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One of the major limitations on the performance of a mobile communication system is
the attenuation undergone by the signal as it travels from the transmitter to the re-
ceiver (Gilb 1965, TEEE 1988, Deli 1985, Cheu 1998). The path the signal takes from
the fransmitter to the receiver may be line-of-sight (LOS), as shown in Figure 2.1, in
which the case the signal loss may not be severe,

However, in a typical urban surrounding, the path between the (ransmitter and
receiver is indirect and the signal reaches the receiver through the processes of reflec-
tion, diffraction, refraction, and scattering from buildings, structures, and other ob-
structions in the path (Jake 1974). These means of signal transmission are examples
of non-line-of-sight (N-LOS) propagation mechanisms (Clar 1968). Reflection oc-
curs when a propagating electromagnetic signal meets an object that is much larger
than the signal’s wavelength. This happens when the signal enters a building. Reflec-
tion may occur at the walls of the building, as shown in Figure 2.2. Note that depend-
ing on the angle of incidence and the impedance of the wall, reflection may or may
not be accompanied by refraction.

Diffraction occurs when the surface encountered by the electromagnetic wave
has irregularities such as sharp edges. This leads to bending of the wave, making it
possible to receive the signal even when no direct path exists between the transmitter
and the receiver, as shown in Figure 2.3,

Scattering occurs when the medium through which the electromagnetic wave
propagates contains a large number of objects smaller than the wavelength. The wave
is scattered in all directions, as shown in Figure 2.4, This happens when an electro-
magnetic wave passes through a medium containing vegetation, clouds, or street
signs, for example.

BS antenna Line of sighy Los)

MU antenna

FIGURE 2.1 A direct path (line of sight) between two antennae.
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FIGURE 2.2 Rsflection of the electromagnetic wave at a boundary.
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FIGURE 2.3 Diffraction of the electromagnetic wave at the edge of a building
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FIGURE 2.4 Scattering of the electrornagnetic wave.

These non-line-of-sight (N-LOS) conditions (reflection, diffraction, and scatter-
ing) characterize most mobile communication transmissions. The free-space propaga-
tion models thus are not suited to calculate the attenuation undergone by the signal
being received. The power detected by a receiver (MU or BS) is shown in Figure 2.5.

Observing the power at a separation of several kilometers, we see a steady de-
crease in power. This is the simple attenuation of power. It does not tell the whole
story, however. If we zoom in to a distance of a couple of kilometers, we will see that
the power fluctuates around a mean value and these fluctuations have a somewhat
long period. This phenomenon is referred to as long-term fading or large-scale fad-
ing, and, as we shall see later, this can be described in terms of a lognormal distribu-
tion (Brau 1991, Bull 1977). If we zoom in further and examine the power over a few
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FIGURE 2.5 Power loss showing the three major effects: attenuation, long-term fading,
and short-term fading.

hundred meters, we will see that the power is fluctuating more rapidly. The phenome-
non giving rise to these fluctuations is referred to as short-term fading or small-scale
fading, which, as we shall see later, can be described in terms of the Rayleigh distribu-
tion. We can thus see that the nature of the received signal is more complex than a
simple description based on attenuation alone (Auli 1979, Akki 1994, Samp 1997).
We will now look at these three phenomena associated with the propagation of wire-
less signals in greater detail.

2.1 ATTENUATION

Consider a very simple case where there is a direct path between the transmitter and
receiver, as shown in Figure 2.6. In the absence of substantial obstacles in the path of
the signal, the received signal power, P,, follows the inverse square law (Gilb 1965,
Jake 1974):

Poxd’, (2.1)
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FIGURE 2.6 Free-space propagation

Transmitter Receiver geometry.

with d being the distance between the transmitter and the receiver. The received
power, P,(d), is normally expressed as

P,G,G,\
P.(d)= =, o 2, (2.2)
(4m)°d"L
The parameters G, and G, are the transmitter and receiver gains, respectively (Jake
1974). The operating wavelength is A, and L (>1) represents any additional losses in
the system not related to propagation losses, such as filter losses and antenna loss, etc.
(i.e., hardware losses).
The transmitted power is P,, in milliwatts. The product PG, is referred to as the
equivalent isotropic radiated power (EIRP). Another parameter of interest is the free-
space loss, Lg,_ . , given by

A
L. =-20 Iogm(mJ dB. @2.3)

The expression for EIRP can be used to estimate the received power at any dis-
tance from the transmitter using eq. (2.2),

2

d..
P.(d)=P(d,, ){FMJ , (2.4)

where d,¢ is a reference distance. The reference distance must be smaller than the
typical distances encountered in wircless communication systems and must fall in
the far-field region of the antenna, so that losses beyond that point are purely
distance-dependent effects (Rapp 1996b, Pahl 1995). This value is typically in the
range of 100-1000 m. The power at a distance of d,., P (d,ep), is again in milliwatts.
Making use of this approach, eq. (2.4) can be written as

d
P,(d)dBm = 10log,,[P,(d,.;)] + 20 logm!:—;e—f}. (2.5)

The actual loss suffered by signal at a frequency of fo (MHz) at a distance d (km)
under the conditions of a flat, obstruction-free terrain, L., can also be obtained by
rewriting the free-space propagation loss given in eq. (2.3):

T

o
Lg., = =20 10g10[4 ];}dB (2.6)
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where c is the free-space velocity of the electromagnetic wave, equal to 3 X 10% m/s, and
fisthe frequency. Expressing the frequency in megahertz, eq. (2.6) can now be expressed as

Ly = 32.44 + 20 log ,(f) + 20 log ,(d), Q2.7

where d must be larger than 1 km, f is in megahertz, and 4 is in kilometers.

EXAMPLE 2.1
Consider an antenna transmitting a power of 10 W at 900 MHz. Calculate the received power at

a distance of 2 km if propagation is taking place in free space.

Answer The wavelength at 900 MHz is 3¢°/9¢” = (1/3) m. Using eq. (2.2) with L = 1,
G, = G, = 1,and d,; = 100 m, the received power at d,.; is

10 1 ¥
@amn’ (3x 100]z =Dy

or —3L.5 dBm. Now, using eq. (2.4), the power at a distance of 2 km is —57.5 dBm. Using
eq. (2.6), the loss is 32 44 + 201og,,(900) + 20 log,,(2) = 97.5 dB. Therefore, the received
power is 10 log ,( 10* )—97.5 = -57.5dBm, |

The case of free-space propagation discussed above, of course, is an ideal case,
and the power often attenuates at a rate much higher than predicted by the inverse square
law. Hence, the loss experienced in most cases will be considerably higher (Rapp 1995,
Deli 1985). It is possible to explore whether, instead of the power decreasing as the in-
verse of the square of the distance from the transmitter, the power loss follows an ex-
ponent of a higher order, v, so that the received power P, can be expressed as

P oxd”, (2.8)

where the loss parameter, », has a minimum value of 2 in free space and takes a value larger
than 2 when free-space propagation conditions do not exist. The received power under non—
line-of-sight (N-LOS) conditions can now be written by combining equations (2.4) and (2.8) as

d
P (d)dBm = 10Tog,[P,(d, )] + IOvlog,{ :f] 2.9)

where d_; is the reference distance (100 m). Typical plots of the received power for a
few different values of v are shown in Figure 2.7, indicating that losses tend to grow
when N-LOS conditions prevail. The higher values of v correspond to city and urban
areas, and lower values of v correspond to suburban or rural areas.

EXAMPLE 2.2

In Example 2.1, calculate the received power in dBm if the loss parameter v is 2.5, 3, and 4.

Answer The power at a short distance (4, = 100 m) is obtained from eq. (2.2) as
—31.5 dBm. Now, using eq. (2.9), the power at a distance of 2 km is

—64 dBm for v = 2.5
—F05dBmforv=73
-83.5dBmforv=4 [ |
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FIGURE 2.7 Received power for different values of loss parameter ¥ (v = 2
correspands to free space). Increased loss is seen as v goes up.

A number of models have been proposed to predict the loss of a signal as it trav-
els to the receiver. These loss models combine empirical measurements in many cities
and some physical models to account for the different ways in which radio-frequency
signals travel. As mentioned earlier, the signals from the transmitter are reflected,
scattered, refracted, diffracted, and absorbed by the terrain, which consists of build-
ings, vegetation, and other ground effects, before they reach the receiver. These vari-
ous physical phenomena combine to produce significant attenuation in the signal. The
loss of power is often accompanied by fluctuations, as shown in Figure 2.5, in the
mean or median value of the power received, making predictions of received power
(and design considerations based on received power) a little bit more difficult. A few
different modes of transmission and reception of wireless signals (Meli 1993, Mchr
1999) are shown in Figures 2.8, 2.9, and 2.10.
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FIGURE 2.8 The signal reaches the receiver through reflection and diffraction.




16 CHAPTER 2 PROPAGATION CHARACTERISTICS OF WIRELESS CHANNELS

BS
antenna

mu
antenna

FIGURE 2.9 The signal reaches the receiver through reflection and
scattering, as well as via a direct path.

BS
antenna

FIGURE 2.10 The most general case of signal reception, consisting of a direct
path, a reflected path, a scattered path, and a diffracted path.

In Figure 2.8 the signal from the BS can reach the MU through the processes of
diffraction and reflection. This is one of the common ways in which the transmission/
reception of signals takes place in a city with tall buildings. In Figure 2.9 the signal
from the BS takes three separate paths to reach the MU. In addition to the line-of-sight
path, a path is provided by ground reflection and another path is provided by scatter-
ing from the building. The most general case is shown in Figure 2.10. In this case, the
signal reaches the MU after undergoing reflection, scattering, diffraction, and possibly
relraction after interaction with different structures in its path, or what may be de-
scribed as “terrain-dependent” effects.

Combining all these different ways in which the signal can reach the receiver,
Okumura and colleagues proposed a model to predict the median signal loss based on
measurements conducted in and around Tokyo (Okum 1968). The model is based on the
premise that it is possible to calculate the free-space loss between any two points for a
base station antenna height of 200 m and a mobile antenna height of 3 m, with correction
factors added to account for the terrain. Additional correction factors can be included



2.1 ATTENUATION 17

to account for other factors, such as street orientation, These correction factors take into
account the following features, among others:

Antenna heights and transmission frequency (or wavelength)
Suburban, quasi-open space; hilly terrain; etc.

