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Chapter 1

Introduction

1.1 Background and Motivation

In a typical mobile communication scenario, the downtown areas of the big cities

with tall buildings obstruct the line of sight propagation between transmitter (Tx)

and receiver (Rx). In microcells, cell radius is reduced and base station antenna

height is lowered below the surrounding high rise buildings. Signal from Tx to Rx

is known to propagates via multipaths and the received signal experiences temporal

and spatial fading. The multipaths consist of line of sight (LOS), ground reflected,

wall refelected and edge diffracted signal components. The small area fading statstics

has been reported both as Rayleigh and Rician depending upon the absence and

presence of LOS component, respectively. The wider area statistics are reported to

be lognormally distributed.

1
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Signal multipath occurs when the transmitted signal arrives at the receiver via

multiple propagation paths. Each of these paths may have a separate phase, atten-

uation, delay and doppler frequency associated with it. Due to the random phase

shift associated with each received signal, the multipath components add up con-

structively or destructively, resulting in a phenomenon called Fading. In personal

wireless communications, the radio channel is described as a multipath propagation

channel where the mobile station can be standing still or moving. At both the base

station and the mobile station, the received signal is a summation of multiple radio

waves arriving from different directions and with different magnitudes and phases.

Besides Line of Sight (LOS) propagation from transmitter to receiver, the propa-

gation of radio waves is generally described with three basic mechanisms; these are

reflection, diffraction and scattering [1] and will be discussed in detail in chapter 2.

Path loss is a large-scale signal condition, which varies with the distance between

transmitter and receiver. The path loss between the mobile unit and the base

station antenna is usually modeled by a dual-slope curve [2], where the received

power is attenuated by d−a (a ≈ 2) at distances shorter than a turning point, and

d−(a+b) (b ≈ 2) beyond it. The turning point is determined by transmitting and

receiving antenna heights, and the operating frequency [3].

Due to the statistical fluctuations of the various phenomena involving mobile

radio propagation, the mobile radio signal cannot be treated only by deterministic

methods. Accordingly, a great number of distributions exist that well describe the
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statistics of the mobile radio signal [4]. Among them the Nakagami-m distribution

has been given a special attention for its ease of analytical manipulation and wide

range of applicability. Several distributions describe the envelope of the received

signal in a mobile environment:

• Lognormal distribution due to shadowing;

• Rayleigh distribution due to multipath propagation;

• Ricean distribution due to multipath propagation with a line-of-sight compo-

nent;

• Suzuki distribution that combines shadowing and multipath propagation;

• Nakagami distribution, which is a more general distribution that is used to

better characterize the rapid fading. Nakagami distribution emulates most of

the models given above.

1.2 Thesis Objectives

In this study, we will evaluate the Nakagami-m parameter under changing multipath

environment conditions. The effect of varying distances between the transmitter and

the receiver on the Nakagami-m parameter at different operating frequencies will be

studied. We will develop a channel model that relates the distance between the

mobile station and the base station with changing values of m. It is obvious that we
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will experience higher values of m closer to the base station and as we move away

from the base station, the value of m starts decreasing. Other parameters considered

will include the transmitter and receiver antenna heights, the distribution of the

reflection co-efficient, the distance between the scatterers and the mobile station,

and the distance between the scatterers and the base station.

Once, the channel model is developed that gives us the variability of Nakagami-

m parameter with distance, its performance will be studied over different modula-

tion schemes for changing channel conditions. We will consider MPSK (QPSK and

8PSK) and 16QAM modulation schemes for Flat Fading Nakagami-m channels with

and without diversity combining and Frequency Selective Nakagami-m channels with

Rake reception.

1.3 Thesis Contributions

A path loss model is developed that finds out the received direct and scattered powers

at the mobile station. The effect of varying distances between the mobile station and

base station on the Nakagami-m parameter is studied. It is found that the Nakagami-

m parameter decays at a faster rate for shorter distances than that over larger

distances. The effect on the Nakagami-m parameter for different distributions of the

reflection co-efficient Γ is studied. It is found that the exponential distribution gives

larger values of m as compared to uniform and half Gaussian distribution. Change
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in the operating frequency also effects the performance of a digital communication

link. It is observed that for shorter distances, operating at higher frequency gives

better error rate performance but as we move away from the base station, at larger

macrocell distances, the received power and the path loss becomes independent of

the frequency thereby providing no considerable improvement. A new parameter

∆m is also introduced in order to study the change in performance behavior of the

system with incresae in distance. The degraded performance of MPSK system at

larger distances for smaller values of Nakagami-m parameter is studied and the error

rates are improved by using Rake demodulator at the receiver. It is observed that

the transmitter and receiver antenna heights also effects the Nakagami-m parameter

and an increase in their effective values enhance the performance of the system.

1.4 Thesis Organisation

The Thesis is organized as follows: Chapter 2 discusses the path loss model and

presents the mathematical modeling of the proposed model. Chapter 3 gives ex-

planation on the general features of a multipath fading channel. This chapter also

describes the different diversity combining techniques employed to combat fading

in flat fading environment and provides an introduction to the Rake receiver to

mitigate the Intersymbol Interference (ISI) induced in slow frequency selective mul-

tipath fading channels. Chapter 4 provides a detailed discussion on the simulation
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results and elaborate the important findings. Finally, chapter 5 concludes the the-

sis by summarizing important conclusions and contributions and suggesting future

avenues of research arising from the work.



