
Written Exam
Channel Modeling for Wireless Communications
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A minimum of 30 out of 60 points are required to pass. The maximum num-
ber of points for each question is indicated at the right hand side of each question.
Please try to allocate Your time wisely.

Permitted aids: Pocket calculator and a mathematical handbook (Tefyma, Beta
or equivalent).

Note: All answers must be properly motivated.
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Exam questions

1. What is the theoretical value of the propagation exponent for these two cases?:
a) Free-space propagation.
b) Propagation over a perfect ground plane, for distances beyond the break-
point distance. (3p)

2. What is the relation between the radio bandwidth of a system and its capability
to resolve signals that arrive with different propagation delays? (3p)

3. Explain coherence time and coherence bandwidth. (6p)

4. Some wireless channels exhibit frequency-selective fading. Give a brief explana-
tion of what frequency-selective fading is. Also explain how multi-path propa-
gation can cause this phenomenon. (6p)

5. Wideband systems sometimes suffer from Intersymbol Interference (ISI). Men-
tion two different techniques or methods that can be used to combat ISI. (6p)

6. In the context of MIMO, we have discussed spatial multiplexing and diversity.
Briefly explain these concepts and why they are used. (6p)

7. A channel sounder is being designed. The aim is to be able characterize time-
variant channels at 3.7 GHz, with a bandwidth of 100 MHz. The sounder also
needs to be somewhat resistant to interference from other sources. Here, we
consider three different types of channel sounding devices:
a) A pulse-based sounder.
b) A correlative sounder.
c) A Vector Network Analyzer.
Which type of channel sounder (a, b or c) is best suited for this case? (6p)

8. A road-side unit, with a fixed location, is designed to communicate with cars
along a highway. The system has a carrier frequency of 5.9 GHz and is designed
to handle maximal Doppler shifts of 1 kHz. What is the maximal car speed
that this system can handle? (3p)
A person suggest using the same system for communication between cars. For
the worst case scenario of two cars driving in opposite direction of each other,
what is the maximal speed that the system can handle? (Assume that the two
cars are driving at the same speed). (3p)
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9. The complex amplitude, r is modelled as

r = Aejφ︸︷︷︸
LOS

+ a+ bj︸ ︷︷ ︸
Diffuse

.

where a and b are i.i.d. Gaussian random variables with zero mean and equal
variances of σ2

a = σ2
b = 0.25, and A = (3 + 2j). Also, φ is a phase that depends

on position.
- Write down the expression for the probability density function of |r|, and
specify the parameter values of the distribution for this case. Note: The answer
needs to be motivated, but does not have to be derived mathematically. (4p)
- Calculate the ratio between the power of the LOS component and the power
of the diffuse components. (6p)

10. A wireless system with a carrier frequency of 2.1 GHz is designed to be able
to operate in rural areas up to distances of 5 km. The average path loss as a
function of distance for the intended environment is modelled by a dual-slope
model given by

P̄L(d) =

 PL(d0) + 10n1log10

(
d
d0

)
, if d0 ≤ d ≤ db

PL(d0) + 10n1log10

(
db
d0

)
+ 10n2log10

(
d
db

)
, if d > db

Here, db = 1.2 km, n1 = 2.3, n2 = 3.9 and d0 = 10 m. The path loss at this
reference distance, PL(d0), is given by the free space propagation model. Both
the base station and the typical user-equipment is equipped with antennas that
have a gain of 3 dBi each. Due to regulations, the base station is allowed to
transmit with an equivalent isotropically radiated power (EIRP) of 20 W. The
link is also subject to log-normal large scale fading. In the dB-domain, this
fading can be modelled as a zero-mean Gaussian with a standard deviation
of σ = 5 dB. Assume that the effects of small-scale fading is negligible. Also
assume that outage only occurs when the received power at the output of the
receiving antenna is below -95 dBm.
- What is the outage probability at the cell edge (d = 5 km) if the Tx transmits
with the maximum transmit power according to the regulations?
- Now, assume small-scale fading that is Rayleigh. What is the new fading
margin if both the large-scale fading and the Rayleigh fading should have an
outage probability less than 5%? Calculate the two fading margins separately
(with respect to the average received power) and then add them up. (8p)
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Solutions

1. a) The free space propagation propagation loss (assuming isotropic antennas)
is given by

Lfree(d) =

(
4πd

λ

)2

,

and hence the propagation exponent is n = 2.
b) The theoretical propagation loss for propagation over a perfect ground plane
(with isotropic antennas) at a distance beyond the break-point distance is given
by

Lground(d) =

(
d2

hTxhRx

)2

,

and hence the propagation exponent is n = 4.