Diffraction loss du¢ to mountains

Lakes

Road shape

Even though this model is very reasonable in predicting the signal loss, it is not
casy to use since correction factors must be incorporated for every conceivable sce-
nario, or the results will have to be extrapolated. To overcome some of these prob-
lems, Hata proposed a reasonably simple model that fits Okamura’s graphical results
(Hata 1980, 1985). Another model that provides for transmission loss is Lee’s model
(Lee 1980, 1993, 1997).

Note that the Hata model and Lee’s model merely provide a formula for path
loss with respect to distance. But path loss alone is not sufficient to characterize the
channel through which the signal is traveling. A typical path loss observed (Figure
2.5) shows the effects of fading, both long-term and short-term.

Before examining the relationship between attenuation and fading, we will look
at the Hata model as well as Lee’s model for calculating the propagation loss. We will
also look at the differences between indoor and outdoor propagation, and examine
ways of modeling and calculating indoor propagation losses.

2.1.1 Hata Model

The Hata model (Hata 1980) is a significant improvement over Okumura’s model
(Okum 1968) for the prediction of propagation losses. The propagation in different geo-
graphical regions is taken into consideration using correction factors that have been em-
pirically derived. The starting point in the loss prediction is the propagation in an urban
area. The loss models are generally given in terms of the median loss rather than the
mean loss. The losses are given in terms of the effective height (4,) of the BS antenna
and the height (4,,,) of the MU antenna (measured above the ground). The approach for
estimating the effective height of the BS antenna is shown in Figure 2.11. Typically, BS

Hill or

building hy, (Effective base station antenna height)

Average ground level

3km 15 km
FIGURE 2.11 The effective height of the BS antenna.




18 CHAPTER2 PROPAGATION CHARACTERISTICS OF WIRELESS CHANNELS

antennae are mounted on top of existing buildings or other tall structures. Between 3 and
15 km from the base of the antenna to the MU antenna, the effective height is estimated
to be above the average level of the terrain, as shown in the figure.

In the Hata model, median path loss, Lp (dB), in urban areas is given by

L, (dB) = 69.55 +26.16 log,,( f) + (44.9 - 6.55 log , 1, )log,,d

—13.821log,, hy—a(h (2.10)

el
where
Jo = carrier frequency (MHz)
d = separation between base station and mobile unit (km)
h;, = height of the base station antenna (m)
hy, = height of the mobile unit antenna (m)
a(h,,,) = correction factor for mobile unit antenna height.

For large cities, the correction factor a(h_, ) is given by

a(hyy) = 3.2[log,o(11.75k,,)1 =497 (f, = 400 MHz).  (2.11)

For small and medium cities, the correction factor is
a(hy,) = [1.1log,,(f) —0.71 A, — [1.561og,, (f,) - 0.8]. (2.12)

For suburban areas, the median loss, L, is given by

2
Ly (dB) =L, ~ 2[10gm['zigﬂ —5.4, (2.13)

where L is the median loss in small-to-medium cities. For rural areas, the median

loss, L., is given by

L. (dB) = L —4.78[log,o( f)]' +18.33log,, f,-40.94,  (2.14)

where L, is the median loss in small-to-medium cities. The only limitation of the Hata
model is the requirement that the distance, d, between the BS and MU exceed 1 km.
The typical loss as given by the Hata model is shown in Figure 2.12. Note that
the difference in correction factors between a large and a medium-to-small city is only
about 1 dB. This makes the loss curves for these two cases appear to be very close.
The Hata model can also be used to estimate the value of the loss parameter ». The

received power, P ,(d) (dBm), for any separation, d (km), between MU and BS can be
expressed as

P (d)(dBm) = P,— P, _(d), (2.15)

where P, (dBm) is the transmitted power and P, (d) is the loss calculated from Hata’s
model. The received power can also be expressed as

P (d)= GJ (2.16)

where » is the path loss exponent.
The loss at the two distances d; and d (>1 km) can be expressed as

Poss(drey) * 10w logyo(d ) 2.17)



2.1 ATTENUATION 19

180 180
Large city Medium-size city

o 180 = 160
= =
8 &
o 140t S 140
o 120 © 120
a a

100 : ! 100 | ;

0 10 20 30 0 10 20 30
Distance (km} Distance (km)
160 140
Suburbs Rural area

m )
E 140 < 120
o 7]
w /2]
S °
2 120 £ 100
<) 3]
o a

100 | ] J 80 I 1 |

0 10 20 30 10 20 30

Distance (km)

Distance {km)

FIGURE 2.12 Loss calculations based on the Hata model for four different environments.
Carrier frequency = 900 MHz, base station antenna height = 150 m, MU antenna height = 15m.

and
P (d) <10 log,(d), (2.18)
and the expression for » becomes
P oss(d) -P Osﬁ(d )
B I loss \ Dref , (2.19)
10[ log4(d) —log 4(d )1
where d . is 100 m and P, is given by
(4md_ )’
Plcss(dmf) =10 ]‘Oglﬂ T . (220)

obtained from eq. (2.2).

EXAMPLE 2.3

Find approximate values of the loss parameter, v, using the Hata model for the four geographi-
cal regions: large city, small-to-medium city, suburb, and rural area.

Answer  Using Figure 2.12, the loss values at a distance of 5 km are 131.36 dB, 131.34 dB,

121.40 dB, and 102.8 dB, respectively, for large city, small-to-medium city, suburb, and rural
area. Using eq. (2.19), the respective values of v are 4.05, 4.04, 3.3, and 2.11. Note that these
values are approximate, and  must be 2 km or more to get reasonably stable values of v. |
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Extension of Hata Model to PCS The attenuation model proposed by Hata
can be extended to PCS (personal communication system) environments (Meli 1993,
Rapp 1996b, Garg 1997, Saun 1999). The median loss in urban areas, L, (dB), can be
expressed as

L,(dB) =46.3 +33.93 log,,(fy) —13.821ogy( k) — alh,,,)

+[44.9—6.5510g,,(h,)] log,gd + Corr 2.21)

where Corr is the additional correction factor given by

Corr = {O dB for medium city and suburban areas (2.22)

3 dB for metropolitan arcas

This model is valid for the following parameters only:

for 1500-2000 MHz
Ay 30-200 m
A 1-10m
d: 1-20 km
The Hata model is applicable only [or distances beyond 1 km, and thus cannot
be used in microcells (see Chapter 4), where the distance between the transmitter and
receiver may be only a few hundred meters. Newer models (the Har, Xia, and Bertoni

model; and the Walfisch-Ikegami model) are available for loss prediction over short
ranges, and are discussed in Section C.2 in Appendix C.

2.1.2 Lee's Model

Another model available for the prediction of path loss is the one proposed by Lee
(Lee 1980, 1993). Based on measurements taken in three cities, including Philadel-
phia, the model provides the loss in signal strength on an area-to-area basis. These
loss values can then be used as a set of initial values to get a point-to-point loss predic-
tion. The median loss (area-to-area) at a distance d (km), L(d), can be expressed as

L(d) (dB) = Ly + 10w log,4(d) + a,, (2.23)

where L, is the loss at 1 km, »is the loss parameter, and «, is a correction factor. The
predictions were done for a carrier frequency of 900 MHz, a transmitting (BS) an-
tenna of height 30.5 m, and a receiving antenna height of 3 m. The correction factor,
@, is included to account for any change in the standard parameters used in the model
and can be expressed as

a. = 10 log,(F). (2.24)
The parameter F is the product of various correction factors,
F=FF,FF,Fe, (2.25)

where

2
B [actual base station antenna height (m)]
=

2.26
305 (2.208)
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F, = actual transmitted power (W)] (2.26b)
= 10
F,= [ actual gain of base station antenna] (2260)
L 4
2, 2
il i ight
= actual mobile uml;ntenna heig (m)}  height>3m  (226d)
F ¢ = differential antenna gain correction factor at the mobile unit.  (2.26¢)

The loss based on the point-to-point model, L,(d), can now be expressed as

A,
L,(d) (dB) = L(d) +20 1ogw(1%f], 2.27)

where A is the effective height of the antenna, taking into account the location of the
antenna in relation to the terrain, as shown in Figure 2.13.

Note that the Hata model is easier than most of the other models for predicting
propagation losses and will be used for the computation of the cell radius in Chapter 4.

BS antenna

MU antenna

{b)

FIGURE 2.13 The concept of h.4 (a) MU antenna on the ground.
{B} MU antenna above the ground,




22 CHAPTER2 PROPAGATION CHARACTERISTICS OF WIRELESS CHANNELS

2.2 INDOOR PROPAGATION MODELS

The models discussed so far can be used to predict signal strength outdoors, but are not
sufficient to predict signal strength indoors. Typical examples of indoor propagation are
found in shopping malls, and in office buildings with different floors and room
configurations. The variety of objects that reflect, scatter, and diffract the wireless signals
include the different types of ceiling fixtures within a building, the different types of
displays, and the different types of furniture. A model that can predict signal loss must
take these different features into account (Bult 1987, 1989: Ders 1994; Molk 1991; Gane
1991). A building may have a very large room with no partitions and very few obstacles,
or a very large room with a large number of obstacles. It is also possible for a building
to have similar conditions in small rooms. The number of obstacles is not the only major
factor in the determination of signal loss. The material used for partitioning the building
also can adversely affect the strength of signal reaching the mobile user. This poses the
challenge of coming up with a very general model that can predict the signal losses under
all these conditions. The best approach for modeling propagation indoors is to classify
these various environments into different “zone” configurations (Turk 1991b,
Walk 1983, Samp 1997, Lots 1992, Rapp 1996b, Pars 1983). These configurations are
based on the location of the base station and how the base station handles the traffic, and
whether the base station is inside or outside the building.

2.2.1 Extra Large Zone

In an extra large zone there is a single base station outside the buildings that handles
all the traffic in the buildings. This situation is ideal for a region that has a number of
small offices or shops in adjoining buildings, as shown in Figure 2.14a.

