
ETSN01 Exam

August 18th 2016
8am–1pm

Instructions

• Clearly label each page you hand in with your name or identifier and the page number in the bottom
right hand corner.

• Materials allowed: calculator, writing material. No other material or notes are allowed in the exami-
nation hall. If your calculator is programmable, the memory must be erased prior to the exam.

• Your answers must be given in clear, legible handwriting. If an answer is not able to be read, it will
not be marked.

• All questions should be answered in the booklets provided.

• The exam contains 8 questions and is 7 pages long. It is out of a total of 100 marks.
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Part A: Short answer questions (30 marks)

Question 1 (30 marks)

(a) (2 marks) Draw the PDF and CDF for rolling a six-sided die.

(b) (2 marks) What is the difference between the sample average and population average, and how are
they related?

(c) (2 marks) Why are link state and distance vector routing only used within a single autonomous
system, rather than across the whole Internet?

(d) (2 marks) Why does slotted ALOHA have fewer collisions than pure ALOHA?

(e) (2 marks) Explain the backoff procedure in the 802.11 DCF. What is meant by exponential backoff?

(f) (2 marks) Draw the Markov chain for an M/M/1 queueing system.

(g) (2 marks) What is meant by traffic shaping?

(h) (2 marks) What is the difference between an ad-hoc network and an infrastructure-based network?

(i) (2 marks) Describe the architecture of a hetnet.

(j) (2 marks) In a mobile network, why is it desirable to use different frequencies in neighbouring cells?

(k) (2 marks) In LTE, what is the purpose of having different bearers?

(l) (2 marks) What is the difference between a simulation and any other type of model?

(m) (2 marks) What is the methodology used in building the Bianchi model of the 802.11 Distributed
Coordination Function?

(n) (2 marks) How does RED (Random Early Detection) avoid the global synchronisation problem
while still controlling congestion?

(o) (2 marks) In TCP, why is exponential averaging used to calculate the RTO instead of weighting
each observation equally?
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Part B: Long answer questions (70 marks)

Question 2 (8 marks)
The mean and variance of X are 10 and 2, respectively. Evaluate:

(a) (2 marks) the mean of X2

(b) (3 marks) the variance and standard deviation of 3X + 5

(c) (3 marks) the variance and standard deviation of −2X

Question 3 (10 marks)

(a) (4 marks) The owner of a shop observes that on average 15 customers per hour arrive and there
are typically 6 customers in the shop. What is the average length of time each customer spends in
the shop?

(b) (6 marks) What is the utilization of an M/M/1 queue that has five people waiting on average?

Question 4 (8 marks)
A TCP implementation uses a value of β = 1.6 when calculating the retransmissino timeout, a lower
bound of 0.4 s, and an upper bound of 5.5 s.

(a) (4 marks) If the next value of SRTT is calculated to be 3 s, what will the RTO be?

(b) (4 marks) If the next value of SRTT is calculated to be 4.1 s, what will the RTO be?

Question 5 (12 marks)

(a) (6 marks) Consider a wireless sensor network where the sensors are deployed in such a way that
each sensor overlaps in coverage with 2 other sensors. The sensors use a slotted ALOHA-based
protocol where there are no retransmission attempts at the link layer, instead, the transport layer
is left with the task of providing error correction. The WSN uses a multi-hop routing strategy to
forward the data from an originating sensor to a gateway with an average of 3 hops from source
to destination. Given that the mean error probability over a single hop due to noise and fading is
10% and the probability that a sensor will transmit data in any given timeslot is 25%, what is the
probability that TCP will not have to ask for retransmission of a packet? All packets have uniform
length equal to the length of a timeslot, and all events are independent.

(b) (6 marks) Consider now the total load put on the network including TCP retransmissions. If the
rate of generated sensed data is the same for all nodes = 3 kbps, and acknowledgements, other
protocol overhead etc. is negligible, what is the total data rate put on the network per node,
including retransmissions?

Question 6 (12 marks)

(a) (4 marks) Consider a Reservation ALOHA system with N nodes. Assume a Poissonian packet
generation process for each node with parameter λ. The round length is Ts seconds that is, every
Ts seconds contains a reservation phase and a data transmission phase. Each data transmission
phase contains k timeslots. What is the probability that a given node will have at least one packet
to send in the second round? You can assume that all nodes begin the first round with no packets
queued to send.

(b) (4 marks) What is the expected number of nodes with at least one packet to send in the second
round?

(c) (4 marks) Each node that wishes to transmit selects a slot to reserve at random (with a uniform
distribution), and each node may only send one packet per round, even if it has more packets queued
to send. For N = 3, what is the probability of a collision in the reservation phase of the second
round?

