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A centralised entity assigns RUs permanently for the duration of a session 

(Centralised) Fixed RR Assignment 

A centralised entity assigns RUs based on evolution of traffic flows 

(Centralised) Scheduled RR Assignment 

Nodes self-assign RUs based on concerted policies 

(Distributed) Controlled RR Assignment 

Nodes self-assign RUs  without concerted policies 

(Distributed) Random RR Assignment 

Introduction 
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Introduction 

T R 

Shared pool 

of 

radio resources 
T R 

T R 1 

N 

Offered Traffic  G = N E [ z / Tif ] = N lo Tf = l Tf 
 

Normalised Throughput  S = G Ps 

 

G accounts for all transmissions made at Data Link layer 

 

Assumption: 

traffic generation follows a Poisson model 

(the number of frames generated in any interval D is Poisson, with mean D N lo = D l) 
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2. Fundamentals of Random MAC 
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When a node has a data block in the data link layer buffer, it sends it. 

Collisions (i.e. partial or total overlap between packet transmissions  

by separate sources) may occur, with probability PcollA 

In an interference-limited environment, data block losses  

(i.e. events of data blocks not captured by the receiver because of C/I  

below capture threshold) may occur, with probability PlossA < PcollA . 
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If an acknowledgement mechanism is included,  

the node will retransmit in case of loss, after an interval of time (backoff time) 

randomly chosen within a given interval (contention window) 

whose size normally increases when a new retransmission is needed 
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Aloha - retransmissions 
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Aloha in Compact Networks: Throughput Analysis 
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S = G exp (- 2G) 

Ps = 1 - PcollA = 1 - PlossA  

= exp (- 2G) 

Aloha in Compact Networks: Throughput Analysis 
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Time is slotted. When a node has a data block in the data link layer buffer,  

it sends it starting from the instant when next slot initiates. 

Collisions (total overlap between packets) may occur, with probability PcollSA 

In an interference-limited environment, data block losses  

(i.e. events of data blocks not captured by the receiver because of C/I  

below capture threshold) may occur, with probability PlossSA < PcollSA . 
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S-Aloha - retransmissions 
If an acknowledgement mechanism is included,  

the node will retransmit in case of loss, after an interval of time (backoff time) 

randomly chosen within a given interval (contention window) 

whose size normally increases when a new retransmission is needed 

delay  reply   backoff   
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S-Aloha in Compact Networks: Throughput Analysis 
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S-Aloha in Compact Networks: Throughput Analysis 
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S-Aloha in Compact Networks: Throughput Analysis 

Ps = 1 - PcollSA = 1 - PlossSA  

= exp (- G) 

S = G exp (- G) 
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Carrier Sensing Multiple Access is based on the concept that  

when the data block is ready for transmission,  

the node senses the channel, in either of two ways: 

- (true) carrier sensing, via signal cross-correlation 

- energy detection 

 

If sensing is performed each time a data block is to be transmitted, 

this is also said Listen Before Talk (LBT). 

 

CSMA protocols can be either slotted or unslotted  

A B A B 

Y Z 
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CSMA Based Protocols 
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When a node has a data block in the data link layer buffer, it starts sensing 

the carrier. As soon as it detects the channel is free, it sends the data block. 

Collisions may occur if two nodes stop sensing the carrier simultaneously,  

with probability PcollC 

PcollC  can not be reduced to zero. In an interference-limited environment,  

data block losses may occur, with probability PlossC < PcollC . 
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CSMA - retransmissions 
If an acknowledgement mechanism is included,  

the node will retransmit in case of loss, after an interval of time (backoff time) 

randomly chosen within a given interval (contention window) 

whose size normally increases when a new retransmission is needed, 

and a short sensing period. 

delay  reply   backoff   sensing   

LBT 
sensing   
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When a node has a data block in the data link layer buffer, it starts sensing 

the carrier. When it detects the channel is free, it broadcasts the data block. 

While transmitting, the receiver is on and detects whether a collision occurs. 

If a collision is detected, transmission is immediately stopped. 

 

This is not possible with wireless systems because of the large power ranges  

and possible consequent burn of receiver by own transmitter. 

