va akoUEl TO KAVAAI EVW METADIOEI

OUOKOAO va EQAPMPOOTEI 0 ACUPPATEG METADOTEIG

AMNEOWC MOAIC 0 KOUPBOG avixveUuoel TNV oUYKPOUOn:
EYKATOAEITTEI TN HETADOON
TTEPIMEVEI TUXAIO XPOVIKO IAOTNUA TTPIV EavVATTPOCTIABNOEI

XpnoiyoTrolgital oto Ethernet

al, [l = ol L[E]
’/ . - 4 7 7

| Gollisi |
| - i ? '] |

Bus Topology - Ethernet




To Mp6BAnpa Tou Kpuppévou
2TaOHOU

> 0 A oTéAvel TTpog Tov B
> 0 C O0ev akouel Tov A

> Kdl

» 0 C emmiong oTéAvel oTOV
B

> ME QTTOTEAECUA VO
KATAOTPEPEI TA TTAQiCIN
rou A (pog Tov B) AN
g irabelel (Al (8] (el
aTTo00TIKOTNTAC TWV N iy AN 'y
TTPWTOKOAAWYV CSMA

* ~.
~~~~~~~~~~~~~~~~~~

~~~~~~~~~~~~~




To MNpoBANua Tou ATTOKOAUMMEVOU
2T0OuouU

» [NMpoBAnua oTic ad-
NOC ETTIKOIVWVIEC

» 0 B oTéAvel Tpo¢ Tov
A

> 0 C B€Ael va oTeiAEl
otov D

> OAAQ

» 0 C akouel Tov B va
EKTTEUTTEI

» Kal (0 C) atro@peuyel
VA EKTTEMEL




AikTua TUTTOU IEEE 802.11

o8(wiGd-

CERTIFIED®




Eicaywyn

- To 1997 n IEEE uioBéTnoe 1o rpoTuTio IEEE Std. 802.11-
1997 yia acupuartn TOTTIKA heTadoon otnv ISM utravra.

* To rpoTUTIO Opilel Ta etTiTreda MAC kail PHY yia
aoupuaTa TOTTIKA TTEPIBAAAOVTA.

* To Baciko 802.11 mrpoo@épel 2Mbps ota 2,4GHz ('97).

« H eméktaon 802.11b mrpoo@epel 11Mbps ota 2,4GHz
('99).

* H eméktaon 802.11a mrpoo@epel 54Mbps ota SGHz ('99)
uEow xpnons OFDM.

* H erékTaon 802.11g trpoo@épeo 54Mbps ota 2,4GHz
('02) yéow xprionc OFDM.

* H eréktaon 802.11n trpoo@épel uExpl 600Mbps oTta
2,4/5GHz peow xpnonc MIMO.



ISM Band (Industrial Scientific Medical)

26 835 125
Bandwidth ~ MHZ MHz MHz _
Freq. 8902 828 2.4 2.4835 5.735 5,860
Mz Mz GHz Gz GHz GHz

« EAe0Bepn mpoc yprion yopic docia
e Xpnouonoteiton katd Kupto Adyo amd ta WLANS



H owoyevela mpotummv 802.X

IEEE 802.2 Logical Link Control (LLC)

IEEE 802.3
CSMA/CD

IEEE 802.4
Token
Bus

IEEE 802.5
Token
Ring

|IEEE 802.11
Wireless

MAC

T

OSI Layer 2
(Data Link)

l

E— e

PHY

T

OSl Layer 1
(Physical)

|




To 802.11 otn oToiffa OSI

Network
Operating<
System
(NOS)

OSI Reference Model

Application Layer

Presentation Layer

' L Session Layer

[ Transport Layer
t[ Network Layer

-----------------------------------------------------



802.11 — AouppaTn ETrékraon
TOoU Ethernet

Application Level Data

~
Ald@avn UTTOOTAPIEN

|1 IP epapuoywy
Network pddressing, routing

TCP/IP

stack TCP/IP

Bridge control IP routing

Ethernet Ethernet




802.11 Mg Ytrodoun

- Station (STA) - ZraBuoc¢
802.11 LAN TEPUATIKO PE PMNXAVIOUOUG TTPO0a0NG OTO
AoUPUATO PECO Kal dUVATOTNTA ETTIKOIVWVIAG
ME To Access Point

Basic Service Set (BSS)

OMAGdO OTABUWYV TTOU XPNOIKOTToIoUV TV idla
padlo-ouxvoTnTa

Access Point — Znueio NpoéoBaang

STA

. Portal X , .
Point ﬁ OTABOPOC 0 OTTOIOC ETTIKOIVWVEI TOOO HE TO

aoUppaTOo TOTTIKO BiKTUO, 00O KOl JE TO
ouoTnua dlavoung (distribution system)

Distribution System Portal
YEQUPA YETAEU TOU CUCTHUATOC OIAVOUNG Kal
\_ ) ECWTEPIKWYV DIKTUWV
A;gﬁis Distribution System — ZuoTnua
Alavoung

