1.

a)
Station A is transmitting 2 bits as 8 chips, which means SF=4.
Station B is transmitting one bit as 8 chips, which means SF=8.

b)
BPSK

c)
𝑅 = 𝑆𝐴 + 𝑆𝐵 + 𝑁 = (+2, 0, −1, −2, 0, −1, +2, +2)

𝑅𝐴!!! = 𝑅!!! ∙ 𝐾𝐴!!! = +5 → ′1′
𝑅𝐴!!! = 𝑅!!! ∙ 𝐾𝐴!!! = −5 → ′0′

𝑅𝐵 = 𝑅 ∙ 𝐾𝐵 = −4 → ′0′

d)
In order to solve this exercise correctly, one must not forget that the bits from A are decoded each 4
chips. If the signals from A and B arrive synchronized at the receiver, both half-keys (4 chips) are
orthogonal:
𝐾𝐴!!! ∙ 𝐾𝐵!!! = 𝐾𝐴!!! ∙ 𝐾𝐵!!! = 0
If B’s signal is delayed by 2 chips, orthogonality is lost in each half-key, which affects station A only,
since orthogonality is kept in each 8-chips:
𝐾𝐴!!! ∙ 𝐾𝐵 ≫ 2

!!!

= +4

𝐾𝐴!!! ∙ 𝐾𝐵 ≫ 2

!!!

= −4

Where “≫” is the rotation-right operation.

2.

a)
Knowing the length of the frame in bits (𝑙) and the target FER, it is easy to obtain the BER:
𝐵𝐸𝑅 = 1 − 1 − 𝐹𝐸𝑅

!
!

= 6,28×10!!

For 8-PSK modulation, the BER is calculated as follows:

𝐵𝐸𝑅!!!"# = 2𝑄

One will have to calculate 𝑄 !!
Knowing that

!!
!!

=

!!
!

!"#
!

2 ∙ 𝐸!
𝜋
∙ 𝑠𝑖𝑛
𝑁!
8

≈ 4.0. Then, solving for

!!
!!

, we get

!!
!!

= 54,63.

!

∙ , and that 𝑅!!!"# = log ! 8 ∙ 𝐵 = 3 ∙ 𝐵, one can now solve the equation for
!

𝑃! , reaching the final solution:
𝑃! = 1,64×10!! 𝑚𝑊 = −77,85 𝑑𝐵𝑚

b)
Two antennas transmitting over flat ground is a typical scenario to apply the Two-Ray Path Loss
model:
𝑃! = 𝑃! ∙

𝐺! ∙ 𝐺! ∙ ℎ! ∙ ℎ!
𝑑!

!

The antenna gains can be calculated based on the effective aperture, which is a function of the
physical aperture:
𝐴!"" = η ∙ A !!! =

𝜆!
G
4𝜋

Solving for 𝑑, it results in 𝑑 ≈ 49089,3 𝑚.
One has to check whether this distance is greater than the crossover distance. In case it is not, the
Friis Path Loss model should be used instead.
𝑑! =

4 ∙ 𝜋 ∙ ℎ! ∙ ℎ!
≈ 1047,2 𝑚
𝜆

This confirms that the Two-Ray Path Loss model was the correct choice, since 𝑑 > 𝑑! .

c)
The BER expression is the same for BPSK and QPSK, but this does not mean that their error
performance is the same. While each BPSK symbol corresponds to 1 bit, each QPSK symbol
corresponds to two bits. As such, 𝐸! !"#$ = 0,5 ∙ 𝐸! !"#$ . Consequently, and since the Q()

function decreases as 𝐸! increases, it can be concluded that BPSK is more robust (lower BER) than
QPSK for the same receiver signal power.

d)
Applying Shannon’s theorem, it is straightforward to calculate the maximum bandwidth efficiency
!

( ):
!

𝐶
𝑆
= log ! 1 +
≈ 8,64 𝑏𝑖𝑡/𝑠/𝐻𝑧
𝐵
𝑁! ∙ 𝐵

3.

a)
One OFDM symbol comprises N modulation symbols transmitted simultaneously, one in each
subcarrier. Thus, without cyclic prefix, he OFDM symbol time would correspond to the inverse of the
subcarrier spacing. The cyclic prefix must then be added, resulting in:
𝑇! =

1
+ 0.8×10!! 𝑚𝑠
312,5

𝑅! =

1
≈ 2,5×10! 𝑏𝑎𝑢𝑑
𝑇!