Question 7 (10 marks)
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(a) (5 marks) The organising committee for the Rio Olympics want to create a network to provide
internet access for everyone in the main stadium. The network should be able to handle thousands
of connected devices at once, and the main usage is expected to be social media posts (e.g. Twitter
and Facebook) for the upstream traffic, and streaming instant replay videos for the downlink traffic.

How would you design the network (i.e. what protocols, queueing disclipines, infrastructure or other
operating parameters would you recommend) to serve the Olympic stadium?

(b) (5 marks) A large company wishes to create a network to provide internet access for all the em-
ployees at its head office. There are about 500 workers in the office at any given time, spread out
over multiple different floors and rooms. The main usage of the network will be connecting to the
company’s central servers to access databases and file storage, as well as Voice over IP traffic for
answering customer calls.

How would you design the network (i.e. what protocols, queueing disclipines, infrastructure or other
operating parameters would you recommend) to serve the company head office?

Question 8 (10 marks)
Five wireless nodes share a channel (all nodes are within range of each other), and transmit using a
random-access MAC protocol. The nodes have two modes: normal mode and priority mode. In normal
mode, each node transmits on average 10 packets per second. In priority mode, the node has shorter
backoff times and so the transmission rate increases to 20 packets per second. While in priority mode,
the node checks whether it should drop back to normal mode every 100ms. On each check, the node has
a 0.3 probability to drop to normal mode, and a 0.7 probability to remain in priority mode.

Only one node can be in priority mode at a given time, and priority is passed in a set order, i.e. Node 1
will be in priority mode first, then when it drops back to normal mode, Node 2 will enter priority mode,
then when it drops back to normal mode, Node 3 will enter priority mode, and so on. Assume that the
control messages notifying other nodes when a node enters and leaves priority mode are very short (their
transmission time is negligible), and are delivered immediately. For each packet transmitted, there is a
probability of 0.1 that it will result in a collision, regardless of which mode the node is in, and in the
event of a collision, the packet is lost (there are no retransmissions at the MAC layer).

(a) (3 marks) Once a node enters priority mode, how long will it take on average before it leaves priority
mode and drops back to normal mode again?

(b) (2 marks) What proportion of the time will each node spend in priority mode, on average? Justify
your answer.

(c) (2 marks) What is the average throughput (in packets per second) for each node?

(d) (3 marks) Assume each node has sufficient memory that its buffer size is effectively infinite. If
packets arrive at a node at a rate of 9 packets per second, what is the occupancy of the node’s
queue?
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ETSN01 Formula Sheet

Probability

P (Ā) = 1− P (A)

P (A ∪B) = P (A) + P (B)− P (A ∩B)

P (A|B) =
P (A ∩B)

P (B)

A, B mutually exclusive:

P (A ∩B) = 0

A, B independent:

P (A ∩B) = P (A)P (B)

CDF:
F (x) = P (X ≤ x)

PDF:
pk = p(k) = P (X = k)

Discrete random variables

Mean:
µ =

∑
kpk

Variance:

V ar(X) =
∑

(k − µ)2pk = E[X2]− (E[X])2

Standard deviation:

σ =
√

(V ar(X))

E[aX + b] = aE[X] + bV ar(aX + b) = a2V ar(X)

Bernoulli random variable:

p0 = p

p1 = 1− p
µ = p

σ2 = p(1− p)
Geometric:

pk = (1− p)k−1p

µ =
1

p

V ar(X) =
1− p
pi2

Poisson random variable:

pk = e−λ
λk

k!
µ = λ

σ2 = λ

Continuous random variables

Mean:

µ =

∫
xp(x)dx

Variance:

V ar(X) =

∫
(x− µ)2p(x)dx

Negative exponential:

p(x) = αe−αx

P (X ≤ x) = 1− e−αx

µ =
1

α

V ar(X) =

(
1

α

)2

Gaussian:

p(x) =
1

σ
√

2π
e−

(x−µ)2
2σ2

Multiple random variables

Joint CDF:

F (x, y) = P (X ≤ x, Y ≤ y)

X, Y independent:

F (x, y) = F (x)F (y)

E[X + Y ] = E[X] + E[Y ]

E[XY ] = E[X]E[Y ]

V ar(X + Y ) = V ar(X) + V ar(Y )

Properties of random variables X, Y , constants
a, b:

E[aX + b] = aE[X] + b

V ar(aX + b) = a2V ar(X)

E[X + Y ] = E[X] + E[Y ]