2. The capability to resolve signals arriving with different delays is typically de-
termined by the delay resolution, which is given by the inverse of the system
bandwidth: ∆τ = 1

BW
. Larger bandwidths therefore imply an improved ability

to resolve signals with different delays. (High-resolution parameter estimation
methods can improve this capability, but these methods usually not considered
to be a part of a measurement system, so this comment is not needed to get
full credits on this question).

3. See text book.

4. See text book.

5. Techniques to combat ISI include equalizers, Rake receivers and Orthogonal
Freqeuncy Division Multiplexing (OFDM).

6. Spatial multiplexing is a technique where multiple transmit and receive anten-
nas are used to transmit independent and separately encoded data streams
through spatially orthogonal channels. Ideally, N = min(NTx, NRx) indepen-
dent channels can be transmitted, leading to an increase of the capacity by
a factor of N . Hence, spatial multiplexing is used to increase the spectral
efficiency of a system.

Diversity is a technique where two or more antennas are used two improve the
quality and reliability of a link. With multiple antennas, each antenna will
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experience a different intereference due to multipath propagation. Therefore,
if one antenna is experiencing a deep fade, another antenna might experience
favorable fading. This is thus used to combat the effects of small-scale fading,
and is used to increase the link quality and reliability.

7. Since the system should be able to characterize time-variant channels, a Vector
Network Analyzer cannot be used due to the long measurement time that is
required. If we also want the sounder to be resistant to interference from other
sources, the pulse-based system is not a good choice to its poor resistance to
interference. Correlative sounders can typically achieve a large time-bandwidth
product, providing immunity to noise and interference, and can also be used
for time-variant measurements. Therefore, c), a correlative sounder, is best
suited for this case.

8. If we assume that the contributions from other moving objects can be ne-
gletcted, the maximal maximal speed is given by

v1 =
νmaxc

f
= 50.85 m/s,

i.e., the maximal car speed that the system can handle is 183 km/h.

For communication between two cars, if we again assume no contributions
from other moving objects, the maximal speed for two cars driving in opposite
direction of each other at the same speed, v2 is given by

v2 =
νmaxc

2f
= 25.42 m/s.

The maximal car speed for each of two moving cars that the system can handle
is 91.5 km/h.

9. The term a + bj is circularly symmetric 2D Gaussian with zero mean. This
term alone would give rise to a Rayleigh-distributed magnitude. The addition
of a deterministic, dominant LOS component will cause the mean value of the
complex amplitude to shift. The term ejφ will cause the LOS phasor to rotate in
the complex plane, but will not change its magnitude. Since a+ jb is circularly
symmetric, the PDF of |r| does not depend on φ. The probability density
function of |r| is therefore Rician, and is given by

|r|
σ2

exp

(
−(|r|2 + |A|2)

2σ2

)
I0

(
|r||A|
σ2

)
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with parameters |A|2 = (
√

32 + 22)2 = 13 and σ2 = 0.25.

The ratio between the power of the LOS component and the diffuse components
is given by

K =
|A|2

2σ2
=

13

2 · 0.25
= 26, or, K|dB = 14 dB.

10. A maximum EIRP of 20 W corresponds to an EIRP 43 dBm. Since the Tx
antenna gain is 3 dBi, we are only allowed to feed the Tx antenna with 40
dBm. The received power will therefore be given by

PRx = PTx +GTx +GRx − PL(d)|d=5 km = −84.88 dBm

The fading margin is then given by

MF = 95− PRx = 10.12.

giving an outage probability of

Pout = Q

(
10.12

5

)
≈ Q(2) = 0.023.

The outage probability at the cell edge is approximately 2.3 %.

We now consider a case with both small-scale Rayleigh and large-scale log-
normal fading. Both of these should, independently of each other,1 have an
outage probability of 5 % with respect to the average received power. For the
large-scale fading, we have that Q(x) = 0.05, and from the table in the formula
sheet, we see that x ≈ 1.65. Since x = MF,1/σ, we get a fading margin of
MF,1 ≈ 1.65 · 5 = 8.25 dB for the large scale fading.

For the small-scale Rayleigh fading, the outage probability is given by

Pout = 1− e−r
2
min/(2σ

2
R) = 1− e

− 1
MF,2 ,

which gives

MF,2 = −10log10 (−ln(1− Pout)) = 12.9 dB.

The combined fading margin for the small-scale and large scale fading is equal
to

Mtot = 8.25 + 12.9 = 21.15 dB.

1This is a conservative way of calculating the combined fading margin for large-scale and smalle
scale fading; ideally they should be considered jointly.
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