CSMA/CD 



Prof. Roberto Verdone 

www.robertoverdone.org 

When a node has a data block in the data link layer buffer, it starts sensing 

the carrier. As soon as it detects the channel is free, a backoff phase  

(i.e. transmission is deferred by a random delay) is initiated; at its end, 

the node sends the data block. Collisions may occur with probability PcollCC.  

Large backoffs can reduce collisions deliberately (PcollCC can be reduced to zero). 
In an interference-limited network, block losses may occur, with PlossCC < PcollCC . 
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CSMA with delayed transmission - retransmissions 
If an acknowledgement mechanism is included,  

the node will retransmit in case of loss, after an interval of time (backoff time) 

randomly chosen within a given interval (contention window) 

whose size normally increases when a new retransmission is needed 
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When a node has a data block in the data link layer buffer, it starts sensing 

the carrier. If the channel is free, it sends the data block; if not, a backoff phase  

(i.e. transmission is deferred by a random delay) is initiated; at its end, the node  

repeats the procedure. Collisions may occur with probability PcollCC owing to  

propagation delays (the time spent on the radio channel by the data burst). 

Large backoffs can reduce collisions deliberately (PcollCC can be reduced to zero). 
In an interference-limited network, block losses may occur, with PlossCC < PcollCC . 
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p persistent CSMA 
When a node has a data block in the data link layer buffer, it starts sensing 

the carrier. As soon as it detects the channel is free, it sends the data block 

with probability p. Collisions may occur with probability PcollC. PcollC  can not be  

reduced to zero. In an interference-limited environment,  

data block losses may occur, with probability PlossC < PcollC . 

p = 1  1 – persistent 

p = 0  non persistent  

LBT 
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Pure ALOHA 

Slotted ALOHA 

Unslotted 
   1-persistent CSMA 

Slotted 

   1-persistent CSMA 

Unslotted 
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Random MAC in Compact Nets: Throughput Analysis 

 = t / Tf 
normalised  

propagation delay 
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Normalized propagation delay α = 0 .01 

 

a) CSMA presents higher S 

with respect to ALOHA and 

S-ALOHA; 

 

b) 1-persistent CSMA has 

better performance with low 

traffic, and it becomes 

instable (reaching S=0) 

very quickly for high G. 

 

c) Non-persistent CSMA is 

excellent for high load, up 

to a maximum S almost 0.9 

in the slotted case. 

Throughput Comparison 
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a) α↓  S↑; the inefficiency related to 

the propagation time τ is less 

significant and the sensing 

operation becomes more efficient; 

 

b) α=1; τ =Tf or τ>>Tf  results in a 

low protocol efficiency; 

 

c) α=0; theoretical limit. S tends to 

be 1, so no network instability as G 

increases. Ideally, no collision 

could happen.  

Unslotted Non Persistent CSMA: Throughput 
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Nomalised Propagation Delay α 

 

a) For ALOHA and S-ALOHA 

SMAX  is a constant value with 

respect to α :  

• 0.184 for ALOHA 

• 0.368 for S-ALOHA 

 

b) CSMA has generally higher 

SMAX values, but for broad 

networks (large α) sensing is no 

more efficient and SMAX could 

be also less than in the ALOHA 

case. 

Throughput versus Propagation Delay 
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Beacon-Enabled Mode 

Non Beacon-Enabled Mode 

Only CAP, with (unslotted) CSMA/CA 

CAP CFP 

Beacon Beacon 

Superframe 

(a kind of) slotted CSMA/CA 

Maximum 7 GTSs 

(Guaranteed Time Slots) 

Example: 802.15.4 
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Two parameters describe the MAC 

protocol besides the flow diagram: 

 

- NB counts the number of times the 

node tries to access the channel 

(backoff stages);  

 

- BE is used to derive the maximum 

backoff time (i.e. the contention 

window). 

 

NB=0, 

BE=BEmin 

Delay for random (2BE-1)  

unit backoff periods 

Perform sensing 

Channel 

free? 

NB=NB+1, 

BE=min(BE+1,BEmax) 

NB>NBmax? 