Since the transmitting BS antenna is located outside the building, the signal will
incur path-dependent losses as well as penetration-dependent losses because the sig-
nal must first fraverse to the building boundary and then penetrate various floors and
walls of the different buildings to reach the mobile unit. The median loss at a distance,
d, from the transmitter in the cxira large zone, Lg,; 7(d), can be expressed as

aY* a\*
Ly ,(d) (dB) = IOIOgI{Ld(dU) 2 L@l =1 A4 } (2.28)
dU d(]

where
L,(d,) = attenuation due to propagation at d = dj,
Ly(dy) = attenuation due to building at d = d,
v, = attenuation factor of the propagation path loss with respect to distance
vg = building attenuation factor
Ag = loss factor due to building penetration.

Note that quantities L(d,) and Lgz(d,) are determined by the density of the
obstacles present in the path as well as the frequency dependence of the losses. The
distance-dependent loss parameter, v, is about 2 if there are very few obstacles
(nearly frec-space propagation), and if there are a lot of scattering centers v, can be in
the range of 36, as described in Section 2.1. The parameter v usually is in the range
of 0.5-1.5. The quantity A, depends on the difference between the heights of the
transmitling and receiving antennae as well as on the materials in the building.




2.2 INDOOR PROPAGATION MODELS 23

Base station %

(a) (b)

FIGURE 2.14 (a)Extra large zone. A single BS antenna is stationed outside
the building. (b} Large zone. The base station is located in the building.

2.2.2 Large Zone

In a large zone, the building is very large but has a low population density. In this clas-
sification, a single base station is housed within the building itself. This situation is il-
lustrated in Figure 2.145.

The median loss in a large-zone system, L; p(d), can be expressed by simplify-
ing eq. (2.28), for the loss in the extra large zone, as

A\
L g(d)(dB) = lOlogm[Ld(do)(d—) } (2.29)
0

where 1 is the loss parameter. It will be in the range 2-3 if the transmitter and re-
ceiver are on the same floor, and it will be greater than 3 if they are on different floors.

2.2.3 Middle Zone

In the middle zone, the building structure is large and also heavily populated. This is
a situation that commonly exists in shopping malls.

In this classification, a number of base stations are located within the building to
serve the mobile phone users. A typical scenario for a single base station located within
the building structure is shown in Figure 2.15. The median loss in the middle-zone sys-
tem, Ly, (d), can be expressed as

dafod

2
Lyy (@) (dB) = lOlogw[[ } F(d)k‘W(d)sz(d)}, (2.30)

where
Jo = carrier frequency
c = velocity of the electromagnetic wave
F(d) = floor loss
W(d) = wall loss
R(d) = reflection loss
k; = number of floors in the path
k, = number of walls in the path.
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FIGURE 2.15 Middle zone. A base station
is located within the structure to serve the
MU in a portion of the structure. Similar base
stations are present in other parts of the
building.

2.2.4 Small Zone and Microzone

A building can have many partitions, with the penetration of the signal depending heavily
on the material properties of the walls and partitions. This requires the provision of one
base station for each room in the building. The loss models for the small zone can be ob-
tained using the results for the large zone by incorporating the appropriate value of the loss
parameter, v, based on the number and types of obstacles between the transmitter and re-
ceiver. If LOS conditions exist, » will be 2; for N-LOS conditions, v will be close to 3.5.

The conditions of the building may be such that there is heavy traffic within
each room, and this will require the use of several base stations within a single room.,
Path loss calculations for the microzone can be done similarly to those for the small
zone, using slightly smaller values of the loss parameter v.

2.3 FADING

As discussed earlier, the transmission characteristics are not determined by attenua-
tion alone. The loss or attenuation observed may also fluctuate with distance and time,
and this can be described in terms of fading.

When a signal leaves the transmitting antenna, it gets reflected, scattered, dif-
fracted, or refracted by the various structures in its path (Arre 1973, Jake 1974,
Gupt 1985, Fleu 1996, Hamm 1998, Stee 1999). We examined the signal loss arising
from the presence of various obstacles in the channel. We also observed that the trans-
mission loss fluctuates around a mean or median value. This aspect of the transmission
loss curve, where the received signal loses its deterministic nature and becomes random
in time and space, is described in terms of fading. In other words, fading is the process
that describes the fluctuations in the received signal as the signal travels to the receiving
antenna. Fading can be described either in terms of the primary cause (multipath or Dop-
pler), the statistical distribution of the received envelope (Rayleigh, Rician, or lognor-
mal), the duration of fading (long-term or short-term), or fast versus slow fading (Turi
1972, Stei 1987). We will look at these different characterizations of fading to under-
stand their origin and specific consequences. We will also look at the various forms of
fading to establish the relationships that exist among them.

2.3.1 Multipath Fading

Multipath fading, as the name suggests, arises from the existence of multiple paths be-
tween the transmitter and receiver. When a signal leaves the transmitting antenna, it
can take a number of different paths to reach the receiver, as shown in Figure 2.16.
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Building 1 Building 2 Building 3

Building 4 Building 5 Building 6
FIGURE 2.16 The multipath concept.

The mobile unit receives signal components that are scattered, reflected, diffracted,
etc. by the buildings or by other artificial or natural structures, creating a number of
different paths (Hodg 1990a, Tkeg 1980, Rumm 1986, Brau 1991, Rapp 1996b).

We assume that the signal components scattered by these different structures ar-
rive at the receiving antenna independently of each other, as shown in Figure 2.17.
Under this condition, the signal received at the antenna can be expressed as the vector
sum of the components coming from these structures.

For the time being, we also assume that the receiver is stationary, The received
signal e,(f) can then be expressed as a sum of delayed components:

N

e(t) = z“gp(f_"f)’ (2.31)
i=1
where g; is the amplitude of the scattered component, p(f) is the transmitted pulse
shape, and ¢ is the time taken by the pulse to reach the recciver. N is the number of dif-
ferent paths taken by the signal to reach the receiver. Note that we also make the as-
sumption that no direct path exists between the transmitting and receiving antennae.
Instead of writing the received signal amplitude as the sum of delayed components,
we can also use phasor notation to represent the received signal:
N

e (f) = Zafcos(waor +¢.), (2.32)
i=1
where f, is the carrier frequency. The ith signal component has an amplitude of ¢, and
a phase of ¢,;. The difference between eq. (2.31) and eq. (2.32) is the assumption of a
single signal of carrier frequency fj, in eq. (2.32) versus the transmission of a pulse in
eq. (2.31). We will go back to eq. (2.31) later.
Equation (2.32) can be rewritten in terms of in-phase and guadrature notation as

‘7\{

N
e (t) = cos(2 ’Efo.“)z a.cos(,) - sin(27rf0r)z a;sin(),  (2.33)
i=1 i=1

FIGURE 2.17 Conceptual
\ “ray” diagram of the

- multipath between the

transmitter and receiver.

Transmitter
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where the first summation is identified as the irn-phase term and the second summa-
tion is identified as the quadrature term.

If the locations of the structures are completely random, one can safely as-
sume that the phase ¢; will be uniformly distributed (Papo 1991) in the range
(0, 277). Under conditions of large N, the amplitude of the received signal can then
be expressed as '

e,(1) = Xcos(2mf,t) — Ysin(2wfy 1), (2.34a)

where

N N
X = Zafcos(qu-), Y= Z a;sin(,). (2.34b)
i=1 i=

X and ¥ will be independent, identically distributed Gaussian random variables by vir-
tue of the Central Limit Theorem (Papo 1991). Under these conditions, the envelope
of the received signal, A, given by (X 2+ Y )2, will be Rayleigh distributed. The
cnvelope can be recovered through demodulation, which is discussed in Chapter 3.
The probability density function f,(a) is given by

2

fu(a) = iexp[— “—] Ua), 2.35)

: 2 2
o 2a

where the parameter o2 is the variance of the random variable X (or ¥) and U(.) is the

unit step function. Note that if the envelope of the signal is Rayleigh distributed, the
power, P, will have an exponential distribution, given by

i 1 P
= ——\U{p). 2.36
f(p) 5 ZEXP( 5 2) r) ( )

The Rayleigh and exponential probability density functions are shown in Figure 2.18.
The Rayleigh-distributed envelope is characterized by a mean given by

E(A) = o"\/%— (2.37)
and a variance, o'i , given by
O'i . -:;l'2 [2 e —;—1 (2.38)

Note that the Rayleigh distribution is also unigue in terms of its ratio of the mean to
the standard deviation;

E(A)
T4

= 1.91. (2.39)

Plots of the radio-frequency (rf) signal and the corresponding envelope under
Rayleigh fading are shown in Figure 2.19. We see that the received signal power is
random even in the absence of noisc introduced by the electronic system, namely,
the additive white Gaussian noise. This is a consequence of the existence of multi-
ple paths and the randomness of the phase (Auli 1979). Multipath fading thus leads
to fluctuations in the received signal when the MU moves from place to place.
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FIGURE 2.18 The density functions of the Rayleigh-distributed envelope and
exponentially distributed power.
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FIGURE 2.12 Rayleigh-faded rf signal (a) and its power (). The plots were
generated from 11 multiple paths. The envelope was obtained by demodulating
the rf signal.




28 CHAPTER 2 PROPAGATION CHARAGTERISTICS OF WIRELESS CHANNELS

Note that we have not taken into account the fact that the MU may be moving at a
certain speed.

To understand the implications of this fluctuation in the received power, con-
sider the following scenario. If the receiver is designed to operate at an acceptable
level only if a certain minimum power, Py, is being received, the receiver goes
into outage whenever the power goes below this threshold value (Jake 1974, Ikeg
1980, Pale 1991). In Figure 2.19, we can clearly see that the system goes into out-
age if the threshold is set to —20 dB of relative power (indicated by the line drawn
parallel to the frequency axis in Figure 2.19b). The outage probability, p,,, can
now be calculated as

Py P ] p p
Pou= | flp)dp= —exp(— —] dp=1- eXP(— -]= (2:40)
0 0 p p

0 Py 0

; . 2

where P is the average power, given by 20" . One of the adverse consequences of
fading is the existence of outage. When outage occurs, the performance of the wire-
less system becomies unacceptable.

out*

EXAMPLE 2.4

Consider the case of a Rayleigh-fading channel. If the average power being received is
100 wW, what is the probability that the received power will be less than 50 WW?