OikTuO dlacuvdeong TTOAwV BSS o€ éva ESS
(Extended Service Set)




802.11 Xwpic¢ Ytrodoun (Ad-Hoc)

802.11 LAN

STA 1
'/ sTA 2

STA 1

802.11 LAN

Station (STA)

TEPUATIKO ME INXAVIOUOUC TTPOCRacng oTo
acuppaTo HECO

Independent Basic Service Set
(IBSS)

OMAda OTaBUWY TTOU XPNOIMOTTOIOUV TV idIa
padIo-ocuxvOoTNTA, XWEIC TNV TTAPEUPOAR onueiou
TTpdoaong



AUo TpoTrol AsiToupyiag

Ad-Hoc versus Infrastructure Mode

Ad-Hoc Mode Infrastructure Mode
(IBSS) (BSS)




MAC
Layer

Protocol stack of 802.11

Logical Link Control
I
Contention-free
service
Contention
service
Point
Coordination
Funetion (DCF)
Y
Distributed Coordination Function
(DCF)
2.4-Ghz 2.4-Ghz Infrared 5-Ghz 2.4-Ghz 2.4-Ghz
frequency- direct- 1 Mbps orthogonal direct DS-SS
hopping sequence 2 Mbps FDM sequence 6,9, 12,
spread spread 6,912, spread 18, 24, 36,
spectrum spectrum 18. 24, 36, spectrum 48, 54 Mbps
1 Mbps 1 Mbps 48,54 Mbps | 5.5 Mbps
2 Mbps 2 Mbps 11 Mbps
IEEE 802.11 IEEE 802.11a IEEE 802.11b IEEE 802.11g




802.11b KavdaAia peradoong

» To PHY tou 802.11b £xel 14 kavaAia, pe eUpog
22MHz 10 KaBéva TotToBeTnUEVA 5MHZ TO €Vva
QTTO TO AAAO

» To KavaAl 1 Bpioketal yupw atro 1a 2.412 GHz,
10 KavaAl 2 yupw amo 1a 2.417 GHz, K.0.K.,
uEXPI To KavaAl 14 trou BpiokeTal yupw atro Ta
2.477 GHz

» 3 UN AAANAO-ETTIKAAUTTTOMEVA KAVAAIQ



Mn aAANAO-EMKOAVTTTOUEVA, KOVAALOL

2412 2437 2462

AMNAO-EMKOAVTTOUEVO KOVAALO

2400 2412 2422 2432 2442 2452 2462 2472  2483.5



IEEE 802.11: multiple access

» avoid collisions: 2* nodes transmitting at same time
» 802.11: CSMA - sense before transmitting

» don’t collide with ongoing transmission by other node
» 802.11: no collision detection!

> difficult to receive (sense collisions) when transmitting due to weak received
signals (fading)

can’t sense all collisions in any case: hidden terminal, fading
goal: avoid collisions: CSMA/C(ollision)A(voidance)

@ @M @M
s &c
e

P
$ signal
g B strength \

space

32



To MAC cival utreuBuvo vyia

QEOUEUON TOU KaVOAIOU
dleuBuvaolodotnon (addressing)
QouN TwV TTAAICiIWV JETAdOONC
EAEYXO AaBwV (eTTAVAPETADOOEIC)
fragmentation/reassembly

D NN N NI N

Tpia €idn TTAQICiWV:
v'management (association, synchronization,
authentication)
v'control (acks, end of contention-free period)
v'data



MEBodoI Npooaonc

Distributed Coordination Function

(DCF)
) U'ITO)(pE(f)Tllfr'] ] Required for Contention
- n Paoikn uEBodoc¢ TTpocaocng Free Services
- BaoileTal OTOV AVTOYWVIOUO P;im
yia To yEco (contention) Coordination Used for Contertion
Function =ervices and basis for PCF
MAC PCF -
Point Coordination Function (PCF) Extent —
- TTOOAIOETIKE Distributed
P ) P 4 ) Coordination Function
- XWpPIc avTaywviouod DCF

- MEIWVEI TIC METAPBOAEC OTIC
KaBuoTeEPNOEIC HETADOONC

-MOVO OTn OOMNMEVN
d1apBpwon
(infrastructure mode)



Beacon TBTT

N

—

Super Frame

DCF - Distributed Coordinated Function
(Contention Period - Ad-hoc Mode)

PCF - Point Coordinated Function

(Contention Free Period — Infrastructure BSS)

Beacon - Management Frame
Synchronization of Local timers
Delivers protocol related parameters (e.g., version)

TBTT (Target Beacon Transition Time)



IEEE 802.11 MAC Protocol: CSMA/CA

802.11 sender

1 if sense channel idle for DIFS then sender receiver

transmit entire frame (no CD)
2 if sense channel busy then DIFS{
start random backoff time
timer counts down while channel idle
transmit when timer expires
if no ACK, increase random backoff interval, repeat 2

802.11 receiver

- If frame received OK

return ACK after SIFS (ACK needed due to hidden
terminal problem)

SIFS<DIFS

p——

}FstFs

36



802.11 - competing stations - simple

version
o busy
station, 1 >
. busy
station, 1 >
busy

station3J’ >
busy

station, 4
busy

stations 1 -

busy

i

medium not idle (frame, ack etc.)

packet arrival at MAC

. elapsed backoff time

. residual backoff time

37



802.11 - CSMA/CA access method

» Sending unicast packets
» station has to wait for DIFS before sending data

» receivers acknowledge at once (after waiting for
SIFS) if the packet was received correctly (CRC)

» automatic retransmission of data packets in case
of transmission errors

~ DIFS =

data
sender

‘SIFS.