Chapter 2

Path Loss Model

2.1 Radio wave propagation

The modes in which electromagnetic wave propagate are diverse; these can generally

be attributed to reflection, diffraction, and scattering. Due to multiple reflections

from various objects, the electromagnetic waves travel along different paths of vary-

ing lengths. The interactions between these waves cause multipath fading at a

specific location, and the strength of the waves decrease as the distance between the

transmitter and receiver increases.

Propagation models that predict the mean signal strength for an arbitrary trans-

mitter receiver (T-R) seperation distance are useful in estimating the radio coverage

area of a transmitter and are called large-scale propagation models, since these char-

acterize signal strength over large T-R seperation distances (several hundredrs or

7
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thousands of meters). On the other hand, propagation models that characterize the

rapid fluctuations of the received signal strength over very short travel distances

(a few wavelengths) or short time durations (on the order of seconds) are called

small-scale fading models.

As a mobile moves over small distances, the instantaneous received signal strength

fluctuates rapidly giving rise to small scale fading. The reason for this is that the

received signal is a sum of many contributions coming from different directions.

Since the phases are random, the sum of the contributions vary widely. As the

mobile moves from the transmitter over larger distances, the local average received

signal gradually decreases, and it is the local average signal level that is predicted

by large-scale propagation models. The local average signal varies with log-normal

statistics (shadowing).

2.2 Path loss models

In the analysis of radio wave propagation for mobile communication, one of the major

parameters of interest is propagation-path loss. A measure of propagation-path loss

is the difference between the effective power transmitted and the average received

signal power. The received signal is an indication of the relative signal amplitude

at the transmitted carrier frequency. The field strength (in V/m) recorded at the

location of a moving mobile receiver fluctuates as a result of the effects of various
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multipath phenomena.

General features of the terrain over which signal propagates are roughness and

scatterers, tend to defocus the energy reaching the mobile receiver, and these also

contribute to the overall path loss. The more substantial differences in terrain

and the unique properties of individual scatterers can cause the path losses to be

somewhat different in each area [5].

In mobile radio communications, the base station is normally fixed while the

mobile subscriber’s terminal is free to travel. Therefore, a significant amount of the

propagation-path loss is directly related to the general area in which the mobile

unit is travelling. This establishes a set of variables for propagation-path loss that

are different from those associated with radio communication between two fixed

terminal locations, where the elements that cause signal fading are more predictable.

Consequently, in mobile radio situations, a more dynamic range of field strength

variations is expected at the mobile receiving location. The propagation-path loss

characteristics that are attributable to the travelling mobile unit can be classified

according to the different general areas in which they occur.

2.2.1 Free space propagation model

The free space propagation model is used to predict received signal strength when the

transmitter and receiver have a clear, unobstructed line-of-sight path between them.

Satellite communication systems and microwave line-of-sight radio links typically
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rely free space propagation. The free space model predicts that the received power

decays as a function of the T-R seperation distance raised to power (i.e. a square

law function) two. The free space power received by a receiver antenna which is

seperated from a radiating transmitter antenna by a distance d, is given by the Friis

free space equation,

Pr(d) =
PtGtGrλ

2

(4π)2d2L
(2.1)

where Pr(d) is the received power which is a function of the T-R seperation, Pt is the

transmitted power, Gt is the transmitter antenna gain, Gr is the receiver antenna

gain, d is the T-R seperation distance in meters, L is the system loss factor not

related to propagation and λ is the wavelength in meters. The gain of the antenna

is related to its effective aperture, Ae, by

G =
4πAe

λ2
(2.2)

The effective aperture Ae is related to the physical size of the antenna, and λ is

related to the carrier frequency by

λ =
c

f
=

2πc

ωc
(2.3)

where f is the carrier frequency in Hertz, ωc is the carrier frequency in radians per

second, and c is the speed of light given in meters/second. The values of Pt and Pr

must be expressed in the same units, while Gt and Gr are dimensionless quantities.



11

The Friis free space equation (eq. 2.1) shows that the received power falls off

as the square of the T-R seperation distance. This implies that the received power

decays with distance at a rate of 20 dB/decade.

The path loss, which represents signal attenuation as a positive quantity mea-

sured in dB, is defined as the difference (in dB) between the effective transmitted

power and the received power, and may or may not include the effect of the antenna

gains. The path loss for the free space model when antenna gains are included is

given by

PL(dB) = 10log
Pt

Pr
= −10log

(
GtGrλ

2

(4π)2d2

)
(2.4)

When antenna gains are excluded, that is when the antennas are assumed to have

unity gain, the path loss is given by

PL(dB) = 10log
Pt

Pr
= −10log

(
λ2

(4π)2d2

)
(2.5)

Large-scale propagation models use a close-in distance do, as a known received power

reference point. The received power, Pr(d) at any distance d > do, may be related

to Pr at do. The value Pr(do) may be predicted from equation (2.1) or may be

measured in the radio environment by taking the average received power at many

points located at a close-in radial distance do from the transmitter. Thus, using

equation (2.1), the received power in free space at a distance greater than do is
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given by

Pr(d) = Pr(do)

(
do

d

)2

(2.6)

In mobile radio systems, it is not uncommon to find that Pr changes by many orders

of magnitude over a typical coverage area of several square kilometers. Because of

the large dynamic range of received power levels, often dBm or dBW units are used

to express received power levels. Equation (2.6) may be expressed in units of dBm

as,

Pr(d)(dBm) = 10log

(
Pr(do)

0.001W

)
+ 20log

(
do

d

)
(2.7)

where Pr(do) is in watts.

The reference distance do for practical systems using low gain antennas in the

1-2 GHz region is typically chosen to be 1m in indoor environments and 100m or

1km in outdoor environments [1], so that the numerator in equations (2.6) and (2.7)

is a multiple of 10. This makes path loss computations easy in dB units.

