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Analogy for Medium Access Control
In a give area, only one speaker is allowed to talk at a 
time,
Else listener would hear noise
Otherwise, one is speaking louder than the others

prevent others from talking at the same time
It exhausts the speaker

Talking low interferes with less people
Enable far enough people to communicate simultaneously
However, talking low is vulnerable to noise

Cause to incomprehensible noise repeat what they said
Waste time, the speaker’s and the listener’s energy

To avoid further conflicts
Wait for a coordinator to ask them to speak
Waite different time before talking
Use different languages
Use different corner   
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MAC Basics
Coordinate access to the medium by defining a set of rules 
that allow efficient and fair sharing of common resources
among multiple users
Goal: minimize overhead while maximizing overall network 
capacity

Communication medium
Light, sound, electromagnetic waves can be used to communicate 
through fibers, water, and cables
Sound through water 
All of them can be used to communicate through air

Common resources
Time, frequency, code, and space  
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Wireless MAC Issues
Half-duplex operation due to self-interference 

UL & DL has to be multiplexed in time (TDD) or in 
frequency (FDD)
Collision can’t be detected collision avoidance

Time-varying channel
Radio propagation conditions may vary as a function of 
user mobility and time
Solution: Multi-user diversity [knopp95]    

Burst channel errors 
As a consequence of time-varying channel, signal 
strength may have high variation causing bursty errors
Solutions: smaller pkts, FEC codes, ARQ
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MAC Performance Metrics
Delay
Throughput
Scheduling algorithm: fairness issue
Scalability with respect to traffic load and 
mobility rate
Power consumption 
Support for QoS
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Multiplexing
Share the medium by several information 
sources at a single device

Frequency-division multiplexing (FDM) 1930
Time-division multiplexing (TDM) 1960

A A A A

Mux MuxB B B B

C CC C

A B C FDM A B C TDMA B C
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Multiple Access Communications
Share the medium among multiple user at 
different locations

Multiple 
Access 

Techniques

Static 
Channel

Allocation

Dynamic 
Channel 
Allocation

Random 
Access

“contention”

Scheduled 
Access

“contention-free”

Flat 
Topology

Hierarchical 
Topology

Hierarchical
Topology

Static channel allocation
Partitioning the medium into 
separate dedicated channels

TDMA, FDMA,CDMA, SDMA
Collision-free

Dynamic channel allocation
Random access: collision
Scheduled access: collision-
free
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Static Channel Allocation 
Frequency-Division Multiple Access (FDMA)
Time-Division Multiple Access (TDMA)
Code-Division Multiple Access (CDMA)
Space-Division Multiple Access (SDMA)



©Navid Nikaein 9@June 28, 2005

Analogy 
Suppose there are people at a party who all want to talk 
If everyone talked at once, no one would be able to hear 
anyone
If one person raises his voice to be heard, others will 
raise their voices and eventually everyone will be 
shouting and no one will be able to communicate
How can this situation be resolved?

Each person could be given a turn to speak (TDMA)
Each group could be given a language in which to speak to each 
other (CDMA)
Each group could be given a corner of the room to hold their 
conversation (SDMA)
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FDMA

Discrete channel allocation
One user per channel

Need for guard bands between signals
Requires filters and power control to reduce adjacent 
channel interference

Large symbol time compared to average delay 
spread low ISI
Little synchronization is required less 
overhead
Appropriate for narrow-band system, ex???
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TDMA
Users access the entire

band for a fraction of time, called slot
Time is organized into a frame, and each frame is 
partitioned into slots

Require time synchronization 
Need for guard time between slots to reduce cross-talk 
Does not suffer from strong signal capturing at a reciever
Exploit multi-slot assignment to support increased user 
data rate and on-demand assignment

suitable for meeting QoS requirements
Channels can be assigned on-demand when a user 
needs to communicate
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CDMA
Concurrent multiple transmission

Assigning a unique code sequence for each user
The receiver, knowing the code sequence of the user, 
decodes a received signal since the cross-correlations 
between the codes are small (orthogonal codes)

Also referred to spread-spectrum multiple access
Bandwidth of the code is much larger than the 
bandwidth of the information 
Enlarge (spread) the spectrum of the signal

Classification of CDMA: 
DSSS – FHSS – THSS - Hybrid



©Navid Nikaein 13@June 28, 2005

Near-Far-Problem
If all mobiles transmit with the same power, the 
signals from mobiles closest to the BS will be 
received with much larger power than signals from 
mobiles further away

Hence, signals from mobiles close to the BS will drown 
out signals from mobiles far away from the BS

