
ETSN01 Exam

April 20th 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 (28 marks)

(a) (2 marks) What is the difference between discrete and continuous random variables?

(b) (2 marks) What is the difference between distance vector routing and link state routing?

(c) (2 marks) Why do collisions occur in random-access wireless networks, but not in typical (modern)
wired networks?

(d) (2 marks) Describe what is meant by the hidden node problem

(e) (2 marks) What does it mean that Little’s Law only applies to systems in equilibrium?

(f) (2 marks) Which kind of traffic is penalised under fair queueing and why?

(g) (2 marks) What does it mean to say a distribution is heavy-tailed?

(h) (2 marks) What is the difference between licensed and unlicensed spectrum and how does it affect
network engineering?

(i) (2 marks) Why are new approaches to routing needed for mobile ad-hoc networks?

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

(k) (2 marks) Describe the handover process using the seamless handover mode for LTE bearers.

(l) (2 marks) Give two methods for evaluation of models.

(m) (2 marks) What does it mean that TCP’s flow control mechanism is credit-based?

(n) (2 marks) Why must the TCP retransmission timeout be longer than the round-trip time?
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Part B: Long answer questions (70 marks)

Question 2 (4 marks)
A source generates customers according to a Poisson distribution with a mean 1

λ = 6 seconds; the
generated customers arrive at a facility, and the facility wants to know the expected number of customers
in the interval (0,t) seconds, where t is 1.5 minutes;

(a) (2 marks) Derive a general expression for the expected number of customers arriving at the facility
with an intergeneration rate of λ customers per second in the interval (0,t);

(b) (2 marks) Find the value asked by the facility.

Question 3 (8 marks)
Consider a system with four servers and no queue (that is, if a customer arrives when a server is
available, it begins to receive service immediately; if a customer arrives when all servers are busy, the
customer is lost and leaves the system immediately). The arrival is exponentially distributed with rate 3
customer/second and the customer service time is exponentially distributed with a mean of 0.25 second.

(a) (4 marks) Find the probability that no server is available (i.e. all servers are busy) when a customer
arrives.

(b) (4 marks) Calculate the average number of available servers as seen by an arriving customer.

Question 4 (6 marks)
A polling system has a transmit time of 70ms, an idle time of 15ms, and a time to send a polling message
of 20ms. What is the effective performance (utilisation) of the system?

Question 5 (8 marks)
Two CSMA/CD stations are each trying to transmit long (multiframe) files. After each frame is sent,
they contend for the channel using the binary exponential backoff algorithm. Derive expressions for

(a) (6 marks) the probability that the contention ends on round k

(b) (2 marks) the mean number of rounds per contention period

Question 6 (8 marks)
Suppose we have the following timer function for contention-based greedy forwarding:

T = 0.0015Df

where Df is the distance from the forwarding node candidate to the target in metres and T is the
resulting timer value in seconds. What will be the delay due to waiting for the contention timers to
expire in the following network, with the source and target as labelled? Dashed lines indicate nodes are
within transmission range of each other.

Source

Target

A

B

C

D

E

F

H

I

G
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Node Distance to target (m)
A 355
B 380
C 290
D 270
E 190
F 120
G 130
H 85
I 175

Question 7 (6 marks)
Two TCP entities communicate across a reliable network. Let the normalized time to transmit a fixed-
length segment equal 1. Assume that the end-to-end propagation delay is 5, and that it takes a time 3
to deliver data from a received segment to the transport user. The sender initially grants a credit of 9
segments. The receiver uses a conservative flow control policy and updates its credit allocation at every
opportunity. What is the maximum achievable throughput?

Question 8 (12 marks)
For the scenarios below, choose the most appropriate protocol or algorithm from the options given, and
justify your choice.

(a) (4 marks) A number of wireless stations are connected to an access point. The access point wishes
to receive data from the stations periodically. Although there are a large number of stations overall
(more than 50), in each data collection period only a small number of them have data to send.

Which MAC protocol would you choose for this network and why?
A) Polling
B) Code-division multiple access (CDMA)

(b) (4 marks) A company is planning to build smart homes that will be equipped with sensors and
actuators to perform various tasks such as measuring the temperature, turing on and off the lights,
detecting motion for the security system, and playing music synchornised throughout the house.
The devices should be accessible in case they need to be repaired, and they should be able to be
upgraded easily by the home owner as new versions are released. However, they should otherwise
require minimal maintenance and should function autonomously. All devices should connect back
to a central access point that controls the smart home.

Which type of connection would you choose for the sensors and actuators and why?
A) Wireless connection (e.g. WiFi, Bluetooth)
B) Wired connection (e.g. Ethernet)

(c) (4 marks) A server for a video streaming service is sending a live video stream via the internet to
a number of connected clients. A video frame is sent regularly every 40 ms. To ensure smooth
streaming of the video, it is important that both the end-to-end delay for each video frame, and
the jitter (the variance of the delay) are kept to a minimum. However, the stream can tolerate a
relatively high level of packet loss without significant degradation in video quality.

Which transport protocol would you choose for the video stream and why?
A) User Datagram Protocol (UDP)
B) Transmission Control Protocol (TCP)

Question 9 (20 marks)
A network is depicted in Figure 1. In the network are six routers (A, B, C, D, E, and F), and two end
hosts (G and H). Propagation delays on each of the links (δ, in milliseconds) are shown in the figure,
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A
µA = 12pk/s

B
µB = 8pk/s

C
µC = 10pk/s

D
µD = 12pk/s

E
µE = 15pk/s

F
µF = 10pk/s

G
µG = 20pk/s

H
µH = 20pk/s

λA = 8pk/s

λB = 5pk/s

λAC = 6pk/s
δAC = 50ms

λAD =??
δAD = 20ms

λBD =??
δBD = 10ms

λCE = 4pk/s
δCE = 30ms

λCD =??
δCD = 25ms

λDE =??
δDE = 40ms

λDF = 7pk/s
δDF = 16ms

λFH =??
δFH = 5ms

λEG =??
δEG = 10ms

Figure 1: Network of routers and end hosts

as are arrival rates for some of the links (λ, in packets per second), with unknown arrival rates marked
with “??”.

All the input traffic to the network (λA and λB) consists of Markovian packet arrivals, and each of the
routers has sufficient memeory that the space in their buffers can effectively be regarded as infinite. The
service rates at each router are also Markovian, and the average values (µ, in packets per seconds) are
shown in the figure.

After passing through the network, the traffic reaches the two end hosts (shown on the right-hand side of
the figure). The end hosts each have limited memory such that they can each only hold up to 6 packets
at a time, including the packet currently being processed.

(a) (3 marks) Calculate the total arrival rates at routers D and E.

(b) (6 marks) Calculate the probability of packet loss at each of the end hosts G and H.

(c) (4 marks) Calculate the total average time each (non-blocked) packet spends in the end host G.

(d) (4 marks) Calculate the average total delay for a single transmission of a packet using the following
route through the network: A, D, E, G. Include all delays: service time at all nodes, link propagation,
and queueing delays.

(e) (3 marks) If a packet is lost, it is retransmitted, and there is no retransmission limit. Calculate
the total average delay including possible retransmissions for packets following the same route as
in part (c) (A, D, E, G).
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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
p2

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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