2.2.2 Ground reflection (two-ray) model

In a mobile radio channel, a single direct path between the base station and a

mobile is seldom the only propagation mode, and hence the free space propagation

model of equation (2.4) is in most cases inaccurate when used alone. The two-ray

ground reflection model is a useful propagation model that is based on geometric

optics, and considers both a direct path and a ground reflected propagation path
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between transmitter and receiver. This model is found to be reasonably accurate

for predicting the large-scale signal strength over distances of several kilometers

for mobile radio systems that use tall towers as well as for line-of-sight microcell

channels in urban environments [6]. In most mobile communication systems, the

Figure 2.1: Two-ray ground reflection model

maximum T-R seperation distance is at most only a few tens of kilometers, and the

earth may be assumed to be flat. Therefore, the received power at the receiver is

due to the direct line-of-sight component and the ground reflected component. From

[1], the received power at a distance d from the transmitter for the two-ray ground

bounce model can be expressed as

Pr = PtGtGr
h2

t h
2
r

d4
(2.8)

where, ht is the transmitter antenna height and hr is the receiver antenna height.

As seen from equation (2.8), at large distances (d >>
√

hthr), the received power

falls off with distance raised to the fourth power, or at a rate of 40 dB/decade. This
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is a much more rapid path loss than is experienced in free space. The path loss for

the two ray model can be expressed in dB as [1],

PL(dB) = 40logd − (10logGt + 10logGr + 20loght + 20loghr) (2.9)

2.3 Multipath propagation

Signal multipath occurs when the transmitted signal arrives at the receiver via multi-

ple propagation paths. Each of these paths may have a separate phase, attenuation,

delay and doppler frequency associated with it. Due to the random phase shift asso-

ciated with each received signal, these paths add up constructively or destructively,

resulting in a phenomenon called Fading.

Figure 2.2: Illustration of a Multipath channel in an urban environment.

The propagation of radio waves is generally described with three basic mech-

anisms; these are reflection, diffraction and scattering [1]. These mechanisms are
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illustrated in Fig. (2.3) as (1)reflection, (2)scattering, (3)diffraction, (4)transmission

and (5)penetration into a building.

2.3.1 Reflection

Reflection occurs when a propagating electromagnetic wave impinges upon an object

of large dimensions when compared to that of incident signal wavelength. Reflections

from the surface of the earth and from buildings or walls produce reflected waves,

which may interfere either constructively or destructively at the receiver.

When a radio wave propagating in one medium enters into another medium

with different electrical, dielectric and conductive properties, the wave is partially

reflected, transmitted, and absorbed. If the plane wave is incident on a perfect

dielectric, part of the energy is transmitted into the second medium and part of the

energy is reflected back into the first medium, and there is no loss of energy due

to absorption. The reflection depends on the ratio of the dielectric constant. If the

second medium is a perfect conductor, then all the incident energy is reflected back

into the first medium without loss. The electric field intensity of the reflected and

transmitted waves is related to the incident wave in the medium of origin through

the Fresnel reflection coefficient (Γ). The term reflection coefficient is used when

wave propagation in a medium containing discontinuities is considered. In general,

the reflection coefficient describes the amplitude of a reflected wave relative to an

incident wave. The reflection coefficient is a function of the material properties, and
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Figure 2.3: Representation of the propagation mechanisms

generally depends on the wave polarization, angle of incidence, and the frequency

of the propagating wave.

2.3.2 Diffraction

Diffraction occurs when the radio path between the transmitter and receiver is ob-

structed by a surface that has sharp irregularities or edges. Diffraction allows radio

signals to propagate around the curved surface of the earth, beyond the horizon,

and may propagate around obstructions. Although the received field strength de-

creases rapidly as a receiver moves deeper into the obstructed (shadowed) region,

the diffraction field still exists and often has sufficient strength to produce a useful

signal.

If an ideal, straight, perfectly absorbing screen is interposed between Tx and Rx

then when the top of the screen is well below the LOS path, it will have little effect

and the field at Rx will be the ’free space’ value. The field at Rx begin to oscillate
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as the height is increased, hence blocking more of the Fresnel zones below the line-

of-sight path. The amplitude of the oscillation increases until the obstructing edge

is just in line with Tx and Rx. As the height is increased above this value, the

oscillation ceases and the field strength decreases steadily.

Figure 2.4: Illustration of knife-edge diffraction

2.3.3 Scattering

Scattering occurs when the radio path contain objects with dimensions that are

small compared to the incident wavelength, and where the number of obstacles per

unit volume is large. In a typical urban environment, lamp posts, street signs,

foliage and rough surfaces scatter the transmitted radio signal in many directions,

thereby providing RF coverage to locations which might not receive any signal via

reflection or diffraction. Scattering, which follows the basic principles of diffraction
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is the most difficult to predict due to its random nature. The actual received signal

in a mobile radio environment is often stronger than what is predicted by reflection

and diffraction models alone. This is because when a radio wave impinges on a

rough surface, the reflected energy is spread out (diffused) in all directions due to

scattering. Flat surfaces that have much larger dimension than a wavelength are

modeled as reflective surfaces. However, the roughness of such surfaces often induces

propagation effects different from the specular reflection described in section (2.3.1).

For rough surfaces, the flat surface reflection coefficient needs to be multiplied by a

scattering loss factor ρs, to account for the diminished reflected field.

Γrough = ρsΓ (2.10)

The number of multipaths at the receiver are generally large, but the power content

of each path would be different due to different physical lengths, caused by propaga-

tion mechanism of reflection, scattering and diffraction. The paths of larger lengths

due to multiple reflections are quite weaker as compared to LOS path because of

reflection and transmission losses and if these fall below the receiver noise threshold

could be ignored [7].