Transmission Blockage 

Y 

N 

Y 

N 

Example: 802.15.4 NBE 

Flow Diagram 
Start 
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Example: 802.15.4 NBE 

State Transition Diagram (incomplete version)  

idle 

listening transmission reception 

standby/sleep 
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• BEmin ≤ BE ≤ BEmax  BE is increased by 1 at each backoff stage 

• Default values: BEmin =3, BEmax =5, NBmax=4 

• Backoff Period = T = 320 μs 

• Sensing duration = 128 μs 

Delay for a random 

number of backoff 

periods   

[0 – 2BE-1], BEmin 

Packet generation 

Example: 802.15.4 NBE 

State Evolution Instance 

time 

… 

busy free 
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Exercise NMA#1 

Draw the flow diagram, the state transition diagram and an instance of the 

protocol evolution for 1-persistent CSMA. 

Assume: Rb = 2 Mbit/s, z = 160 bits, distance between nodes equal to 100 m, 

processing time equal to 10 ms, acknowledgements of 40 bits, backoff procedure 

with constant contention window of 80 ms.  

Exercise NMA#2 

Draw the flow diagram, the state transition diagram and an instance of the 

protocol evolution for non persistent CSMA. 

Assume: Rb = 2 Mbit/s, z = 160 bits, distance between nodes equal to 100 m, 

processing time equal to 10 ms, acknowledgements of 40 bits, backoff procedure 

with constant contention window of 80 ms.  
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3. CSMA in Sparse Networks 
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busy 
time 
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time 

A Z 

Even if backoff solve collision problems in a compact network (where every node  

is within range of all others), hidden nodes cause collisions if transmission ranges  

do not cover the whole network (sparse networks). 

If node Z, willing to transmit to a given node Y, does not sense the transmission  

from a given source A to an other node B because received power is too small,  

but the node receiving both packets (B) is within range of both A and Z  

and detects a collision, then A is said to be an hidden node. 

A B A B 

Y Z 

R 
R = Range 

Hidden node 

wanted transmission 

undesired transmission 

A  B A  B ; Z  Y 

CSMA/CA – Hidden Node Problem 
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When a node has a data block in the data link layer buffer, it starts sensing 

the carrier. When it detects the channel is free, a backoff phase is initiated; then, 

the node sends a short RTS block informing everyone within its range to avoid  

transmission. The receiver responds with a short CTS block allowing transmission  

and informing everyone within its range to avoid transmission.  

Upon reception of the CTS, the source node sends the data block. 

All nodes within range of receiver know that have to wait before transmitting a RTS. 

busy 
time 

A 

time 

A Z 

A B A B 

Y Z 

R 
R = Range 

B 
RTS CTS 

B Y 

wanted transmission 

undesired transmission 

A  B A  B ; Z  Y 

CSMA/CA with RTS/CTS 
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If a node (A) willing to transmit a data block to a given sink (B), broadcasts the RTS,  

all other nodes within its range will refrain from transmitting. 

On the other hand, there might be a node Y willing to transmit to a sink Z 

which would not detect a collision because it is not within range of the interferer A, 

which refrains from transmitting though its transmission would not be a problem  

because its (Y’s) range does not include the other link’s sink (B). 

CSMA would work better in this case. CSMA/CA with RTS/CTS reduces throughput.   

busy 
time 

A 

time 

A Y 

A B A B 

Y Z 

R 

Exposed node 

B 
RTS CTS 

B Z 

wanted transmission 

undesired transmission 

A  B A  B ; Y  Z 

R = Range 

CSMA with RTS/CTS – Exposed Node Problem 



Prof. Roberto Verdone 

www.robertoverdone.org 

RTS / CTS mode is a powerful tool but must be used with care, 

dimensioning the transmit power of such short blocks so as to keep 

refrained from transmitting only those nodes  

that would really cause data losses. 

 

Particular problems may arise in ad hoc networks with relays.  

Case study follows. 