Requires power control to ensure the power of all 
signals received at the base station is approx. 
equal
Power control conserves battery power and 
minimizes interference to other users
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Pros & Cons for DSSS
Multipathfading and frequency-selective fading effects 
reduced due to spreading of the signal bandwidth
Channel data rates high chip duration is short and 
usually much less than channel delay spread

Implementation complexity: high channel data rates
Expensive receivers

Self-jamming due to non-perfect orthogonality of 
spreading codes

Other users’ signals will appear as noise and reduce SNR of 
desired signal

Near-far problem causes reduced performance if receiver 
cannot control the power level of the near mobile
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SDMA
Segments a coverage area in space
Uses directional antennas that transmit 
signals only in a certain direction
Allow transmission concurrency
Power saving while keeping the same 
transmission range as in the case of omni-
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Random Access Evolution
Contention-based channel access method
ALOHA / S-ALOHA
Carrier sense multiple access (CSMA)

1-persistent, non-persistent, p-persistent
CSMA/Collision Detection (CD): IEEE802.3
CSMA/Collision Avoidance (CA)

Busy tone multiple access (BTMA)
Receiver-initiated RI-BTMA

Multiple access with collision avoidance (MACA)
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Key Ingredients of Random Access 
Physical Carrier sense (PCS)

Hardware capable of sensing whether transmission taking place in
vicinity

Virtual Carrier sense (VCS)
Protocol for determining whether the channel is busy or not (e.g. NAV)

Collision detection (CD)
Hardware capable of detecting collisions

Collision avoidance (CA)
Protocol for avoiding collisions

Acknowledgments
When collision detection not possible, link-layer mechanism for 
identifying failed transmissions

Backoff mechanism
Method for estimating contention and deferring transmissions
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Classification [Coupechoux04]
Contention

based 
protocols

With 
handshaking

Without 
handshaking

Packet
sensing

Carrier
sensing

Packet
sensing

Carrier
sensing

Without 
Control
Channel

With 
Control
Channel

Without 
Control
Channel

With 
Control
Channel

MACA
MACAW

FAMA-NPS

FAMA-NCS
MACA-BI/PR (RI)
DFWMAC (QoS)

DBTMA
DBTMA/DA

PAMAS

BTMA
RI-BTMA

NP-CSMA
1P-CSMA
PP-CSMA

EY-NPMA (CR)

ALOHA
S-ALOHA
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ALOHA / Slotted-ALOHA
ALOHA: throughput 18%

Transmit a packet as soon as it 
becomes available 

producing the smallest possible 
delay

If the packet collides, transmit it 
after a random time 

collision is traffic-dependent

S-ALOHA: throughput 36%
Initiate transmission only at the 
beginning of a slot 

Packets are assumed to be 
constant
Nodes are assumed to be 
synchronized

N1

N2

N3

N1

N2

N3
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CSMA Issues
Carrier-sensing is location-dependent !

Hidden node [Tobagi75]
A node within the range of the intended destination but out of 
range of the sender, e.g. in red case, node c is hidden from A
Increase collisions

Exposed node (complementary to hidden node)
A node within the range of the sender but out of range of the 
destination, e.g. in green case, node C is exposed to B
Reduce throughput efficiency 

Capture effect 
When a receiver can correctly receive a transmission from one 
of two simultaneous transmission

A B C D
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CSMA

“Listen before talk”
1-persistent 

If the channel is busy, continue to sense the channel
If the channel is idle, transmit the packet with probability 1

Non-persistent:
If the channel is busy, schedule a future resensing time
If the channel is idle, transmit the packet with probability 1

P-persistent:
If the channel is busy, continue to sense the channel
If the channel is idle, transmit the packet with probability p or defer 
for an additional propagation delay with probability 1-p
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CSMA/CD-CA
If the radio propagation delay is non-negligible 
the collision probability ≠ 0
Need for collision detection

A collision is detected, whenever a transmitting node 
senses a different signal on the channel it has 
transmitted 
Only possible in wired networked (full duplex channel)
CSMA/CD widely used in 802.3 and Ethernet
Collision detection is not possible in wireless channel 
(half duplex channel)

Collision Avoidance (CA) 
Out-of-band signaling busy tone
Hand-shaking
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Busy Tone (BT) [Tobagi75,Haas98]

The idea is to transmit a signal on different 
frequency to notify an on-going data transmission

If hearing an on-going transmission, transmit a busy 
tone
If hearing a busy tone, do not initiate any transmission

