
ETSN01 Exam

March 16th 2017
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 9 questions and is 9 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) What does it mean for a stochastic process to be stationary?

(b) (2 marks) Give a real-world example that can be modelled with a Bernoulli distribution, and explain
why it is a reasonable model for your example.

(c) (2 marks) Explain what is meant by circuit switching and packet switching.

(d) (2 marks) Explain each of the following capabilities of transport protocols.

i) Connection-oriented communication

ii) Reliable data delivery

(e) (2 marks) Explain how polling can be used for medium access control.

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

(g) (2 marks) What does it mean for an arrival process to be Markovian (memoryless)?

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

(i) (2 marks) Give two use cases for wireless sensor networks

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

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

(l) (2 marks) Give two reasons why one would use a model instead of real-world experimentation.

(m) (2 marks) Give two assumptions used in the Bianchi model of the 802.11 Distributed Coordination
Function.

(n) (2 marks) What is the global synchronisation problem in TCP (Transport Control Protocol) con-
gestion control?

(o) (2 marks) What is the reason for the window scaling factor in TCP flow control?
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Part B: Long answer questions (70 marks)

Question 2 (3 marks)
Calculate the repeating distance for a cellular system with a cell radius of 2km and a cluster size of 9.

Question 3 (6 marks)
Eight wireless nodes are placed on a unit disc, and each node has a capacity of 1.8 × 106 bps. What is
the upper bound on the network capacity

(a) (3 marks) if the nodes are placed arbitrarily?

(b) (3 marks) if the nodes are placed optimally?

Question 4 (5 marks)
For a TCP connection, assume a round-trip delay of 55 ms and a link with an available bandwidth of
1.5× 109 bps, and a segment size of 612 octets. Determine the window size needed to keep the pipe full.

Question 5 (8 marks)
A basktetball player practises shots from the free throw line each day. She has a 15% probability to
score on each attempt, and she keeps throwing shots until she scores. Once she has scored she finishes
her practice for the day.

(a) (2 marks) Which kind of distribution should be used to model the number of free throw shots the
basketball player takes each day?

(b) (3 marks) What is the average number of shots she takes each day?

(c) (3 marks) What is the variance of the number of shots she takes each day?

Question 6 (10 marks)
Consider the network of wireless routers in Figure 1 where the concept of opportunistic forwarding is
applied, where each router that receives a packet forwards it towards the destination without consid-
eration if another router also forwards the data. Router A has a probability Pa = 0.85 of successful

A

B

C

10 Mbps

ReceiverD

Figure 1: Our wireless system.

transmission to both B and C. B and C both forward each message they receive to D and the probability
of successful transmission over link B-D as well as link C-D is Pb = 0.7. The link from D to the receiver
is fixed and 100% reliable. All link failures are independent. D has an input buffer of 32,000 bytes. The
wireless links A-D are all much faster than the link D-Receiver.

Page 3



Given that the incoming traffic is generated following a negative exponential distribution with mean
arrival rate λ = 750 packets/s, the size of each packet is also negative exponentially distributed with
mean 1200 bit and the link rate from D to the receiver is 10 Mbps, what is the probability that a message
coming in to A is successfully forwarded on to the receiver?

Question 7 (10 marks)
Four nodes are communicating using Reservation TDMA. Each node has a mini-slot, in which it transmits
the number of packets it has to send. Each node may reserve up to 3 slots in each frame, and unused
slots can be used by other stations with excess packets to send, based on a round-robin scheme. The
duration of each mini-slot is one tenth the duration of each data slot.

Assume packets arrive at each node according to a Poisson distribution with parameter λ in each frame,
and that packets that cannot be transmitted in the next frame are dropped.

(a) (5 marks) What is the probability that all nodes reserve their 3 slots in a given frame?

(b) (5 marks) Calculate the utilisation of the system (proportion of time on the channel used to transmit
data) for λ = 3.
You may use the following values in your solution:

11∑

k=0

k
(12)ke−12

k!
= 4.167

11∑

k=0

(12)ke−12

k!
= 0.462

Question 8 (16 marks)
For the scenarios below, choose the most appropriate protocol or algorithm from the options given, and
justify your choice.

(a) (4 marks) A wireless sensor network is deployed in a remote nature reserve. There is little to no
interference from other networks, and the overall traffic volume is low, but unpredictable: each node
takes sensor readings at random times and sends them to its nearest gateway. Each sensor reading
contains only a few bytes of data, and the data is not delay-sensitive. The network is very dense,
i.e. a large number of nodes within range of each other, however it is uncommon for multiple nodes
to take sensor readings at the same time.

Which MAC protocol would you choose for this network and why?
A) Pure ALOHA
B) Time-division multiple access (TDMA)

(b) (4 marks) A large vehicular network is used to send traffic updates to upstream vehicles, that is,
vehicles whose route will cross areas affected by traffic jams or accidents. Since it is a vehicular
network, there is a high level of mobility in the network.

Which type of routing protocol would you recommend for the traffic update messages and why?
A) Link state routing
B) Greedy forwarding

(c) (4 marks) An operator wishes to provide network connectivity to the population of a new suburb
currently being planned. The population desnity for the area will be high, with many high-rise
apartment buildings. The projected demographics include a high-proportion of technically literate
people with heavy internet usage, who will require large and reliable bandwidth. The operator’s
business modelling shows that a high income can be expected from the area and thus significant
capital costs for the project can be justified.
Which network architecture would you recommend for the new suburb and why?
A) Cellular architecture (e.g. LTE)
B) Mesh architecture (e.g. WiMAX)
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(d) (4 marks) A router is being configured for a network in an industrial facility. Analysis of the
network traffic in the facility shows that the bulk of the traffic consists of routine data gathering,
for example quality assurance statistics and machine logs. However, there are also occasional alarms
generated that need high reliability (no packet loss) as well as a guaranteed delay bound.

Which queueing discipline would you recommend to be used in the router and why?
A) Priority queueing
B) Weighted fair queueing

Question 9 (12 marks)
A wireless network uses Ad-hoc On Demand Distance Vector (AODV) routing. If any two nodes in a
route move out of range of each other, the route fails. When a route fails, local repair is attempted,
which takes on average 0.5s, regardless of whether or not it is successful. Local repair has a 60% success
probability. If local repair is unsuccessful, a whole new route must be established, which takes on average
1.5s. The average length of a route is five hops, and transmission across each hop takes on average 50ms.

Nodes in the network move such that for each pair of nodes that move into range of each other, they
remain within range of each other for an exponentially-distributed time, with an average of 30 seconds.
You may assume that the time within range for each pair of nodes is independent.

(a) (4 marks) If route failure occurs on average once every 8 end-to-end transmissions, for each route,
what is the average delay seen by packets sent through the network?

(b) (4 marks) What is the probability that a route will last for at least 60 seconds without failing?

(c) (4 marks) What is the average time to failure of a route, that is, the time from when the route is
first established until local repair must be attempted?
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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
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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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