Answer  Using eq. (2.40), the probability is [ 1-exp(-50/100)] = 0.3935. |

EXAMPLE 2.5

If the minimum required power for acceptable performance is 25 wW, what is the outage prob-
ability in a Rayleigh channel with an average received power of 100 pW?

Answer Using eq. (2.40), the probability of outage is [l—exp(—25/100)] =
0.2212, or 22.1%. |

2.3.2 Dispersive Characteristics of the Channel

The fluctuation of the received power is not the only effect of fading. Fading may
also affect the shape of the pulse as it is being transmitted through the channel
(Cox 1972, 1975; Hash 1979, 1989). Consider the diagram of multipath fading
shown in Figure 2.20, corresponding to eq. (2.31). Only four different paths are
shown. Because of the different paths taken, the replicas of the pulse will arrive at
the receiver at four different times. If these pulses are not resolvable, the effect of
the multipath is to produce a broadened pulse, as shown by the envelope of the
overlapping pulses. In other words, the multipath effect can result in broadening of
the transmitted pulse, leading to intersymbol interference (ISI) (see Section B.6,
Appendix B).

The situation shown in Figure 2.20 can be simulated using MATLAB. The
results are shown in Figure 2.21. A Gaussian pulse of width ¢, = 14.14 ms is being
transmitted through a wireless channel. Ten different paths have been selected to
replicate the scenario described in the previous paragraph. These pulses have different
time delays, randomly chosen and having random power as they reach the receiver. A
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FIGURE 2.20 (a2 A
transmitted pulse. {b} The
multiple pulses produced due
to the multipath arriving at

Transmitted pulse Pulses overlap and different times and with
result in a :Jroadened different powers, leadingto a
el broadened envelope of the
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FIGURE 2.21 The frequency-selective fading channel simulated using MATLAB.

single pulse corresponding to one of the paths is shown in Figure 2.21a; this pulse is
simply a delayed version of the transmitted pulse. In the absence of multiple paths,
the pulse width remains the same as that of the transmitted pulse. Figures 2.21b, c,
and d show the received pulse (the sum of the 10 multipath components) for three
different simulations. The power has been normalized to unity. The standard deviation
of each pulse is also indicated. It is obvious that the pulses have broadened. This is
demonstrated by the increase in the pulse width of the received pulse compared with
the transmitted pulse (Figure 2.214). The situation depicted in Figure 2.20b is shown
in Figures 2.215b, ¢, and d.

This dispersive behavior of the channel can be qualitatively described in the
following manner. (The reasons for referring to this behavior of the channel as
dispersive will be clear later.) Consider the transmission of a very narrow pulse
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FIGURE 2.22 Impulse responses of two channels. (a} A typical rural area. (b} An urban area.

(delta function). The impulses corresponding to the multiple paths arrive at
the receiver at different times and with different amounts of power depending on the
nature of the scattering/reflection/refraction/diffraction that is responsible for
the generation of the particular component. These multiple arrival times of signals
with different powers can be used to define the impulse response of the channel as
shown in Figure 2.22. For example, in a rural area, these impulses are likely to
arrive at almost the same time and will most likely take a shorter time to reach the
receiver. This is due to the fact that there are fewer tall structures, and therefore the
paths are close to each other (Figure 2.224). This means that the difference between
arrival times of any information received will be too small to be observable or
measurable. On the other hand, for an urban area (Figure 2.22b), the multiple paths
will be more diverse and the received pulses will be spread out much more (Bult
1983, Hash 1993, Akai 1998, Hanz 1994). Under these conditions, information
arriving in the form of finite-size pulses will overlap and result in a broadened
pulse, as shown in Figure 2.21.

We can now write an expression for the average time taken by a pulse to reach
the receiver. A typical impulse response is shown in Figure 2.23. The average delay,
{ 1), experienced by the pulse as it traverses the channel is

{7y =2 ] (2.41)

The quantity p; represents the power coming along the ith path, and 7, is the time
taken by the ith component. The rms (root-mean-square) delay spread, o, is

given by
o = ATy = (T (2.42)
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where (1-2) is the mean square delay given by
N

5
27

(7=~

=1

N :
5
i=1

pF.ZO if i#1,

(2.43)

In the ideal case, we would like to have

indicating the existence of only a single path. In other words, if o, is zero, there will be
no spreading of the pulse. Similarly, if o, is very high, we expect to see considerable
pulse broadening. It is therefore possible to quantify the pulse broadening by defining
the low-pass bandwidth of the channel to be inversely proportional to the r.m.s delay
spread. The channel bandwidth, B,, is approximately given by (Stei 1987, Rumm 1986,
Rapp 1996h)

B_= —1— (2.44)

° 5oy

The channel bandwidth can be identified as the coherence bandwidth of the channel,
using the concept of envelope autocorrelation (see Appendix C, Section C.1),

It must be noted that this estimate of the channel bandwidth is only a means to
characterize the channel by its frequency-dependent behavior, and not an exact repre-
sentation of the bandwidth. If the channel bandwidth B, is larger than the message band-
width B, all the frequency components in the message will arrive at the receiver with
little or no distortion, and IST (intersymbol interference) will be negligible. This case is
shown in Figure 2.24, and the channel is referred to as a flat fading channel, It is possible
to characterize the rural areas as nearly “flat channels” since the likely valucs of T, are
going to be very small, as shown in Figure 2.224.

On the other hand, if the message bandwidth, B, is much larger than the
channel bandwidth, B, different frequency components in the message will be
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FIGURE 2.24 The baseband

channel response (transfar

function) of a “flat” channel

By B; f along with the spectrum of the
(b} transmitted signal S{1.

subjected to dispersive behavior, resulting in pulse broadening, and consequently the
components will experience ISI (see Figure 2.25). The channel is thus classified as a
frequency-selective channel (Bell 1963a, Jake 1974). The impulse response shown in
Figure 2.22b can be viewed as an example of a frequency-selective channel. Note,
however, that the distinction between flat and frequency-selective channels must be
based on the relationship between the information bandwidth and o, and not on the
absolute value of o, Thus, a flat channel becomes a frequency-selective one if
the information is transmitted at a higher and higher data rate. We can now
understand why we refer to a frequency-selective channel as a dispersive channel.
The frequency-selective channel behaves as if different frequency components travel
at different speeds (phenomenon of dispersion) and arrive at different times at the
receiver, leading to pulse broadening.

s(t rit
—)_—,. hc(t:l __(}—,.
(a)
[H{f)I |
S{f)
FIGURE 2.25 The baseband

channel response (transfer
function) of a “frequency-

selective” channel (&) along
B: B f with the spectrum of the
(o) transmitted signal (b}, S(f).
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EXAMPLE 2.6

A typical impulse response of a wireless channel is given in Figure E2.6. If the data rate is
240 kbps, classify the channel as frequency-selective or flat.

=
2 0+
@
g
o =10 + A
5]
=
& 20+
b}
o
-30 +
0 05 1 1.5 2
Time {us)
FIGURE E2.6

Answer P(0.5) = 0.01, P(1) = 0.1, P(1.5) = 0.001, and P(2) = 1, with sz-" = 1.111.
firyom 05x0.01+1x01+1.5x00014+2x1

1111 = Ladiy
() = 025 X001 +1x0.1+225x0.001 +4x1 _ 500 2
LIl
o, = J3.695-1.896” = 0.315 s
B, =675 kHz > 240 kHz. The channel is therefore “flat.” |

We see that the two effects, the randomness of the received signal cnvelope and
the frequency selectivity of the channel, are separate manifestations of the multipath
propagation and can exist alone or in combination. However, in most practical cases,
the received signal phases are random, and the Rayleigh distribution of the envelope
will be exhibited irrespective of the frequency-selective nature of the channel.

Omne of the best ways to describe the frequency-dependent behavior of the chan-
nel is to use a two-ray model to represent the fading, In this model (Walk 1966, Clar
1968, Hash 1979, Ball 1982, Casa 1990), the impulse response, 4.(f), of the channel is
written as the sum of two Rayleigh fields having random phases and a delay of 7:

h (1) = a;exp(jip ) 6(t) + a,exp(jifs,)8(t — 1), (2.43)

where a, and a, are independent, identically distributed Rayleigh variables, and
and iy are uniformly distributed in the range (0, 2). If a, is zero, we have a (lat lad-
ing channel. By varying 7, it is possible to create channels with different bandwidths.
Consider a simple case where @ and a, are scalars and deterministic with b = a,/a, .
Assuming i and ¢, to be deterministic and equal, eq. (2.45) for the impulse response
can be rewritten as

h (1) =08(t)+bo(t—7), (2.46)
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and the corresponding transfer function, H.(f ), of the frequency-selective channel
will be given by

H(f)=1+bexp(—2nfr). (2.47)

The behavior of a typical channel may be observed by plotting the absolute
value of the transfer function:

H.(£) = N1 45+ 2bcos(2afr). (2.48)
A plot of |H ( f )| is shown in Figure 2.26,
The transfer function has “notches™ at intervals of fr = 1. For different values of
7, the bandwidth of the channel measured by the zero crossing will vary, causing the
channel to go from being flat to being frequency selective. Note that in this simple de-
scription we have assumed the scaling factors to be deterministic. In practice, the scal-
ing factors are random (Rayleigh distributed).

2.3.3 Time-Dispersive Behavior of the Channel

So far we have considered only the case of a stationary mobile unit. Consider now the
case of a mobile unit traveling at speed v, as shown in Figure 2.27. The motion of the
mobile unit will result in a Doppler shift in the frequency of the signal being received.
The maximum Doppler shift, f;, can be expressed as

= fog; (2.49)

where c is the velocity of the electromagnetic wave in free space. Taking all possible
directions into account, the instantaneous frequency, £, will be given by

fin =Jo +1c08(8). (2.50)

24r
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FIGURE 2.268 The transfer function of a “two-ray” model to describe the
frequency-selective channel.
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FIGURE 2.27 A mobile unit moving at speed v.