BT eliminates the hidden node problem, while 
increases the number of exposed nodes
Require different frequencies for data and BT

Note: assuming the same transmission power, for 
different frequency the transmission range are different
Hardware becomes more complex 



©Navid Nikaein 24@June 28, 2005

MACA [karn90]
The idea is based on three-way (in-band) 
handshaking to deal with hidden node 

A node with a packet to transmit, sends a short 
request-to-send (RTS) message
Upon receiving RTS, the corresponding destination 
respond by a clear-to-send (CTS) message 
All nodes receiving either of the abovementioned 
messages defer their transmission for the duration of 
the transfer included in both RTS and CTS

A B C D
RTSRTS
CTS CTS



©Navid Nikaein 25@June 28, 2005

Main Features of  MACA
Define a MAC layer as flexible as ALOHA,
Address the hidden node problem 

Reduce the collision occurrence 
Reduce the dependency to a central entity
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DFWMAC [Bharghavan94,IEEE 802.11]

Distributed Foundation Wireless MAC
Enhancement of MACA
Basic protocol for IEEE 802.11
Four-way handshaking  RTS-CTS-DATA-ACK

Retransmit the packet If no ACK is received
Improve reliability given wireless links are error-prone

Contention resolution
Binary exponential backoff (BEB), to some extend scheduling alg.

Message priority
Different waiting time intervals: DIFS > PIFS > SIFS 

Physical and virtual carrier sensing
CSMA
Network allocation vector (NAV) on the reception of each message
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DFWMAC

•DIFS: distributed interframe space
•SIFS: short interframe space
•NAV: network allocation vector
SIFS < DIFS: tCTS&ACK < tRTS

1. Wait for the channel to become idle for DIFS period
2. Pick a backoff interval in the range [0,cw] , cw is contention window
3. Count down the backoff interval when medium is idle, otherwise freeze
4. Transmit RTS, when backoff interval reaches 0
5. Backoff the cw according to BEB policy if RTS fails (contention resolution)
6. Reset cw according to BEB policy after a successful data transmission  
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DFWMAC Services 
Distributed Coordination Function (DCF)

Asynchronous delay-insensitive data service (Best effort)
E.g. email, FTP

Unicast and Broadcast services
Optional: Point Coordination Function (PCF)

Delay-sensitive data services
E.g. real-time audio/video 

Infrastructure based architecture
Can be used in combination with DCF

Acknowledgement of unicast packets
Automatic retransmission of erroneous packets
Optional RTS/CTS messages
Fragmentation
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IEEE 802.11 Position in OSI Stack 
Model

Data Link
Layer

FHSS    
2.4 GHz

DSSS    
2.4 GHz

OFDM      
5 GHz IR

Logical Link Control sub-Layer IEEE 802.2

Legacy
IEEE 802.11 
IEEE 802.3

Distributed Coordination Function 

Point Coordination Function 

Delay-Sensitive
Service

Delay-Insensitive
Service

M
A

C
 

Physical
Layer

OSI Protocol
Stack
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MAC Sub-Layer Services
Traffic services

Asynchronous Data transmission (mandatory) 
DCF CSMA/CD or CA: Ad Hoc Mode

Time-Bounded Service (optional) 
PCF Beacon, TDMA, Polling : Infrastructure Mode 

Access methods
DCF CSMA/CA (mandatory)

Collision avoidance via randomized back-off mechanism
ACK packet for acknowledgements (not for broadcasts)

DCF with RTS/CTS (optional)
Avoids hidden/exposed terminal problem, provides reliability

PCF (optional)
Access point polls terminals according to a list
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Super Frame and Inter-Frame Spacing

B B PCFPCF DCF DCFBusy Medium

Contention 
Free Period

Contention 
Free Period

Contention 
Period

Contention 
Period

Contention Free Period Repetition Interval

Delay (due to a 
busy medium)

Foreshortened 
Contention Free 

Period

B B PCFPCF DCF DCFBusy Medium

Contention 
Free Period

Contention 
Free Period

Contention 
Period

Contention 
Period

Contention Free Period Repetition Interval

Delay (due to a 
busy medium)

Foreshortened 
Contention Free 

Period

DIFS DIFS

PIFS

SIFSBusy Medium Backoff Window

Slot time
Defer Access

Contention Window

Next Frame

DIFS DIFS

PIFS

SIFSBusy Medium Backoff Window

Slot time
Defer Access

Contention Window

Next Frame



©Navid Nikaein 32@June 28, 2005

Basic & RTS/CTS Access Schemes
DIFS

Data

SIFS

Ack

DIFS

DataCW

Waiting time

Sender

Receiver

Other 
Stations

DIFS

Data

SIFS

Ack

DIFS

DataCW

Waiting time

Sender

Receiver

Other 
Stations

DIFS

Data

SIFS

Sender

Receiver

RTS

CTS

SIFS

Ack

Other 
Stations

DIFS

DataCW

Waiting time

NAV (RTS)