b)
Assuming QPSK modulation in each subcarrier, for the OFDM system, each OFDM symbol
corresponds to the transmission of 𝑙𝑜𝑔! 4 = 2 bits in each data subcarrier, so that:
𝑅! = 𝑅! ∙ 2 ∙ 48 = 24 𝑀𝑏𝑖𝑡/𝑠
For the single carrier (i.e., non-OFDM) system, the 48 data subcarriers plus 4 pilot subcarriers are
joined together in a single broadband carrier (it is assumes that the guard bands are kept the same)
and there is no cyclic prefix, so:
𝑅! = 312,5×52×2 = 32,5 𝑀𝑏𝑖𝑡/𝑠

c)
By dividing the channel bandwidth into a large number of subcarriers, OFDM transforms a single
broadband channel into a number of narrowband subchannels. Modulation symbols will be
transmitted in parallel, i.e., simultaneously, through the several narrowband subchannels, so that
one OFDM symbol comprises one modulation symbol from each subcarrier. Since each subchannel is
narrowband, the modulation symbols will have a much larger duration when compared with the
symbol duration of single channel broadband transmission (the latter will in fact be multiplied by the
number of subcarriers). The cyclic prefix, which corresponds to an inter-symbol guard time, will
increase the duration of the OFDM symbol even more. Since OFDM symbols are longer,

superposition of succeeding symbols due to multipath delay spread will be greatly reduced – it may
even be totally absorbed by the cyclic prefix.

d)
In order to keep the waveform characteristics, the power amplifiers must operate linearly
throughout all the signal amplitude range. But, the greater the PAPR, the wider the range of signal
amplitudes. One solution is to reduce the transmit power, but this will affect the SINR at the
receiver. In order to keep the same SINR at the receiver and still preserve the waveform
characteristics, expensive power amplifiers must be employed. While this is not a big problem at the
base station (the base station is naturally expensive and the number of base stations is orders of
magnitude lower then the number of terminals), this is a problem at the mobile terminal side. An
alternative used in LTE is to use SC-FDMA modulation for uplink transmission, since SC-FDMA
presents a lower PAPR.

4.

a)
It must be borne in mind that the layers of the protocolo stack are independente from each other
and lower layers don’t know anything about the higher layer protocols. As such, from the point of
view of the MAC layer, all LLC frames, irrespective of encapsulating TCP DATA or TCP ACK messages,
are always considered “data”, which will be equally treated as such.
𝑇!"#_!"#" = 𝐷𝐼𝐹𝑆 + 𝐵𝑎𝑐𝑘𝑜𝑓𝑓 + 𝑃𝐻𝑜 +
+ 𝑃𝐻𝑜 +

𝑀_𝐴𝐶𝐾
≈ 5,35×10!! 𝑠
𝑅

𝑇!"#_!"# = 𝐷𝐼𝐹𝑆 + 𝐵𝑎𝑐𝑘𝑜𝑓𝑓 + 𝑃𝐻𝑜 +
+

(𝑀_𝐷𝐴𝑇𝐴ℎ + 𝐿𝐿𝐶ℎ + 𝐼𝑃ℎ + 𝑇𝐶𝑃ℎ + 𝑑𝑎𝑡𝑎)
+ 𝑆𝐼𝐹𝑆
𝑅

𝑀_𝐴𝐶𝐾
≈ 2,38×10!! 𝑠
𝑅
𝑀𝑎𝑥𝑇ℎ𝑟𝑜𝑢𝑔ℎ𝑝𝑢𝑡 =

(𝑀_𝐷𝐴𝑇𝐴ℎ + 𝐿𝐿𝐶ℎ + 𝐼𝑃ℎ + 𝑇𝐶𝑃ℎ)
+ 𝑆𝐼𝐹𝑆 + 𝑃𝐻𝑜
𝑅

5×𝑑𝑎𝑡𝑎
≈ 27,5 𝑀𝑏𝑖𝑡/𝑠
5×𝑇!"#_!"#" + 𝑇!"#_!"#

b)
In the unacknowledged connectionless service, the main function of the LLC header is multiplexing
of higher layer protocols.

c)
i)

In order for the data packet to be successfully delivered, it must successfully cross the two WLANs in
one shot. The probability of succeeding end-to-end is:
𝑝 = (1 − 𝐹𝐸𝑅)! = 0,81
The average number of TCP attempts is then:
!!

𝑖 ∙ (1 − 𝑝)!!! ∙ 𝑝 =
!!!

1
≈ 1,23
𝑝

ii)
In order for a frame to be lost in a WLAN, all 5 attempts (first transmission + 4 retries) must fail. The
probability of this happening is:
𝐹𝐸𝑅!"# = 𝐹𝐸𝑅 ! ≈ 1×10!!
In this case, the probability of end-to-end success becomes:
𝑝 = 1 − 𝐹𝐸𝑅!"#

!

= 0,99998

The average number of TCP attempts is then:
!!

𝑖 ∙ (1 − 𝑝)!!! ∙ 𝑝 =
!!!

1
≈ 1,0
𝑝