It is shown in [8], [9] that a few paths are generally sufficient to describe path

loss and statstics of microcellular mobile radio channel, namely, i) LOS, ii) ground

reflected, iii) primary and secondary buildings reflected. However it is observed in

[7] that inclusion of more paths, e.g. edge diffracted, will be useful to enhance the
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details of the received signal envelope and consequently the envelope statistics.

2.4 Proposed Model

For simulation purposes, we used equation (2.8) for the calculation of direct power

at different distances, d. Gt and Gr are assumed to be 1. The transmitted power is

10 W (10 dBW). The cellular region is divided into two parts based on the distance

measure.

• Microcell - Distance between 100 m and 1 km (with intervals of 100 m).

• Macrocell - Distance between 1 km and 10 km (with intervals of 1 km).

2.4.1 Analytical formulation

Usually a propagation path extends over more than one type of terrain features.

Refering to figure (2.5), assuming a transmitter Tx and a receiver Rx seperated by a

distance d and the propagation path extends over two different types of terrain with

α1 be the propagation path loss slope in terrain type 1 and α2 be the propagation

path slope in terrain type 2. We define d1 as the distance between the base station Tx

and the scatterer and distance d2 between the mobile station Rx and the scatterer.

Pt is termed as the transmitted power at the base station Tx, Pr1 as the received

power at the scatterer, Pt1 as the trasmitted power at the scatterer and Pr as the
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received power at the mobile station Rx. PL1 is the path loss for terrain type 1 and

PL2 is the path loss for terrain type 2.

Therefore the received power at the mobile station Rx can be expressed as,

Prs =
Pt1

PL2

where,

Pt1 = ΓPr1

and,

Pr1 =
Pt

PL1

(2.11)

Therefore, the received scattered power will be,

Prs =
Γ Pt

PL1

PL2

(2.12)

where, Γ is the reflection coefficient.

PL1 over terrain type 1 and PL2 over terrain type 2 can be expressed as

PL1 =

(
4π

λ

)2

dα1
1 (2.13)

and,

PL2 =

(
4π

λ

)2

dα2
2

(
1

d1

)α2−α1

(2.14)

where,
(

4π
λ

)2
is the aperture area of the antenna and is independent of distance.
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Figure 2.5: Illustration of proposed model
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Therefore, equation (2.12) becomes

Prs =

Γ Pt

( 4π
λ )

2
d

α1
1(

4π
λ

)2
dα2

2

(
1
d1

)α2−α1
(2.15)

Prs =
ΓPt(

4π
λ

)2 (
4π
λ

)2
dα1

1 dα2
2

(
1
d1

)α2−α1
(2.16)

Prs =
ΓPt(

4π
λ

)4
dα2

2 d2α1−α2
1

(2.17)

Prs = ΓPt

(
λ

4π

)4

d−α2
2 dα2−2α1

1 (2.18)

Since, the Rician factor K is defined as the ratio of the direct (line-of-sight) power

to the received scattered power, thus using equation (2.8) and (2.18), we can say

that

K =
Pt

h2
t h2

r

d4

ΓPt

(
λ
4π

)4
d−α2

2 dα2−2α1
1

(2.19)

K =
(hthr)

2

Γ
(

λ
4π

)4
d4d−α2

2 dα2−2α1
1

(2.20)

In a situation, when there is a dominant stationary (nonfading) signal component

present, such as a line-of-sight propagation path, the small-scale fading envelope

distribution is Ricean. Random multipath components arriving at different angles

are superimposed on a stationary dominant signal. At the output of an envelope

detector, this has the effect of adding a dc component to the random multipath. As
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the dominant signal becomes weaker, the composite signal resembles a noise signal

which has an envelope that is Rayleigh. Thus the Ricean distribution degenerates

to a Rayleigh distribution when the dominant component fades away.

It is observed from equation (2.20), that the Ricean factor depends on the fol-

lowing parameters.

• ht - height of the transmitting antenna.

• hr - height of the receiving antenna.

• Γ - reflection coefficient.

• d - distance between Tx and Rx.

• d1 - distance between Tx and scatterer.

• d2 - distance between Rx and scatterer.

• α1 - propagation path loss slope for terrain type 1.

• α2 - propagation path loss slope for terrain type 2.

The effect of these parameters is studied through simulations.
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2.4.2 Relationship between K and m

The Ricean factor K and the Nakagami parameter m are related to each other

as [10];

K =

√
m2 − m

m −√
m2 − m

(2.21)

Factorizing,

K =

√
m2 − m

m −√
m2 − m

m +
√

m2 − m

m +
√

m2 − m

=

(
m
√

m2 − m
)

+ (m2 − m)

m2 − m2 + m

=
m

(√
m2 − m + m − 1

)
m

K =
√

m2 − m + m − 1

K + 1 − m =
√

m2 − m

K − (m − 1) =
√

m2 − m
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Squaring both sides

(K − (m − 1))2 =
(√

m2 − m
)2

K2 + (m − 1)2 − 2K (m − 1) = m2 − m

K2 + m2 + 1 − 2m − 2Km + 2K = m2 − m

K2 + 2K + 1 = 2m + 2Km − m

(K + 1)2 = m (2 + 2K − 1)

(K + 1)2 = m (2K + 1)

m =
(K + 1)2

2K + 1
(2.22)



Chapter 3

Disruptive Properties of Mobile

Radio Channel

Radio channel is the link between the transmitter and the receiver that carries

information bearing signal in the form of electromagnetic waves. The radio channel

is commonly characterized by scatterers discussed in section (2.3.3) and reflectors

discussed in section (2.3.1).