Covariance:

Cov(X,Y ) = E[(X−E[X])(Y−E[Y ])] = E[XY ]−E[X]E[Y ]

Correlation coefficient:

r(X,Y ) =
Cov(X,Y )

σxσy
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Stochastic Processes

Autocorrelation:

R(t1, t2) = E[x(t1)x(t2)]

Autocovariance:

C(t1, t2) = Cov(x(t1), x(t2))

Sampling and random numbers

Sample mean:

z̄ =
1

n

n∑

i=1

zi

Sample variance:

V̂ =
1

n

n∑

i=1

(zi − z̄)2

Unbiased sample variance (Bessel’s correction):

s2 =
1

n− 1

n∑

i=1

(zi − z̄)2

Confidence intervals:

Confidence = Pr(|z̄ − µ| ≤ α× σ√
n

α = 1.96 gives confidence of 95%. Inverse method:

X = F−1(Y )

Medium Access Control

FDMA/TDMA rate of work:

η =
1

n× ν
n∑

i=1

ρi

Polling efficiency:

E =
Tt

Tt + Tidle + Tpoll

ALOHA throughput:

S = Ge−G

Slotted ALOHA throughput:

S = Ge−2G

1-persistent CSMA throughput:

S =
Ge−G(1 +G)

G+ e−G

Non-persistent CSMA throughput:

S =
G

1 +G

CSMA utilisation:

A = kp(1− p)k−1

E[w] =
1−A
A

U =
1

1 + 2a+ a(1−A)/A

Queueing Systems

Kendall Notation parameters:

1. Arrival distribution

2. Service distribution

3. Number of servers

4. Total capacity (default: infinite)

5. Population size (default: infinite)

6. Service disciplien (default: FIFO)

Little’s Law:
E[R] = λE[TR]

Occupancy:

ρ =
λ

µ

M/M/1

Queue length:

E[R] =
ρ

1− ρ
Total time in system:

E[TR] =
1

µ(1− ρ)

Waiting time:

E[TW ] =
ρ

µ(1− ρ)

Delay bound:

Pr(TR ≤ t) = 1− e−µ(1−ρ)t

M/M/1/n

Blocking probability:

PB =
1− ρ

1− ρn+1
ρn

Carried traffic:

γ = λ(1− PB)

Little’s Law:
E[R] = γE[TR]

Queue length:

E[R] =
1− ρ

1− ρn+1

n∑

i=0

iρi

2Page 6



Erlang (M/M/n/n)

Offered traffic:
A = λh

Service rate:

µ =
1

h

Erlang loss function:

En(A) = PB =
An

n!∑n
j=0

Aj

j!

Carried traffic:

Ac = A(1− PB)

Lost traffic:
A−Ac

Jackson Networks

Probability a packet leaves the network from node
i:

1−
n∑

j=1

rij

Total arrival rate to node i:

λi = γi +

n∑

j=1

λjrji

Queueing Disciplines

Kleinrock Conservation Law:

N∑

n=1

ρnqn = C

Processor Sharing:

Fαi = Sαi + Pαi

Sαi = max{Fαi−1, Aαi }
Generalised Processor Sharing:

Fαi = Sαi +
Pαi
wα

Network Architectures

Capacity for nodes distributed on a unit disc1:

W√
nlog(n)

With optimally places nodes:

W√
n

1Natural logarithm, base e.

Packet reception rate:

PRR =
S

T

Cellular frequency re-use:

D = R
√

3K

Congestion Control

Token bucket:
R = ρT + β

TCP

Max bandwidth:

BWmax =
MSS × C
RTT ×√p C =

√
3

2

Normalised throughput:

S =

{
1 W ≥ 2RD
W

2RD W < 2RD

Expected (average) round trip time:

ERTT (K+1) =
K

K + 1
ERTT (K)+

1

K + 1
RTT (K+1)

Smoothed round trip time:

SRTT (K+1) = α×SRTT (K)+(1−α)×RTT (K+1)

Retransmission timeout with SRTT:

RTO(K+1) = min{UB,max{LB, β×SRTT (K+1)}}

Van Jacobson’s algorithm:

DRTT (K+1) = (1−α)×DRTT (K)+α×(SRTT−ERTT )

RTO = ERTT − 4×DRTT
Exponential backoff:

RTOi+1 = q ×RTOi

Other useful formulas

Geometric series:

n−1∑

k=0

ark = a
1− rn
1− r

∞∑

k=0

ark =
a

1− r
Expectation of geometric series:

n∑

k=0

kark =
ar

(1− r)2
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