CSMA with RTS/CTS 
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Homogeneous deterministic mono-dimensional multi-hop scenario: network-layer 

throughput evaluation for a sequence of packets from A to B through n nodes; 

 

 

 

 

Assumptions:  Backoff delay equal to zero   

  Node A buffer always full 

  C = k d-2  I = k di
-2 

  Frames are captured if C/I > 2  [d/di]
-2 > 2  [di/d] > 1.4  

  Frames are captured if C > Cthr  d < dthr = 2D 
  Frames are perceived during sensing if C > Cthrs  d < dthrs = 3D 

 

 

 

 inactive  transmit  receive  sensing 

B A R1 R2 Rn 

D D D D D D D 

… 

CSMA with RTS/CTS in multi-hop networks 
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CSMA with RTS/CTS in multi-hop networks 
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CSMA with RTS/CTS in multi-hop networks 
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CSMA with RTS/CTS in multi-hop networks 
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CSMA with RTS/CTS in multi-hop networks 
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B A R1 R2 Rn … 
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time 
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CTS captured 

CTS captured 

frame captured 

frame captured 

B 

CSMA with RTS/CTS in multi-hop networks 
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A 
time 

P 
Tf 

U 

Assuming P << Tf, then  

delay is equal to Tf times (n+1):    U = Tf (n+1) 

 

If random backoff times are included, with contention window size B, then 

delay also includes on average B/2 times (n+1):  U = (Tf + B/2) (n+1) 

 

B receives A transmits 

B 
time 

RTS 

CTS 

CSMA with RTS/CTS in multi-hop networks 

Delay  
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A 
time 

P 
Tf 

W 

Assuming P << Tf, if e.m. activity can be sensed up to 3D meters, then W = 4Tf. 

More generally, assuming P << Tf, if e.m. activity can be sensed up to xD meters, 

then W = (x+1)Tf. 

Throughput is equal to RbTf bits divided by W: Th = Rb Tf / W = Rb / (x+1) 

It is relevant to make the RTS and CTS power level as small as possible, to 

minimise x, given that received power is sufficient to allow capture.  

CSMA with RTS/CTS in multi-hop networks 

Throughput  



Prof. Roberto Verdone 

www.robertoverdone.org 

In a more complex scenario,  

with nodes distributed in a bi-dimensional environment, 

evaluation of throughput, even under simple assumptions, is more complex. 

In general, power control is needed to limit the throughput decrease  

due to the exposed terminal problem.  

CSMA with RTS/CTS in multi-hop networks 
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4. Bianchi’s Model 
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Bianchi’s paper 

Performance Analysis of a CSMA/CA Based System 

Through State Diagrams:  

IEEE 802.11 Distributed Coordination Function 

as a Case Study 

 

Evaluation of the Saturated Throughput 

1 2 n 
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Ideal links 

No hidden nodes 

No packet capture 

1 2 n 

Bianchi’s paper 
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The 802.11 DCF MAC Algorithm 
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W=W0 Wm 

m = 5 

The 802.11 DCF MAC Algorithm 
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Saturation Throughput 
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1. Packet Transmission Probability 
i, k 

i  backoff stage 

k  backoff counter value 

p collision probability 
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i  backoff stage 

k  backoff counter value 

1. Packet Transmission Probability 
i, k 
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i  backoff stage 

k  backoff counter value 

i, k 

1. Packet Transmission Probability 
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2. Saturation Throughput 
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Results 
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Results 
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Results 
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5. Scheduling 
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Scheduling 

scheduler 
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Scheduling 

time 

tk-1 tk 
TSCHED 

Scheduling interval 

N RUs 
(e.g. N time slots) 

Scheduling instant 

Scheduling Algorithm Classes: 

 

Application Unaware Scheduling    Ex: RR 

Application Aware Scheduling   Ex: EDF  

Channel&Application Aware Scheduling  Ex: MT, PF 

Cross-Layer Scheduling 

M RU requests 
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Scheduling: Round Robin 

time 

tk-1 tk 

The scheduler assigns one RU per request, repeating the assignment 

till all requests are exhausted or the scheduling interval has expired. 
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Scheduling: Earliest Deadline First 

time 

tk-1 tk 

The scheduler computes the deadlines of requests, summing the 

maximum latency to the instant when the request was made. Then, it 

assigns RUs to requests, starting from the earliest deadline, assigning 

as many RUs are needed to fulfil the request, before considering the 

request with the next earliest deadline. 
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Scheduling: Maximum Throughput 

time 

tk-1 tk 

The scheduler computes for each RU the throughput that every link 

would provide, and assigns each RU to the request maximizing the 

throughput, till all requests are exhausted or the scheduling interval 

has expired.  
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Scheduling: Proportional Fair 

time 

tk-1 tk 

The scheduler computes for each RU the throughput that every link 

would provide, then assigns each RU k to the request i maximizing the 

following ratio: 