Mobile radio links often require communication between fixed base stations and

mobile transceivers. The channel will be non-stationay in this case. However, char-

acterization of mobile radio channel proves extremely difficult unless stationarity is

assumed over short intervals of time. In order to obtain a fairly complete statistical

description of the channel, a two-stage characterization is proposed [11]. Firstly,

the channel is charaterized over a period of time, or a geographical area, which is

26
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small as compared to the period of the slow channel variations, so that the mean

received signal strength appears virtually constant. It is further assumed that in

this small interval, the prominent features of the environment remain unchanged.

The large-scale behavior of the channel is then obtained by examining the behavior

of the small-scale statistics over large areas. A further simplification in the char-

acterization of mobile radio channels is done by assuming that contributions from

scatterers with different path delays are uncorrelated. Then the channel is described

in terms of wide-sense stationary uncorrelated scattering (WSSUS) statistics. This

two-stage model was first proposed by Bello [12], and was subsequently used by

Cox [13].

3.1 Modeling of Mobile Radio Channels

In last few decades, modeling and characterization of fading channels gained con-

siderable interest. Over many years, a large number of experiments are carried out

to investigate fading channels. Earlier work in this area includes the contributions

of Bello [12], Clarke [14] and Jakes [15].

3.1.1 Narrowband Modeling

In narrowband modeling the fluctuations of the received signal envelope and phase

over time and space are characterized. A radio wave traveling through a certain
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environment attenuates due to the above-mentioned mechanisms and free space

loss. These effects are characterized as a superposition of path loss, large-scale

fading and small-scale fading. The concepts of large and small-scale refer to the

dimensions of the area studied. Large-scale effects are noticed over longer distances

while small-scale effects are noticed over smaller distances (a few wavelengths).

In the case of the MS movements in a small local area, it is reasonable to assume

that the compositions of the impinging radio waves will not change, but only the

phases of these radio waves. These changes of phase cause rapid fluctuations in the

received signal called small-scale or fast fading. Also, proportional to the speed of

movement of the MS, the multipath components experience an apparent shift in

frequency called doppler shifts. Even when the MS is stationary, the received signal

experiences fast fading due to the movement of objects in the surroundings.

When the MS moves over larger areas, the composition of waves change. Ex-

isting components are obstructed while new ones arise and relative directions and

distances to scatterers also change. The fluctuations resulting from movements over

wider areas are called large-scale fading, slow fading or shadowing. The path loss is

determined from the average received signal and depends on the distance between

transmitter and receiver and the environment characteristics.
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3.1.2 Wideband Modeling

Due to multipath propagation the radio channel is time-dispersive. This means that

the channel impulse response is not a single echo, but a sequence of pulses spread

in time and space. If the time of arrival between the first and last significant echoes

is much smaller than the duration of a digital symbol, then the system is defined

to be a narrowband system. However, if this is not the case, the time dispersion of

the channel have an effect on the shape of the received signal. In such a case the

system is defined as a wideband system.

Thus, the statement whether a system is narrowband or wideband, depends on

both the duration of a symbol and the channel characteristics.

In wideband characterization, the impulse response is often used to describe the

channel. From the impulse response (power delay profile), a number of parameters

are extracted to characterize the time dispersion of the channel. These are the mean

excess delay, rms delay spread, maximum excess delay and coherence bandwidth [1].

Assuming a low-pass equivalent model for the channel, the received signal r(t)

over a fading multipath channel can be represented by [16],

r(t) =

∫ +∞

−∞
h(τ, t)s(t − τ)dτ (3.1)

where s(t) is the transmitted signal and h(τ, t) is the channel impulse response at

delay τ and time instant t. In discrete form,

r(n) =
∞∑

i=−∞
h(iTs, n)s(n − iTs) (3.2)
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where Ts is the symbol duration and n represents the sampling index. Defining a

compact notation for the time varying channel coefficients in the form,

hi(n) = h(iTs, n)

Equation (3.2) can be written as

r(n) =

∞∑
i=−∞

hi(n)s(n − iTs) (3.3)

The form of received signal in Equation (3.3) suggests that the impulse response of

fading multipath channel is modeled as a tapped delay line filter, a finite impulse

response filter, with tap spacing Ts and time varying coefficients hi(n). The time

varying coefficients are characterized as random processes because of the constantly

changing physical characteristics of the channel. The tap weights, hi(n), can be

expressed as,

hi(n) =
√

ρiGi(n) (3.4)

where ρi is the strength of the ith path and Gi(n) is the complex stochastic process

specified by its mean square value and power spectrum density.

3.2 Parameters of Mobile Multipath Channels

In an ideal radio channel, the received signal consists of only a single direct path

signal, which is a perfect reconstruction of the transmitted signal. However, in a
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Figure 3.1: Tapped delay line model
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real channel, the signal is modified during transmission. The received signal consists

of a combination of attenuated, reflected, refracted, and diffracted replicas of the

transmitted signal. On top of all this, the channel adds noise to the signal. Un-

derstanding of these effects on the signal is important because the performance of a

radio system is dependent on the radio channel characteristics.

A radio channel can be either static or dynamic. In a static channel, the transmit-

ter, the receiver and all objects in the environment are standing still. In a dynamic

channel, at least one of them is moving. First, we will discuss briefly that what will

happen to the amplitude, phase and the time of arrival when a continuous wave is

transmitted in a static channel.