. ACK
receiver

~ DIFS
other - > data

stations

waiting time contention /

38



Avoiding collisions (more)

idea: allow sender to “reserve” channel rather than random access of data frames:

avoid collisions of long data frames
» sender first transmits small request-to-send (RTS) packets to BS using CSMA
» RTSs may still collide with each other (but they’re short)
» BS broadcasts clear-to-send CTS in response to RTS
» CTS heard by all nodes
» sender transmits data frame
» other stations defer transmissions

avoid data frame collisions completely
using small reservation packets!

39



Collision Avoidance: RTS-CTS exchange

(% .\ « -\%bAP . @é
;

reservation collision

nv

defer

time,

40



Collision Avoidance: RTS-CTS exchange

> Sending unicast packets
station can send RTS with reservation parameter after waiting for DIFS

>

sender

receiver

other
stations

(reservation determines amount of time the data packet needs the medium)

acknowledgement via CTS after SIFS by receiver (if ready to receive)

sender can now send data at once, acknowledgement via ACK

other stations store medium reservations distributed via RTS and CTS

DIFS
< *"RTS data
SIFS i ‘siFs SIFS
< »CTS SIFS « " ACK
NAV (RTS) DIFS
NAV (CTS) data >
defer access contention

41



Fragmentation

LAY RTS f f
sender rad a9, R
SIFS PG SIFS P SIFS
| —cT1s°/FS = ACK,[°'FS “—ACK,
receiver >
NAV (RTS)
NAV (CTS)
NAV (frag,) DIFS
other NAV (ACK,) data .
stations /‘ t
contention

Why fragment?

42



Distributed Coordination Function

Sense the medium

medium free for t > DIFS ?
l Yes

No

Backoff and Send RTS
Collision ?

l No .
Receive CTS Backort

l
Send data

Error ?
l No

Receive ACK

Yes

Yes (Retransmission)

DIFS: DCF Interframe Space



Amopvyn cvykpovong 6tov koufo B

RTS

CTS




SIFS

i DIFS [ i P
RTS Data
Source
SIFS SIFS
oo
: \ ‘CTS ACK
Destination
— DIFS
NAVY (RTS CWwW
Other (RTS) / /
MAV (CTS)
MNAV (data)
Defer access Backoff started

» loxuel Tavra SIFS<DIFS

» [loAu onuavTtiki n evnuépwon Twv NAVs (Network Allocation Vectors) e 1n xprion
Twv RTS/CTS/data MPDUS yia Tnv epapuoyr power saving unNXaviopwy Kal TV
ATTOPUY OUYKPOUCEWV



MNapadeiypa Meradoonc pe DCF

station 1 nav

station 2 nav

station 3 nav

station 4 nav

)

|

station 5 r
S

station 6

S S S
] random I I I new random
backoff FICTS F |ACK FIACK backoff
reset (7 slots) S S S (10 slots)
D S S D _
| RTS | DATA || DATA I station defers
reset r F F F
_ S S s S S
random remaining I
back-off backoff FilcTs
reset (9 slots) (2 slots) S
D station defers, but keeps backoff counter (=2) D —
reset II: station sets NAV upon receiving RTS Fl__
S S
ACK station sets NAV upon receiving RTS
station sets MAV upon receiving CTS,
DATA this station is hidden to station 2 . >
time

To CW dirAacialetal Jeta atrd KABe cuykpouon

* Initial CW -> 3 (Tinég backoff 0-3)

« CW after Collision 1 > 7 (nipég backoff 0-7)

* CW after Collision 2 > 15 (nipég backoff 0-15)
* CW after Collision 3 - 31 (nipég backoff 0-31)
* CW after Collision 4 - 63 (Tipég backoff 0-63)




Baoika Meiovektipata DCF

» ATTPOBAETITOC APIBUOC OUYKPOUTEWVY

» ATTPOBAETITEC KOBUOTEPNOEIC ETTITUXOUGC METAOOONG
» ATTPORAETITN pubpatrédoaon (throughput)

» Mn eAeyxopevn €AoYy oTaBuou TTPOG METAdOON

Kal Eva TTAEOVEKTNMA:

» XaunArn kaBuoTtépnon NETAdOONC KAl KAAN
ATTO000N O£ XaUNAO (pOPTO