The received signal can once again be expressed as

N
e (1) = cos(waUr)z a;cos[2mf,cos(0,)t + ]
=1
(2.51)

i
— sin(waor)Z a;sin[2af,cos(8,)t + 1],

i=1

where N is the number of multipaths available and ¢ are the phases. If we make the
assumption that N is sufficiently large, the envelope will be Rayleigh distributed as in
the case of the stationary MU. A typical plot of the Doppler-faded signal is shown in
Figure 2.28.

We can also calculate the power spectrum of the received signal (Gans 1972,
Huan 1992, Pars 1992, Fleu 1996, Stee 1999). Equation (2.50) shows that the received
signal will have a carrier frequency shifted by an amount xf, cos(6,). For a MU mov-
ing in a street, 6, can be either zero or r, and the extreme values of the Doppler shift

1 0 T T T T T T T T T

Relative power (dB}

fy=50 Hz

-30 1 ] | 1
0

01 02 03 04 05 06 07 08 089
Time (s)

—

FIGURE 2.28 A Dopplerfaded signal.
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will be £f,. If we make the assumption that the phases, i, and ; are uniform in the

range (0, 24), the power spectrum, S,( f ), of the received signal e,(f) can be expressed
as (Gans 1972, JTake 1974)

(2.52)

otherwise.

A plot of the power spectrum is shown in Figure 2.29. It shows that most of
the energy is concentrated around the maximum Doppler shift, f,. Note that the
power spectrum depends on the radiation pattern of the antenna and the polarization
used.

Consider now the transmission of a short rf pulse as the vehicle is in motion.
The motion of the MU will now introduce changes in the channel at a rate of £, Hz. If
the duration of the pulse is very short, the changes introduced by the motion will be
very slow and will have very little or no impact on the transmission and, therefore, on
the reception of the pulse. In other words, if the bandwidth of the signal measured in
terms of the inverse of the pulse duration is much larger than the maximum Doppler
shift, the channel will vary very slowly or will be a slow-fading channel. On the other
hand, if the duration of the pulse is large, changes introduced in the channel from the
motion of the mobile unit will be “fast” and thus will affect the transmission. In other
words, for transmission at a very low data rate, a moving vehicle will introduce fast

fading if the bandwidth of the signal is not much larger than the maximum Doppler
shift.

Sqif)

o XS ——
e - —
_—— -

FIGURE 2.29 Spectrum of the Doppler-shifted signal.
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The condition for slow versus fast fading can now be expressed in terms of the
coherence time, T, of the channel (Stei 1987), measured in terms of the inverse of the
maximum Doppler shift given by (see Section C.1, Appendix C)

9
T, % .
<" 167t

If the pulse duration is smaller than T, the pulses are unlikely to undergo distortion
(slow fading), and if the pulse duration is larger than the coherence time, the pulses
undergo fast fading and will be distorted. Fast fading is thus a frequency-dispersive
property of the channel brought on by the motion of the mobile unit. The difference
between distortion and dispersion is explained in Appendix C.

(2.53)

EXAMPLE 2.7

Consider an antenna fransmitting at 900 MHz. The receiver, a MU, is traveling at a speed of
30 km/h and is receiving/transmitting data at 200 kbps. Examine whether the channel fading is
slow or fast.

Answer The Doppler shift is given by
_ 9% 10°x 30 x 1000

d = = 25 Hz.
3600 x 3 x 10
The coherence time is
9
T.=——= Ee—_—
«=ao0n O I
The channel is therefore a “slow-fading™ one. |

2.3.4 Level Crossing and Average Fade Duration

One of the important consequences of Doppler fading is that the signal will experi-
ence deep fades occasionally as the vehicle is in motion (Lee 1967, Kenn 1969, Bodt
1982, Adac 1988b, Pars 1992). The analysis of fading in terms of Rayleigh statistics
does not allow a clear understanding of how often deep fades occur or how long they
last; Rayleigh statistics merely provide information on the overall percentage of time
that the signal goes below a certain level. Information is needed on the rate at which
deep fades occur and their duration, so that system designers can choose specific ap-
proaches for appropriate data rates, word lengths, and coding schemes to mitigate the
effects of deep fades.

Deep fades can be quantitatively expressed using the parameters level cross-
ing rate, N,, and average fade duration, 7,,. To understand the concept of level
crossing, consider the envelope of a signal received from a moving vehicle as
shown in Figure 2.30. The envelope of the signal is seen to fluctuate in time. The
level crossing rate is defined as the expected rate at which the envelope crosses a
specified signal level A in the positive direction, as shown in Figure 2.30, and is
given by

N,= Ldp(A, a)da, (2.54)
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FIGURE 2.30 The concept of level crossing.

where a is the derivative of a(f) and p(A, &) is the joint probability density function
of the level A and the rate of change of a(r). Based on the results of Rice (Lee 1967,
Kenn 1969), the expression for the level crossing rate, N,, becomes

N,=2nfae™, (2.55)

where a is the ratio A/ A, .. (4, is the rms value of the envelope.) The level cross-
ing rate also depends on the maximum Doppler shift, f;, and therefore on the speed of
the mobile unit. By virtue of the factor ae-¢ , there will be fewer crossin gs at low val-
ues of the signal level as well as at high values of the signal level. Certainly there will
be more level crossings at higher speeds of the mobile unit.

Another parameter of interest is the average fade duration, Taw» Which is the aver-
age period of time the signal stays below a certain level A. For the case of Rayleigh
fading, the average fade duration is given by

1
Tow = 7Prob(a = A), (2.56)
Ny
where prob (¢ =< A), the probability that the instantaneous signal is less than A, is
given by
prob(a < A) =1-¢ . (2.57)
Using eqs. (2.56) and (2.57), the average fade duration T,, 1S given as

ﬂl _ 1
T, = — (2.58)

«/Zrafd‘

These two parameters are useful in enabling assessment of the instanta-
neous bit error rates, since the overall performance is determined not only by
the error probabilities on a long-range basis but also by how the error rates vary
on a short-term basis. The presence of deep fades as well as the number of such
fades will change the instantaneous signal-to-noise ratio and hence, the bit error
rates.
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EXAMPLE 2.8

Continuing Example 2.7, calculate the average fade duration if o = 0,1,

Answer

Doppler shift = 25 Hz

2
e’ —1
7, = — 1600 s
A 2maf, |

2.3.5 Frequency Dispersion versus Time Disﬁersion

We have seen that fading can occur in the frequency domain or in the time domain.
It is possible to treat fading in wireless communications systems as constituted by
independent effects. The channel shows frequency-dispersive behavior when mul-
tipath phenomena are present. At the same time, the channel exhibits time disper-
sion if the mobile unit is moving. Even though these are independent effects, a
relationship exists between these two dispersive attributes of the channel due to the
uncerfainty principle relating time and frequency dependence. This effect is dem-
onstrated in Figure 2.31.

At very low data rates, the pulse duration is high and the channel is primarily
slow and flat. If the data rate is very high and the MU is moving slowly, the chan-
nel will be slow but frequency selective. If, however, the data rate is high and the
MU is moving at a very high speed, the channel will be fast and frequency sclec-
tive. Channels falling in this category suffer from both time dispersion and fre-
quency dispersion, and require additional corrective measures to overcome the
distortion.

Frequency dispersive

Slow and frequency selective ‘ [ Fast and frequency selective

Frequency

Time dispersive

Slow and flat

To

Time
FIGURE 2.31 The “regions” of influence of different forms of fading.
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2.4 OTHER FADING MODELS

2.4.1 Rician Fading

Rayleigh fading is not the only consequence of the multipath phenomenon (Stei 1964,
Hash 1993). In addition to a number of random paths taken by the signal, it is possible
to have a line-of-sight (LOS) propagation from the transmitter to the receiver. This
LOS signal adds a deterministic component to the multipath signal. This is shown in
Figure 2.32 and is compared with the case of Rayleigh fading.

The deterministic component makes the Gaussian random variable (eq. 2.32)
one of nonzero mean, and consequently the envelope is Rician distributed. The pdf of
the envelope can be expressed as (Papo 1991, Dave 1958)

2 2
a +A al
fatay=Zexp [— - }’0[—;], (2.59)

o 2 o

where I,(.) is the modified Bessel function and A, is the component arising from the
LOS signal. In the literature, it is customary to refer to the contribution of the ran-
domly located scattering centers as the “diffuse™ component and the contribution of
the LOS component as the “steady” component. We therefore say that Rayleigh fad-
ing is the result of diffuse components and Rician fading is the result of the presence
of a steady component along with the diffuse components.

The Rician probability density function is often characterized by the ratio of the
power of the direct component to the power of the diffuse component, X (dB):

2

A
K(dB) = 101ogm[—°2}. (2.60)
20
For K = —oo, we have no direct path and the Rician distribution becomes Rayleigh.

For higher and higher values of K, the Rician distribution becomes almost Gaussian,

FIGURE 2.32 Comparison

of the conditions that exist

for (a) Rayleigh fading and
{b) Rician fading {includes a direct path) {b) Rician fading.
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The Rician probability density function is shown in Figure 2.27 for different values of
the parameter XK.

The transition from Rayleigh to Gaussian can be seen clearly in Figure 2.33 as
the value of K continues to increase. The LOS component of the Rician distribution
provides a steady signal and serves to reduce the effects of fading.

EXAMPLE 2.9

In a wireless channel there is one direct path and six diffuse paths. The direct path has a power of
200% compared with the average power of any one of the diffuse paths. Find the Rician factor K.

Answer Note that in eq. (2.60) the denominator is the sum of the contributions of the aver-
age powers of the diffuse paths. Therefore,K = 2/6, or 101log(2/6) = -4.7dB . |

2.4.2 Lognormal Fading

The fading described so far falls under the category of “short-term” fading. However,
as shown in Figure 2.5, the received signal also undergoes “long-term” fading. Con-
sider the geometry of the scattering shown in Figure 2.34, where the propagation takes
place in an environment with tall structures (trees, buildings).