NAV (CTS)

SIFS

DIFS

Data

SIFS

Sender

Receiver

RTS

CTS

SIFS

Ack

Other 
Stations

DIFS

DataCW

Waiting time

NAV (RTS)

NAV (CTS)

SIFS
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Point Coordinator

Station S1

Station S2
Station S3

Station S4

Beacon

Point Coordinator

Station S1

Station S2
Station S3

Station S4

U2 + Ack (D2)

1 2 3

654



©Navid Nikaein 34@June 28, 2005

Station S1

Station S2
Station S3

Station S4

D4 + Poll (S4)

No response 
to Poll

7 8 9

PIFS

B

SIFS

D1 + 
Poll

SIFS

U1 + 
Ack

SIFS

D2 + Ack 
+ Poll

SIFS

U2 + 
Ack

SIFS

D3 + Ack 
+ Poll

PIFS

D4 + 
Poll

SIFS

U4 + 
Ack

SIFS

CF-
End

Contention Free Repetition Interval

Contention Free Period
Contention 

Period

NAV

No-response 
to CF-Poll

PIFS

B

SIFS

D1 + 
Poll

SIFS

U1 + 
Ack

SIFS

D2 + Ack 
+ Poll

SIFS

U2 + 
Ack

SIFS

D3 + Ack 
+ Poll

PIFS

D4 + 
Poll

SIFS

U4 + 
Ack

SIFS

CF-
End

Contention Free Repetition Interval

Contention Free Period
Contention 

Period

NAV

No-response 
to CF-Poll
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Backoff Interval
Backoff intervals is a part of MAC overhead

Large CW increases MAC overhead
Small CW leads to a larger number of collisions (when 
two nodes count down to 0 simultaneously)

reduce network efficiency
Since the number of nodes attempting to transmit 
simultaneously may change with time, some 
mechanism to manage contention is needed
IEEE 802.11 DCF: contention window is chosen 
dynamically depending on collision occurrence



©Navid Nikaein 36@June 28, 2005

IEEE 802.11 Carrier Sensing
In IEEE 802.11, carrier sensing is performed

at the air interface (physical carrier sensing), and
at the MAC layer (virtual carrier sensing)

Physical carrier sensing
detects presence of other users by analyzing all detected packets
detects activity in the channel via relative signal strength from 
other sources

Virtual carrier sensing 
is done by sending MPDU duration information in the header of 
RTS/CTS and data frames
channel is busy if either mechanisms indicate it to be
duration field indicates the amount of time (in microseconds) 
required to complete frame transmission
Stations in the BSS use the information in the duration field to
adjust their network allocation vector (NAV)
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EY-NPMA 
Elimination yield Non-preemptive priority multiple 
access

Basic protocol for HIPERLAN I (24Mb/s)
Transmit if the medium is idle for a predefined period
Otherwise, synchronize yourself at the end of the 
current transmission &
Content according the following rules Channel access

Prioritization phase: the priority is decided
Contention phase: nodes with the same priority contend, and 
one wins
Transmission phase: winner node complete the data 
transmission
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EY-NPMA
Priority resolution 

The more the packet is delayed, the higher its priority is
Contention resolution

Elimination Phase
Transmits a burst for a random number of slots (geometrically distributed)
Go to yield phase if the medium is idle at the end of the burst
Otherwise transmission aborted

Yield Phase
Listen to the channel for a random number of slots
Transmit the packet if the channel remains idle
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Random Access Evolution
(S-)ALOHA, CSMA, BTMA, MACA, DFWMAC 
are based on a flat topology

All nodes have the same responsibility
Hierarchical topology is also possible

Rely on a super node such as BS, AP, CR
Network architecture is mainly centralized

Examples:
Idle sense multiple access (ISMA/R-ISMA)
Randomly addressed polling (RAP/R-RAP)
Resource auction multiple access (RAMA)
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ISMA / R-ISMA
Super node transmits an idle signal if it senses the 
channel idle
ISMA:

Nodes transmit the packet with probability P
Super node sends an ACK+Idle if the transmission is 
received correctly
Otherwise, it sends an idle signal again
Collision between data packets wastes time and BW