3.2.1 Amplitude fading

The received amplitude is of interest since it is directly related to the received power

and the received power has influence on the average bit error rate. Amplitude fading

is the decrease of the amplitude of a continuous wave. This decrease is caused by

numerous effects, such as the distance between the transmitter and receiver, the

objects between them and interference with other waves. There are quite a few

models that try to describe that fading. Some of those models are deterministic

models which will predict the average received power at a certain distance from

the receiver. However, the actual received power at a certain point can be very

different compared to that prediction. This difference is caused by countless factors
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and cannot easily be taken into account in a deterministic model. Therefore, it

is better to treat the signal as a random process that gives signal strengths with

certain probabilities and to analyze that process on a statistical basis.

3.2.2 Time dispersion parameters

The time of arrival of a pulse depends on the distance that the pulse has to travel

between transmitter and receiver, and on the objects that it has to penetrate on

its path. A reflection against an object causes a longer path length and therefore

a longer delay. A penetration also causes a longer delay, since the velocity of the

pulse inside the object is less than the velocity of the pulse in vacuum (which is c,

the speed of light). The amount of reflections and penetrations are unknown and

therefore, a deterministic approach for the time of arrival is not possible, and the

time of arrival has to be analyzed statistically. The time of arrival of the ith received

pulse is modeled as,

ti = t0 + τi (3.5)

where t0 is the delay of the first pulse and τi is the excess delay for that pulse (which

is the extra time it takes for a pulse to arrive compared to the pulse that arrived

first; hence, (τ0 = 0).

The mean excess delay, rms delay spread, and excess delay spread are multipath

channel parameters that can be determined from a power delay profile. The time
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dispersive properties of wideband multipath channels are most commonly quantified

by their mean excess delay τ and rms delay spread στ . The mean excess delay is the

first moment of the power delay profile. The rms delay spread is the square root of

the second central moment of the power delay profile and is defined to be,

στ =

√
τ 2 − (τ)2 (3.6)

The received radio signal from a transmitter consists of a direct signal plus signals

reflected off objects such as buildings, mountains, and other structures. The reflected

signals arrive at a later time than the direct signal because of the extra path length,

giving rise to a slightly different arrival time of the transmitted pulse. The signal

energy confined to a narrow pulse is spreading over a longer time. Delay spread is a

measure of how the signal power is spread over the time between the arrival of the

first and last multipath signal seen by the receiver.

In a digital system, the delay spread leads to inter-symbol interference. This is

due to the delayed multipath signal overlapping symbols that follows. This causes

significant errors in high bit rate systems. As the transmitted bit rate is increased

the amount of inter-symbol interference also increases. The effect starts to become

very significant when the delay spread is greater then 50% of the bit time.
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3.2.3 Coherence Bandwidth

The coherence bandwidth Bc of a channel is derived from the rms delay spread.

Coherence bandwidth is a stastical measure of the range of frequencies over which the

channel can be considered “flat” (i.e. a channel which passes all spectral components

with approximately equal gain and linear phase). In other words, it is the maximum

bandwidth between two frequencies where the frequencies within that band have

a sufficiently large amplitude correlation. Thus, the channel effects all of those

frequencies in the same way with respect to the amplitude and one can think of the

channel as a filter with bandwidth Bc. Although the meaning of Bc given above is

generally accepted, there are a few different formulas to compute Bc [1]:

Bc =
1

50στ
(for correlation higher than 0.9) (3.7)

Bc =
1

5στ
(for correlation higher than 0.5) (3.8)

3.2.4 Doppler Shifts

Doppler spread is a parameter that describes the time varying nature of the channel.

When a signal source and/or a receiver are moving relative to one another, the

frequency of the received signal is not the same as the source. When they are

moving away, the frequency of the received signal is lower than the source, and

when they are approaching each other the frequency increases. This is called the

Doppler effect.
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When a pure sinusoidal tone of frequency fc is transmitted, the received signal

spectrum, called the Doppler spectrum, will have components in the range fc−fd to

fc + fd, where fd is the Doppler shift. The amount of spectral broadening depends

on fd which is the function of the relative velocity of the mobile, and the angle θ

between the direction of motion of the mobile and direction of arrival of the scattered

waves.

3.2.5 Coherence time and distance

Coherence distance dc is the maximum distance over which two received signals

have a strong potential for amplitude correlation. After moving the receiver more

than dc meters, one cannot expect that the channel is still the same, and perhaps a

new pilot symbol should be transmitted to update the information about how the

channel effects the transmitted symbols. The coherence distance is also important

when one wants to design a radio system that uses multiple antennas to combat

fading.

Coherence time Tc is closely related to coherence distance. Coherence time is

the maximum time during which one can assume the channel to be static (and thus

during which the coherence bandwidth doesn’t change). If only the receiver (or only

the transmitter) is moving with speed v and the channel is otherwise static, then
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the relation between coherence distance dc and coherence time Tc is simple.

Tc =
dc

v
(3.9)

For a pure Rayleigh fading channel, the coherence time is [1],

Tc ≈ 9

16πfm
(3.10)

where fm = v/λ is the maximum doppler shift.

Fast fading channel

If the symbol time Ts is much larger than Tc, then the channel changes much faster

than one symbol time and a transmitted symbol is deformed by the channel in an

unknown way since the channel changes too fast. This is called a fast fading channel.

Slow fading channel

If the symbol time Ts is much smaller than Tc, most of the transmitted symbols are

deformed in a known way and the receiver is able to reconstruct the transmitted

symbols. This is known as a slow fading channel.