 

 Thi  / (Thpi + Thci)
 

 

where 

Thpi = SL
j=1 Thi,j      (sum over a window made of L previous intervals) 

Thci = Sk-1
j=1 Thi,j    (sum over all RUs assigned so far in current interval)  
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Scheduling: Fairness vs Opportunism 

Opportunism* 
 

 Can be measured through the sum throughput  

 achieved by the whole set of RUs  

 during one scheduling interval 

 

 STh = SN
j=1 Thj (tk) 

 

Fairness* 
 

 Can be measured through the Jain index 

 

 J = ( SM
i=1 Thai )

2 / M SM
i=1 Thai

2 

 

 Thai = < Thi >  (average over a window made of several intervals) 
 

    * Throughput Th can be replaced by other metrics  

STh 

J 1 0 

0 

MAX 
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Exercise NMA#3 

A scheduler executes scheduling every 10 ms, assigning up to 20 orthogonal 

radio resource units per scheduling interval. Three users, A, B, C, request 

assignment at time Ti = t0 - Dti, of a number Ri of resource units, with maximum 

latencies ti. They are located at distances di from the base station they are trying 

to access to. The value of these parameters are given below for i = A, B and C. 

The SNR is equal to 86 dB at the distance of 1 m. The received power follows a 

distance dependent power law with propagation exponent equal to 4. Assume 

that the transmitters use a MCS requiring a minimum SNR* = 9 dB to achieve 

BLER = 0. The BLER is equal to 1 for SNR < SNR*. Assign resources to the 

users according to RR, EDF, MT and PF algorithms, running at t0. Compute in 

each case the Sum Throughput and the Jain index (in terms of RUs). 
 

 Dti ti Ri di 
 

A 5 ms 15 ms 12 50 m 

B 4 ms 60 ms 15 10 m 

C    2 ms 10 ms   2 100 m 
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Exercise NMA#4 

A scheduler executes scheduling every 10 ms, assigning up to 20 orthogonal 

radio resource units per scheduling interval. Three users, A, B, C, request 

assignment at time Ti = t0 - Dti, of a number Ri of resource units, with maximum 

latencies ti. They are located at distances di from the base station they are trying 

to access to. The value of these parameters are given below for i = A, B and C. 

The SNR is equal to 86 dB at the distance of 1 m. The received power follows a 

distance dependent power law with propagation exponent equal to 4. Assume 

that the transmitters use a MCS requiring a minimum SNR* = 9 dB to achieve 

BLER = 0. The BLER is equal to 1 for SNR < SNR*. Assign resources to the 

users according to RR, EDF, MT and PF algorithms, running at t0. Compute in 

each case the Sum Throughput and the Jain index (in terms of RUs). 
 

 Dti ti Ri di 
 

A 5 ms 15 ms 12 100 m 

B 4 ms 60 ms 15 10 m 

C    2 ms 10 ms   2 100 m 
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Exercise NMA#5 

A scheduler executes scheduling every 10 ms, assigning up to 20 orthogonal 

radio resource units per scheduling interval. Three users, A, B, C, request 

assignment at time Ti = t0 - Dti, of a number Ri of resource units, with maximum 

latencies ti. They are located at distances di from the base station they are trying 

to access to. The value of these parameters are given below for i = A, B and C. 

The SNR is equal to 86 dB at the distance of 1 m. The received power follows a 

distance dependent power law with propagation exponent equal to 4. Assume 

that the transmitters can use several MCSs providing up to 50 Kbit/s/RU. The 

channel bandwidth per RU is 10 KHz. Assign resources to the users according to 

RR, EDF, MT and PF algorithms, running at t0. Compute in each case the Sum 

Throughput and the Jain index (in terms of bit/s, using Shannon bound). 
 

 Dti ti Ri di 
 

A 5 ms 15 ms 12 50 m 

B 4 ms 60 ms 15 10 m 

C    2 ms 10 ms   2 100 m 