Under these conditions, the signal reaching the receiver will not be the result of
a single scattering effect; it will be the result of multiple scattering (Suzu 1977, Lee
1985, Hans 1977, Fren 1979). For example, the signal is likely to be multiply reflected
or scattered before taking multiple paths to the receiver. The signal received, r(f), by
the MU or the base station receiver can now be expressed as

N
10 = 6, exp(i,), @61

n=1

0.7 T T T T T

K=14 dB K=18dB

fala)

12
Envelope a

FIGURE 2.23 The Rician distribution for different values of K {dB).
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Multiple reflections
or scattering

Transmitter Receiver

FIGURE 2.34 Geometry for lognormal fading, or shadowing. Note the
existence of multiple reflections.

where the strengths of the multipath components are expressed as

a,= Hbm. (2.62)

The quantities b,,, represent the scattering strengths of the multiply reflected components.
Considering the fact that the region where the scattering takes place has a number of indi-
vidual scatterers, the b,,, can be easily modeled as Rayleigh-distributed random variables.
The impact of multiple scattering is to introduce further fluctuations in the received power,
which will be manifested in the mean value of the received power, itself becoming random.

The mean value of the received power will be proportional to the variance of the
Rayleigh-distributed envelope. However, the variance of the Rayleigh envelope will
depend on (b,,,)?. The average signal power, P, can then be expressed as

Pir= Hpm, 2.63)
m=1

where

R (2.64)

Applying the Central Limit Theorem for the product of random variables (Papo
1991), the density function f{pyp) of P p_the logarithm of P, given by

P = 10log, (P ;) = z 101og o (p,), (2.65)

n=1

will be Gaussian and given by

(Pap —Po)?
= exp [~ s } . (2.66)

2
2 TOyp 2 Tip
The parameters appearing in this equation are

P,, = average power (dBm)
o4z = standard deviation (dB)
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The pdf of the signal power Py under lognormal fading can now be expressed as

1 1 ofPir
fpyp) = ————exp ——2]-1’1 [p—J ; (2.67)
211"’rz.ﬂ‘i"r 20 ’

where p, is the average power in milliwatts and
apin(10)
10
Equation (2.67) is the lognormal pdf, and the multiple scattering leads to a
lognormal distribution for the power received. The logarithm with respect to the
base e is represented by In. The lognormal pdf is shown in Figure 2.35. Lognormal

fading is also referred to as shadowing, due to the fact that the shadowing seen in

images can be modeled using an exponential transformation similar to the one given
in eq. (2.63).

o (2.68)

EXAMPLE 2.10

Tf the power received at the MU is lognormal with a standard deviation of 8 dB, calculate the
outage probability. Assume that the average power being received is —95 dBm and the thresh-
old power is —98 dBm. (Hint: Use the erf function. See Section B.7, Appendix B.)

Answer
o8 )
P = J‘ L exp- =N 05405 xerf | =2t = 03538
—w 2% 8 2% 8 8.2 n
0.7
06}

Py =-110 dBm, 64z =5 dB

flpur)

Power, piT1

FIGURE 2.35 The lognormal probability density function.
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Fluctuation of the received power from lognormal fading creates additional problems
for designers of the wireless link. Including lognormal fading, the expression for the re-
ceived power in any general area can be expressed by modifying eq. (2.9) as follows:

d
P .(d)dBm = 10log,[P,(d, ;)] + 10v10g10{§} +7,, (2.69)

where Y, is a zero-mean random variable with a standard deviation of ¢,5. In other
words, the received power in dBm will be Gaussian distributed, with the median value
of the received power (dBm) being the average and o5 being the standard deviation.
A typical curve for the case » = 3 and standard deviation of lognormal fading of
6 dB is shown in Figure 2.36. It is possible to see that at any given location, the re-
ceived power could be less than the median value of the power estimated from the
Hata model or any other model. This necessitates the establishment of a power mar-
gin to account for fading at least as much as the standard deviation of fading, which
reduces the maximum transmission distance as indicated in the figure.

We will reexamine the effects of lognormal fading on the coverage area in
Chapter 4.

2.4.3 Nakagami Distribution

The Rayleigh and Rician models of fading assume that the amplitudes of the scattered
components from the different paths are equal. The Nakagami model is very general
and allows for the possibility of different strengths for the scattered components
(Hash 1993, Brau 1991, Hoff 1960, Beck 1962). It can also work under conditions

| |
\ Transmitted power = 100 dBm

\
Nl

(A W A
= o Qo O Ww
o o1 o ;o
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g m | Lognormal fading (64g) = 6
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FIGURE 2.36 The lognormal long-term behavior {discontinuous line) versus
pure attenuation. Compare this with Figure 2.5,
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where the possibility of partial correlation exists between scattering elements. The
density function of the envelope can be expressed as

2mma2m—] ma2
fala) = ——mexp[-—Q—JU(a), (2.70)
I'(m))
where I'(.) is the gamma function,
=AY, (2.71)
and
o
W= __(-A—>’J_ ) (2.?2)
((A*-Q))

There is an important restriction on the Nakagami parameter, that m = 1/2,
For a value of m = 1/2, the Nakagami distribution becomes a single-sided Gaussian
distribution. The Nakagami distribution becomes Rayleigh for m = 1, and for values
of m > 1 the Nakagami distribution becomes Rician. The Nakagami probability
density function is thus general enough to encompass both the Rayleigh and Rician
distributions. The Nakagami probability density function is shown in Figure 2.37,

2.4.4 Suzuki Distribution

Rayleigh and lognormal fading have been considered to be two separate effects.
However, the phenomena responsible for short-term fading (Rayleigh) and long-
term fading (lognormal) occur concurrently (Suzu 1977, Fren 1979). The mean

2.5

~— m = 1.8 (Rician) £2=0.2

\ \ m=1 (Rayleigh)
m=0.75

2NN o

fAfH]

0.5

0 1 - Il
0] 05 1 1.5 2
Envelope a

FIGURE 2.37 The Nakagami probability density function for a number of
different values of m.




46 CHAPTER 2 PROPAGATION CHARACTERISTICS OF WIRELESS CHANNELS

value of the power received under Rayleigh fading conditions typically has a log-
normal distribution. In other words, the Rayleigh distribution essentially is not a
marginal distribution, but a conditional one:

2
flajo) = %exp(— “—E}U(ax @73)
Lo 20

where ¢ has the lognormal probability density function. The density function of the
envelope can then be obtained as

fala) = Lf(alo)f(v) do, 2.74)

resulting in the Suzuki distribution for the envelope of the received signal, given
by

% 2 2
fala) =J %exp —a—z _ exp —M do . (2.75)
0l 20 «/ﬂoaf 2a”

Once again, even though the Suzuki distribution is a more complete model, the
fact that the pdf is not available in analytical form makes it a little difficult to
work with.

2.4.5 Summary of Fading

The various fading mechanisms and the attenuation described can be summarized in a
diagram as shown in Figure 2.38,

Note that Rician and Rayleigh fading arise out of multipath effects, and Nak-
agami fading can represent them both. This is not shown in the figure. For most
cases, analyses based on Rayleigh or Rician fading are sufficient for understanding
the nature of the mobile channel. A number of recent publications have suggested
the use of Nakagami fading models to provide a generalized view of fading in
wireless systems.

2.5 TESTING OF FADING MODELS

We have stated that the probability density functions of envelopes under various fad-
ing scenarios can be derived assuming certain fundamental conditions such as the
existence of a multipath, the availability of a direct path, or the existence of multiple
reflections. It is possible to conduct statistical tests to verify that the probability den-
sity function of the envelope of the faded signal follows a Rayleigh, Rician, or Na-
kagami distribution. One such test is the chi-square (x?) test (Papo 1991). The x2test
is a nonparametric (i.e., results are not dependent on the specific shape or param-
eters of the distribution) means of testing hypotheses (Papo 1991). Comparisons are
made between theoretical populations based on assumed models and the actual data.
The parameters of the expected theoretical probability density functions can be ob-
tained from the data to estimate the theoretical probabilities.
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Propagation effects ‘

fading

Long-term/large-scale

fading

Short-term/small-scale

Attenuation dV

Variation about

the mean
Suzuki
Frequency spreading Time spreading
{Doppler) {multipath)
Slow Fast Flat Frequency
selective

/

Rayleigh
Rician
Nakagami

Lognormal

FIGURE 2.38 Overview of attenuation and fading. All forms of fading are shown along with
their origins and relationships.

There are two major steps in x? testing. First, a value is defined and calculated
to estimate the difference between the expected theoretical frequency of occurrence
and the experimentally observed frequency of occurrence, Second, this value is com-
pared with a threshold to determine if it is too high. The threshold is determined by
the significance level of the test selected by the investigator. The tests are conducted

as follows:

1. Partition the observed sample space (N samples) into K disjoint intervals.

2. Calculate the number m; of samples that fall in each of these intervals, This
is a measure of the probability that the outcomes will fall in that interval.

3. Calculate the theoretical probability, p;, that the outcomes would fall in the
intervals. Thus, theoretically one expects Np; samples to fall in the ith interval.
The ?statistic is defined as the “weighted square error” and is given by

2
X —

(observed frequency — theoretical frequency)2

theoretical frequency

(2.76)
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The test is good if the x? statistic value is very small. The goodness of fit is quan-
tified by setting a threshold X for the x?statistic. We reject the hypothesis that the
pdf indeed is the theoretical one if the value obtained in eq. (2.76) is larger than X .

The threshold is determined by the significance of the test, The test is based on
the fact that when N is large, x? has approximately a chi-square probability density
function with K — 1 degrees of freedom. The chi-square probability density function,
ftx), of arandom variable X is given by

(K-2)/2

)= Tf—g-—exp(—f)U(x}‘ @.77)
27 T(K/2)
The pdf given in eq. (2.77) has K — 1 degrees of freedom. The threshold, X7, is se-
lected so that
prob(X = X,;) = a, (2.78)

where « is the significance level represented by the shaded area in Figure 2.39. Typi-
cal values of a are 1% and 5%.

If parameters such as the mean and standard deviation of the expected theoretical den-
sity functions are computed from the data, the degrees of freedom are reduced by the num-
ber of parameters computed. For example, if the mean is computed from the data, the
number of degrees of freedom goes down from K - 1to K — 1 — 1, If r parameters are com-
puted from the data, the degrees of freedom of the chi-square distribution willbe K — r — 1.
In effect, each estimated parameter decreases the number of degrees of freedom by 1.

Table 2.1 gives values of the threshold for the chi-square test for significance
levels of 5% and 1%.

We will now look at some examples of the use of the chi-square test.