3.3 Fading Channels

Fading channels are typically produced by scattering or multipath processes, and

are characterized by a randomly varying received signal amplitude and phase. For
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Figure 3.2: Effect of different parameters on the type of channel

coherent modulations, the fading effects on the phase can severely degrade perfor-

mance unless measures are taken to compensate for them at the receiver. Most often,

analyses of systems employing such modulations assume that the phase effects due

to fading are perfectly corrected at the receiver resulting in what is referred to as

“ideal” coherent demodulation. For non-coherent modulations, phase information

is not needed at the receiver and therefore the phase variation due to fading does

not affect the performance. Hence, performance analyses for both ideal coherent

and non-coherent modulations over fading channels requires knowledge of only the

fading envelope statstics [10].
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3.3.1 Frequency-Flat and Frequency-Selective Fading

The fading process is considered frequency-nonselective or equivalently frequency-

flat when the signal bandwidth is much smaller than the coherence bandwidth of

the channel (that is, when all spectral components within the signal bandwidth

are affected equally by the channel). When the received signal is comprised solely

of uncorrelated scattered components, the fading process is described as Rayleigh.

When a strong signal component is present in the received waveform, such as from a

direct signal path or a fixed reflector in the medium, the fading process is described

as Ricean.

3.3.2 Modeling of Flat Fading Channels

When fading effects narrowband systems, the received carrier amplitude is mod-

ulated by the fading amplitude α, where α is a RV (Mathematically, a random

variable is defined as a measurable function from a probability space to some mea-

surable space. This measurable space is the space of possible values of the variable,

and it is usually taken to be the real numbers) with mean-square value Ω = α2 and

probability density function (PDF) pα(α), which is dependent on the nature of the

radio propagation environment. After passing through the fading channel, the signal

is perturbed at the receiver by additive white Gaussian noise (AWGN), which is typ-

ically assumed to be statstically independent of the fading amplitude α, and which is
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characterized by a one-sided power spectral density No Watts/Hertz. Equivalently,

the received instantaneous signal power is modulated by α2. Thus, we define the

instantaneous signal-to-noise power ratio (SNR) per symbol by γ = α2Es/No and

the average SNR per symbol by γ = ΩEs/No, where Es is the energy per symbol.

In addition the PDF of γ is obtained by introducing a change of variables in the

expression for the fading PDF pα(α) of α, yielding [10],

pγ(γ) =
pα

(√
Ωγ
γ

)
2
√

γγ
Ω

(3.11)

The amount of fading (AF) or “fading figure”, associated with the fading PDF is

defined as,

AF =
var [α2]

(E [α2])2 =
E [(α2 − Ω)2]

Ω2
=

E [γ2] − (E [γ])2

(E [γ])2 (3.12)

where E [·] statstical average and var [·] denotes variance.

3.3.3 Modeling of Frequency-Selective Fading Channels

When wideband signals propagate through a frequency-selective channel, their spec-

trum is affected by the channel transfer function, resulting in a time-dispersion of

the waveform. This type of fading is modeled as a linear filter characterized by the

following complex-valued lowpass equivalent impulse response [10],

h(t) =

Lp∑
l=1

αle
−jθlδ (t − τl) (3.13)
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where δ (·) is the Dirac delta function, l is the channel index, and {αl}Lp

l=1,{θl}Lp

l=1

and {τl}Lp

l=1 are the random channel amplitudes, phases and delays, respectively. In

equation (3.13), Lp is the number of resolvable paths (the first path is the reference

path whose delay τ1 = 0 and is related to the ratio of the maximum delay spread to

the symbol time. Under the slow-fading assumption, Lp is assumed to be constant

over a certain period of time, and {αl}Lp

l=1, {θl}Lp

l=1 and {τl}Lp

l=1 are all constant over a

symbol interval. Extending the flat fading notations, the fading amplitude αl of the

lth resolved path is assumed to be a RV whose mean-square value α2
l is denoted by

Ωl and whose PDF pαl
can be any one of the PDFs (Rayleigh, Rician, or Nakagami)

discussed in the following section.

The first arriving path in the impulse response exhibits a lower amount of fad-

ing than do subsequent paths, since it contains the line of sight path [17, 18, 19].

Furthermore, since the specular power component decreases with respect to delay,

the last arriving paths exhibit higher amounts of fading. The {Ωl}Lp

l=1 are related to

the channel’s power delay profile (PDP), which is also refered to as the multipath

intensity profile (MIP) and that is typically the decreasing function of the delay.

The PDP model can assume various forms depending on whether the model is de-

signed for indoor or outdoor environments and, for each environment, the general

propagation conditions. Experimental measurements indicate that the mobile radio

channel is well characterized by an exponentially decaying PDP for indoor office
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buildings [20] and conjested urban areas [21]:

Ωl = Ωle
−τl/τmax , l = 1, 2, , ..., Lp (3.14)

where Ωl is the average fading power corresponding to the first (reference) propa-

gation path and τmax is the channel maximum delay spread. Other idealized PDP

profiles reported or used in the literature include the constant (flat) [22], the flat

exponential [23], the double-spike [22], the Gaussian [22], the power function (poly-

nomial) [24] and other more complicated composite profiles [25].

3.3.4 Multipath Fading

Multipath fading is due to the constructive and destructive combination of randomly

delayed, reflected, scattered and diffracted signal components. This type of fading

is relatively fast and is therefore responsible for the short-term signal variations.

Depending on the nature of the radio propagation environment, there are different

models describing the statstical behavior of the multipath fading envelope.