R-ISMA: 
A node transmits a reservation packet at a random time
Super node then sends a polling signal to poll the node
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RAP / R-RAP
RAP:

Nodes transmits a pseudo random orthogonal ID
(between 0-P) to the super node if they have a packet
Super node then polls each node sequentially, and 
acknowledges each correct data reception 
Collision happens when nodes use the same ID, and a 
NACK is transmitted by the super node  

R-RAP: 
reserve a code for a particular node 
The reserved code is removed from the code book
Reduces the collision 
Support for stream traffic 
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RAMA
Nodes transmit their ID symbol by symbol
Super node hears the bitwise OR of the symbols
Super node broadcasts an acknowledgement to 
the nodes with the matching-symbol
The node with highest ID wins the contention, 
and transmits its packet
Pros and Cons:

A slot is never wasted since there is always a winner
Protocol is highly unfair 
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Comparison of Random Access
Protocol / 
Parameter

DFWMAC EY-NPMA ISMA RAP RAMA

Throughput 0.7 0.45 0.75 0.8 0.84

Delay 10ms 20ms 10ms 5ms -

Hierarchical

FDD

Deterministic

Fairness Unfair Unfair Fair Fair Unfair

Power 
saving

Yes Yes - - -

QoS No Partial No No No

Topology Flat Flat Hierarchical Hierarchi
cal

Duplex TDD TDD TDD/FDD TDD

Contention 
Resolution

BEB Geometric 
Backoff

P-
Persistence 

Random 
Backoff
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Scheduled Access
Randomness in the access can limit the 
maximum achievable throughput under heavier 
traffic 

Result in large variation in packet delay 
Contention-free channel access method 

Rely on a particular node (AP/BS/CR) to schedule 
orderly access to the medium
Access by Token Passing (Ring), IEEE 802.4(/5)
Access by Reservation 
Access by Polling 
Access by Scheduling 
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Access by Token Passing 
Token Ring 802.3?? 
Passing a single token between nodes
The node having the token is only allowed to transmit its 
packet 
Token loss is common, and recovering procedure is time 
and BW consuming 
Point to point transmission  
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Access by Reservation 
Frame, slot, mini-slot 
Nodes willing to transmit a packet broadcast their 
reservation bit during the appropriate mini-slot
Nodes determine the order of packet transmission as well 
as the length of the frame
Note: variable packet length can also be handled 
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Access by Polling 
FDD / TDD

BS
1

2

3
t 

Instead of explicit reservation, nodes take turn accessing 
medium

Pass the access to another node, e.g. round roubin

Only one node access the medium at a time 
Transmission time can last as long as there is a packet
Polling provides guaranteed access  
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Access by Polling 
Zhang’s proposal: poll-request-poll-data

BS polls all nodes in a round-robin fashion
Nodes with packets ready to transmit respond with a request
Nodes with no packet reply with a keep-alive
BS polls again all node that sent the request message

Disposal Token MAC Protocol (DTMP): poll-request 
BS transmits a poll and an indicator if it has a data 
If neither the BS nor the polled node has packets to transmit, the 
polled node remains silent
If BS has data to send, node responds with a short message, and 
then the BS transmits the data
If the node has a packet, it sends the packet in response to the
poll 
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Access by Scheduling 
Mobile Access Scheme based on Contention and Reservation for 
ATM
Variable time frame

Broadcast : current structure of the time frame & scheduling of uplink 
Reserved : down period from BS to Node and up period from Node to BS 
Contention : send a bandwidth request  to BS using S-ALOHA

Slot assignment is based on Prioritized allocation delay-oriented 
scheduling (PRADOS) mainly leaky bucket token scheme 
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Comparison 
Access /
Metric 

Random 
Access

Access By 
Reservation

Access By 
Polling

Access By 
Scheduling 

Topology Flat  /
Hierarchy

Hierarchy Hierarchy

Medium

Medium

Variable

No

Possible

High

Hierarchy 

Numb. of Nodes Large Medium Medium

Traffic Load Light Medium High

Message Size Variable Fixed /
Variable 

Fixed

QoS Support Priority 
assignment

Priority
assignment

Scheduling

Power Saving Possible Yes Yes

Complexity Low Medium Medium
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Other issues
Receiver initiated mechanisms
Fairness issues

proportional?
Priority Scheduling

QoS support 
Energy Consumption

Power saving sleep mode
Power control range assignment (CTR) 

Multi-user diversity
Adaptive modulation cross-layer issue
Directional Antenna (carrier sensing?)
Multiple Channel
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