0.25

0.2

0.15 |

i)

0.1

0.05

15

FIGURE 2.39 The x2 density function and the significance level.
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TABLE 2.1 Chi-Square Values

Xx; Xr
K 5% 1% K 5% 1%
1 3.84 6.63 15 25.00 30.58
2 5.99 2.21 16 26.30 32.00
3 781 1.34 17 2759 33.41
4 9.49 13.28 18 28.87 34.81
5 1.07 75.09 19 30.14 36.18
& 12.58 16.81 20 31.41 3757
7 14.07 18.48 22 33.90 40.30
g 16.61 20.09 24 36.40 43.00
9 16.92 21.67 25 3765 44.31
10 18.31 23.21 26 38.90 45.60
n 19.68 2473 28 41.30 48.30
12 21.03 26.22 30 43.80 50.90
13 22.36 27.69 40 55.80 63.70
14 23.68 29.14 50 67.60 76.20

EXAMPLE 2.11

Table 2.2 contains a set of numbers (100) given. Conduct a chi-square test to determine if these
numbers are uniform in the range (0, 1).

TABLE 2.2 A Set of 100 Numbers

0.95 0.23 0.61 0.49 0.89 0.76 0.46 0.02 0.82 0.44
0.62 0.79 0.92 0.74 0.18 0.41 0.94 0.92 0.41 0.89
0.08 0.35 0.81 0.01 0.14 0.20 0.20 0.80 0.27 0.20
0.02 0.75 0.45 0.93 0.47 0.42 0.85 0.63 0.20 0.67
0.84 0.02 0.68 0.38 0.83 0.50 0.71 0.43 0.30 0.18
0.12 0.68 0.320 0.54 0.15 0.70 0.38 0.86 0.85 0.58
0.50 0.90 0.82 0.64 0.82 0.66 0.34 0.29 0.34 0.53
0.73 0.31 0.84 0.57 0.37 0.70 0.55 0.44 0.69 0.62
0.79 0.96 0.52 0.88 0.17 0.98 0.27 0.26 0.88 0.74
0.14 0.01 0.89 0.20 0.30 0.66 0.28 0.47 0.06 0.99

Let us pick a bin number of 10. If we now count the numbers in the bins (0 to 0.1, 0.1 to 0.2,
etc.), bin 1 contains seven numbers, bin 2 contains seven numbers, and so on. If the numbers are
uniformly distributed, p; = 0.1. Hence Np, = 100 x 0.1, Note that for a uniform distribution,
all the p, are equal,

Therefore,
2 _(7-10  (7-10)*  (11-10)>  (10-10)* (11-10)°
=" T 1 © @ T W T 1
10> | (11-10)> (10— 10)? 0 . (9-10) 502
(9-10)° , (11—10) 2 (15-1 ~10)° _
Tt T 1 T 1w 1w oot

From Table 2.1, X (K — 1) = X(9) = 16.92 for oo = 5%, which is obviously larger than the )?
value of 4.8 in this case. Therefore, the hypothesis that the numbers are uniform is accepted. M
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EXAMPLE 2.12

Consider the set of numbers given in Table 2.3. We will test whether these samples follow a
Rayleigh distribution.

TABLE 2.3 A Set of Numbers

2,53 b.62 1.99 1.19 2.38 243 2.38 2.01 2.00 0.83
2.40 2.56 3.17 4,37 2.45 0.24 an 2.70 0.56 2.53
0.64 2.98 274 3.38 1.48 2.97 3.64 3.69 2.88 172
1.80 1.46 2,57 3.03 2.64 3.25 3.29 2.77 2.58 0.356
3.28 1.76 2,34 4.M 1.95 2.00 0.66 2.27 4.67 2.41
2.04 1.24 1.40 3.59 1.22 165 0.78 3.67 121 2,70
0.94 1.92 2,18 3.95 1.37 2m 1.52 4.27 0.28 3.48
2.33 3.20 0.77 1.49 359 2.51 0.62 1.06 2.89 1.02
1.56 176 2.38 4.67 2,75 2.10 2.89 1.68 3.51 0.68
3.20 1.43 4.12 151 3.83 2.02 2.76 1.21 2.89 2.29

Note that if these samples are Rayleigh distributed, the average of the squares of these samples
should correspond to 262, i.e.,

(4% =24 (2.80)

First we will compute this value. It is approximately equal to 6.6. This also means that the de-
grees of freedom will have to be reduced by 1. Once again, we will use 10 bins.

Since the largest value is 5.52, the bins will be in steps of 0.5 starting with 0.5, We can also
compute the probabilities p; (i = 1, 2, ..., 10) from the cumulative distribution function (CDF)
of the Rayleigh distribution given by

2
F(a) = 1-exp| -5 | (2.81)
20

Table 2.4 gives the values of Np; and m;.

TABLE 2.4 Values of Np; and m;

Np, m;
3.08 3
8.67 g
12.77 13
14.83 13
14.87 18
13.31 19
10.84 10
8.1 8
5.57 4
3.57 3

The chi-square test statistic can now be calculated using eq. (2.70), and we obtain a value of 3,93,
From Table 2.1, the threshold value for acceptance for « = 5% corresponds 1o
X7(10 = 1 =1) = X(8) = 15.51, which is larger than 3.93, so we accept the hypothesis that the
numbers are Rayleigh distributed, [ |
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EXAMPLE 2.13

Let us see whether the numbers in Table 2.2 follow the Rayleigh distribution. We first estimate
207, This is found to equal 0.358. Now we proceed as in Example 2.12, with the 10 bins going
from 0.1 to 1, and calculate the theoretical probabilities and the frequency from the data. This
information is provided in Table 2.5,

TABLE 2.5 Values of Np; and m;

Np, m;
2.75 7
782
n7 1
13.8 10
14.2 1
13.2 9
.1 1
8.71 10
6.32 15
4.29 9

The test statistic can now be calculated using eq. (2.76); the value is equal to 27.5, which is
larger than the threshold value of X(8) = 15.51 (& = 5%) from Table 2.1. We therefore reject
the hypothesis that the numbers in Table 2.2 are Rayleigh distributed. |

2.6 POWER UNITS

A discussion of loss calculations would be incomplete without explaining the differ-
ence between dBm and dB. Power (P) in milliwatts (mW) can be expressed in terms
of dBm as

P, (mW)] —

PO(dBm) =10 10g10|:m .

In other words, the power in dBm is an absolute measure of the power in mW. For ex-
ample, 10 mW of power is 10 dBm, 1 W of power is 30 dBm, and 1 wW is —30 dBm.
The unit dB, on the other hand, is the ratio of two powers in identical units. For exam-
ple, if the average signal power is Py (mW) and the average noise power is P, (mW),
the signal-to-noise ratio (S /N) can be expressed as

Py (mw)} (2.83)

Thus, the signal-to-noise ratio expressed in dB carries information on how
strong or how weak the signal is relative to the noise. For example, if the signal-to-
noise ratio is 0 dB, the signal power and noise power are equal. If the signal-to-noise
ratio is 20 dB, the signal power is 100 times stronger than the noise power. If the

T T —
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signal-to-noise ratio is —3 dB, the signal power is only 50% of the noise power. Note
that dB expresses the ratio and therefore is not a measure of the absolute power.
Because of this, we can write

Transmit power (dBm) — receive power (dBm) = loss (dB). (2.84)

2.7 SUMMARY

This chapter has presented the problems associated with the propagation of a wireless sig-
nal. The effects of attenuation were described using the Hata model. The fading phenom-
ena were examined to explain the fluctuations in the received signal power. Based on the
physics of propagation, the fading can be described in different terms, namely, short-term
and long-term fading; slow and fast fading; frequency-selective and flat fading; and Ray-
leigh, Rician, lognormal, Nakagami, and Suzuki fading. Statistical testing of the hypoth-
eses to validate the appropriate probability density function was also explained.

+ Attenuation is a result of reflection, scattering, diffraction, and refraction of
the signal by natural and human-made structures.

* The received power, P,, is inversely proportional to (distance)”, or P, o 1/d 2
where p is the loss parameter.

+ The loss parameter » is equal to 2 for free space and is in the range of 2—4 for
different environments, being higher for urban areas and lower for rural areas.

+ The loss in outdoor areas can be modeled using the Hata model or Lee’s model.

« Indoor propagation models are based on the characteristics of the interior of
the building, building materials, and other factors and are described in terms
of various zone models.

* The random fluctuations in the received power are due to fading.

= Multipaths and the Doppler effect contribute to short-term fading, and multi-
ple reflections lead to long-term fading.

+ Short-term fading can be described using Rayleigh statistics if no direct path
exists between the transmitter and the receiver.

+ Short-term fading can be described using Rician statistics if there is a direct
path between the transmitter and the receiver,

* Rician and Rayleigh statistics can be encompassed by a single distribution, the
Nakagami distribution.

« Short-term fading due to a multipath not only causes random fluctuations in
the received power, but also distorts the pulses carrying the information.

« The multipath-fading channel can be modeled by treating the channel as a
low-pass filter.

« If the bandwidth of the channel is higher than the bandwidth of the message,
the signal is characterized by “flat fading” and no pulse distortion. If the
bandwidth of the channel is less than the bandwidth of the message, the result
is a “frequency-selective fading™ channel, This flat or frequency-selective be-
havior can be quantitatively described in terms of the rms delay by taking the
power of each multipath and the corresponding time delay.
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* The bandwidth of the channel or the coherence bandwidih of the channel is in-
versely proportional to the rms delay.

If there is relative motion between the transmitter and receiver (i.e., the MU is
moving), the result is Doppler fading. If the maximum Doppler shift is less
than the data rate, there is a “slow” fading channel. If the Doppler shift is
larger than the data rate, there is a “fast” fading channel.

* In general, the worst performance occurs in fading channels that arc fast and
frequency-selective.

* In addition to fast and frequency-selective fading, a channel may also experi-
ence problems due to random frequency modulation. This arises from the
cos(8,) term in eq. (2.51), which makes the equation correspond to FM. By
virtue of the fact that 6 is random and fluctuates with time, random frequency
modulation occurs, which will lead to increased bit error rates (see Chapter 5).

* Both short-term and long-term fading lead to outage. The system goes into
outage when the signal-to-noise ratio or the received power falls below the
threshold set for optimal performance.

* Long-term fading is modeled using lognormal distribution. If the received
power is expressed in dBm, the long-term statistical fluctuations are Gaussian
distributed.

* To prevent the system from going into outage, a margin is included in the
power budget. This is the difference between the ideal threshold needed to
maintain acceptable performance and a practical threshold that is set above
the ideal threshold by a few dB. This power difference constitutes the power
margin.

* The Suzuki model incorporates the short-term fading (Rayleigh) and long-
term fading (lognormal) into a single distribution. This is based on the
property that the average power in Rayleigh fading itself is random and can be
described using the lognormal distribution,

+ The statistics of fading may be verified using the chi-square test.

PROBLEMS

Most of these problems require MATLAB.
X Asterisks refer to problems better suited for graduate-level students.

1. Using MATLAB, generate plots similar to the
ones shown in Figure 2.6 to demonstrate the path
loss as a function of the loss parameter for dis-
tances ranging from 2 km to 40 km. Calculate the
excess loss (for values of » > 2.0) in dB.

2. The base station antenna is transmitting a power
of 1 W. The fransmitter antenna gain is unity while
the receiver gain is 2. The system loss factor is unity
(i.e.. no loss). Find the received power in dBm at a
distance of 5 km from the transmitter operating at
900 MHz in free space. (Hint; Use eq. (2.2))

3. Use MATLAB to plot the path loss predicted by
the Hata model for the four separate environments,
Assume a BS antenna height of 140 m, MU
antenna height of 1.7 m, and a carrier frequency of
900 MHz.

4, Using the results of Problem 3 above, calculate
approximately the loss exponent v for the four
separate cases,

5. Use MATLAB to generate the Rayleigh-faded
signal shown in Figure 2.19, Use a carrier fre-
quency of 900 MHz. (Hint: Use the concept of
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multiple paths. Take the number of multipaths to
be equal to 10. Use random phase.)

6. Use MATLAB to generate a Rayleigh-faded
signal with random delays. (Hint: Use the concept
of multiple paths. Take the number of multipaths
to be equal to 10. Calculate the mean delay for a
certain distance. Generate uniformly distributed
delays with the mean delay calculated.)

7. Use MATLAB to generate a set of Rayleigh ran-
dom numbers and verify that the mean/std, dev ratio
is 1.91. Calculate the mean/std. dev ratio for the set
of random numbers obtained by squaring the Ray-
leigh number set.

8. For Problem 5, compute the outage probability.
Set the threshold to 6 dB below the average power.

9. Use MATLAB to generate a Rician-faded sig-
nal. Use a carrier frequency of 900 MHz. Com-
ment on the differences between these curves and
those of Problem 5.

10. For the Rayleigh and Rician channels, com-
pare the outage rates. (Hint: Use MATLAB to gen-
erate Rayleigh- and Rician-faded signals).

11. If the system goes into outage when the
received signal-to-noise ratio falls 5 dB below the
average, calculate the outage probability in Ray-
leigh fading with an average signal-to-noise ratio of
5 dB. Note that the signal-to-noise ratio is exponen-
tially distributed when Rayleigh fading is present.

12. The instantaneous signal-to-noise ratic in a
Rayleigh channel is given by A/ Ny, where N, is
the noise power. The average signal-to-noise ratio
expected at the receiver is (A?) /Ny = 3 dB. What
is the probability that the instantaneous SNR will
be less than 0 dB?

13. It a wireless system goes into outage when the
received signal-to-noise ratio falls 10 dB below the
average, calculate the outage probability in Ray-
leigh fading. Assume an average signal-to-noise
ratio of 25 dB.

14. The maximum outage rate accepted in a wire-
less system subject to fading is 0,02, If the thresh-
old SNR is 5 dB, what must be the minimum value
of the average SNR?

15, Plot histograms corresponding to the envelope
of the Rayleigh and Rician fading channels (of
Problems 5 and 9).

16, Calculate the mean delay and rms delay
spread of a channel having the characteristics

shown in Figure P2.16. What is the coherence
bandwidth 1/(5 rms delay)?
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17, Compare the maximum data transmission
capabilities of the two channels characterized by
the impulse responses shown in Figure P2.17.

18. Generate a plot similar to the lognormal fad-
ing plot shown in Figure 2.30.

19. Consider two random variables X and Y that
are independent and Gaussian with identical vari-
ances. One of them is of zero mean and the other is
of mean A. Prove that the density function of
Z = Jx*+7* is Rician distributed.

20. For the Rayleigh-faded channel, verify that the
Nakagami parameter is approximately equal to 1.

21, For the Rician channel, verify that the Naka-
gami parameter is greater than 1.

22. For a mobile unit moving at 80 km/h, calcu-
late the Doppler spread. The carrier frequency is
500 MHz. What is the fade duration? What is the
rate of level crossings? Assume thatp = 0.6.

23. A MU 1is operating in a multipath environ-
ment. Measurements taken show that the coher-
ence bandwidth is 10 kHz and the coherence time
15 100 ps. The transmission of data is taking place
at a rate of 5 kbps. Examine whether the channel is
fast, slow, frequency selective, or flat,

24. Generate the frequency response of a frequency-
selective faded signal using the equations given in the
text. Instead of using Rayleigh-distributed random
variables in the two-ray model, initially treat the
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weights as deterministic and of ratio 2:1. Repeat the
simulation two more times by using random vari-
ables in the same ratio, and in a ratio of 1:1. Discuss
the results,

25, Generate two sets of Gaussian-distributed ran-
dom variables and show that the density function of
the sum of their squares is exponentially distrib-
uted. (Compare the histograms and verify that the
mean/std. dev ratio of the exponentially generated
setis 1.)

26. By considering a Gaussian pulse of rms width
Sms, generate the output pulse of a frequency-
selective channel. Compute the mms width of the
output pulse.

27, Examine the Rician distribution. For what val-
ues of K can one approximate the Rician distribu-
tion to the Guussian distribution?

28. Generate a set of Nakagami random variables and
verify that when m = 1 the Nakagami distribution
becomes Rayleigh, and when »z = 1 the Nakagami
distribution becomes Rician. (Hint: A Nakagami ran-
dom variable is obtained by taking the square root of a
gamma-distributed random variable. See Appendix A.)

29, Plot the outage probability (use MATLAB) as a
function of the standard deviation of fading
(1-15 dB) for lognormal fading under the following
conditions: average received power = —90 dBm;
threshold power required = — 95 dBm.

30. Use MATLARB to calculate the amount of log-
normal fading tolerated by the system (i.e., stan-
dard deviation) under the following conditions:
average power = —83 dBm; threshold power =
—90 dBm; outage probability = 3%,

31, Conduct a chi-square test to prove that the
results of Problem 25 are correct. (Hint: Generate
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two sets of 500 Gaussian random variables, and
use them to generate the data.)

32. Generate five sets (500 each) of uniform ran-
dom numbers (U/;) and create a new set X, such that

X, = Z}Lz Ui k=
Conduct a chi-square test to see whether the X are
Gaussian (see the Central Limit Theorem in
Appendix A).

33. Use the results of Problem 32 to justify Ray-
leigh fading.

1,2,....,500 .

34. Calculate the outage probabilities analytically
for the Rayleigh fading (no motion). Compare the
values with the MATLAB-generated ones.

35. Calculate the outage probabilities for the
Rician fading case analytically. Compare the
results with the Rayleigh fading case.

36. Using random number generation, examine
whether the pdf of the product of a set of (10) of
Rayleigh-distributed (or exponentially distrib-
uted) random variables will be lognormal. (Hint:
Take the log of the product and see whether the
histogram is Gaussian.)

37, Using the principle in Problem 36, generate a

radio-frequency signal containing lognormal fad-
ing effects.

38. In Problem 37, examine whether the histo-
gram appears to be lognormal.

39. Examine what happens if you increase the
number of terms in the product from 5 to 10, 15,
and 20. Comment on your results.

40. Conduct a chi-square test to see if the lognor-
mal distribution is a fit based on the results of
Problem 38 or Problem 39.
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41. Compare the Hata model for loss prediction
with the Walfish-Tkegami model (see Appendix C).

42. Explain the terms long-term fading and short-
term fading. Compare Rayleigh and Rician fading
channels, and explain why Rician channels per-
form better than Rayleigh channels.

43. Explain the terms frequency-selective fading
and flat fading. Explain the meaning of the term
dispersive (see Appendix C).

44. Use MATLAB to plot the frequency and time
correlation functions (fading) shown in Figure
C.1.1. (Appendix C). Consider now the case of an
exponential delay model with a mean value of
0.5 ms. What is the rms delay? What is the maxi-
mum data rate that can be transmitted through this
multipath channel without the use of an equalizer?

45. Repeat Problem 5 varying the number of multi-
ple paths (3, 5, 10). Get histograms of the envelope
and see whether the Rayleigh fading is taking place.
{(Hint; Superimpose a Rayleigh pdf with the same
mean as the simulated one on the same diagram, ) ***
46. Repeat Problem 45 by conducting a chi-
square test to see when the Rayleigh model is an
acceptable fit. ***

47, Generate a bit stream of + 1s and —1s. Delay
the bit stream by a fraction of the pulse duration.
Create three such bit streams (delayed by different
amounts), and add them and plot. Compare the
plot with the plot of the original data stream.
Examine what happens when you vary the delay.
(Pulse distortion should be seen.)*#*

48, Take the pulse stream from Problem 47 and
multiply it by a cosine wave. Choose an appropriate
frequency so that you have a few cycles of RF in
each of the pulses. Now create three such streams by
adding a uniformly distributed random phase to the
argument of the cosine. Plot the sum of these three
streams. Comment on what you see.***

49. In Problem 47, for each time instant, scale the
voltage by a Rayleigh-distributed random variable.
Repeat the rest of the simulation. Comment on your
results, and compare the results with those of Prob-
lem 47. (Hint: Effects of Rayleigh fading.)***

50. For each time instant in Problem 48, scale the
voltage by a Rayleigh-distributed random variable.
Repeat the rest of the simulation and compare the
results with those of Problem 48. (Hint: Effects of
Rayleigh fading. )***