Rayleigh

The Rayleigh distribution is commonly used to model multipath fading when there

is no direct line-of-sight signal component. In this case the channel fading amplitude

α is distributed as,

fα(α) =
α

σ2
exp(− α2

2σ2
), α ≥ 0 (3.15)
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where σ2 is the variance of the fading amplitude. In general, the Rayleigh distribu-

tion is obtained for any quantity R given by,

R2 = X2 + Y 2

if X and Y are independent and both Gaussian (normal) with the same variance

and zero mean. The instantaneous signal power, γ = α2 is distributed according to

an exponential distribution given by,

fγ(γ) =
1

Ω
exp(− γ

Ω
) (3.16)

where we define,

Ω = E[α2]

Rayleigh fading model agrees very well with experimental data for mobile radio chan-

nels where no line-of-sight (LOS) path exists between the transmitter and receiver

antennas [26, 1], which is the case in urban areas.

Realization of Rayleigh fading in simulations

In this section, we describe the simulator that is used to simulate the channel. Basi-

cally, we need colored Gaussian noise to realize fading channel statistics which may

be Rayleigh, Ricean or any other. These colored Gaussian processes can be gener-

ated either by filtering white Gaussian noise [14] or by deterministic methods [15]

or by Monte Carlo approach [27].
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Filtering method requires large number of filter taps to reshape the spectrum

and it is based on Clarkes model. A deterministic method to simulate mobile fading

channels is based on Rice’s sum of sinusoids [15]. In this case, a colored Gaussian

noise is approximated by a finite sum of sinusoids with proper weights and frequen-

cies. Jakes also presented a realization for the simulation of fading channel model

which generates real and imaginary parts of the channel taps coefficients as weighted

sum of sinusoids. Jakes simulator has been widely used and extensively studied over

the past three decades [26]. Recently, Pop and Beaulieu [28] have highlighted few

shortcomings in the Jakes model. They propose to include a random phase in the

low frequency oscillators of the Jakes model. We have implemented this modified

Jakes model as fading channel simulator.

The real and imaginary parts of the channel taps are generated as [15]

gI(t) = 2

N0∑
n=1

cos βn cos(ωnt + φn) +
√

2 cos α cos(ωmt) (3.17)

gQ(t) = 2

N0∑
n=1

sin βn cos(ωnt + φn) +
√

2 sin α cos(ωmt) (3.18)

where

βn =
nπ

N0 + 1
ωn = ωm cos(

2πn

N
) N0 =

1

2
(
N

2
− 1)

where t = kTs and φ1, ..., φN0 are uniformly distributed random variables over [0, 2π].

We have implemented the technique proposed by Jakes [15] and modified it according

to model proposed by Beaulieu [28]. In this technique, the nth oscillator is given

an additional phase shift γnl + βn while retaining gains. For lth path the in-phase
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component of the fading can be written as:

g�(t) = 2

N0∑
n=1

cos βn cos(ωnt + φn + θnl) +
√

2 cos α cos(ωmt) (3.19)

where,

θnl = γnl + βn βn =
nπ

N0 + 1
γnl =

2π( − 1)n

N0 + 1

The quadrature component can be modified in the same manner. The normalized

complex channel tap for lth path is,

G�(t) = gI
� (t) + jgQ

� (t) (3.20)

which will be normalized such that E[G�G
∗
� ] = 1.
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Nakagami-m

The Nakagami m distribution is well-known to capture the envelope distribution

of various fading channel conditions in wireless communications [26]. The value

of m is an indicator of the severity of fading, channel quality and influences the

bit error rate. Accurate estimation of m is of paramount importance in wireless

communications. There are several methods [29, 30, 31, 32, 33] that are employed

in the literature to estimate m. The Nakagami-m distribution is given by

fα(α) =
2

Γ(m)

(m

Ω

)m

α2m−1 e−mγ/Ω, (3.21)

where Γ(.) denotes the Gamma function.

Γ(z) =

∫ ∞

0

tz−1e−tdt.

The parameter m is defined as the ratio of moments, called the fading figure,

m =
Ω2

E[(α2 − Ω)2]
, m ≥ 1

2
(3.22)

In fact, both the Rayleigh distribution (m = 1) and the Rice distribution are

special cases of Nakagami-m distribution.

The amount of fading for Nakagami-m distribution is given as,

AFm =
1

m
, m ≥ 1

2
(3.23)

Hence, the Nakagami-m distribution spans, via the m parameter, the widest range of

AF (from 0 to 2) among all the multipath distributions. For instance, it includes the
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one-sided Gaussian distribution
(
m = 1

2

)
and the Rayleigh distribution (m = 1) as

special cases. In the limit as m → +∞, the Nakagami-m fading channel converges

to a non-fading AWGN channel. Furthermore, when m > 1, we obtain one-to-

one mapping between the m parameter and the n parameter (or equivalently the

Rician K factor since, n =
√

K) allowing the Nakagami-m distribution to closely

approximate the Rician distribution, and this mapping is given by [10],

m =
(1 + n2)

2

1 + 2n2
, n ≥ 0 (3.24)

n =

√ √
m2 − m

m −√
m2 − m

, m ≥ 1 (3.25)

n =
√

K (3.26)

The fading parameter of the Nakagami-m distribution can describe the presence

or absence of the line of sight (LOS) between MS and BS.

The rationale for using the Nakagami distribution to model multipath fading is

based on the following characteristics of the Nakgami distribution:

• The Nakagami distribution takes the Rayleigh distribution as a special case as

does the Ricean distribution, and it has a simpler probability density function

expression.

• The Nakagami distribution approximates the Ricean distribution and log-

normal distribution very well [34].
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• The Nakagami distribution models fading conditions which are more or less

severe than that of Rayleigh.

• Most importantly, the Nakagami distribution fits experimental data better

than Rayleigh, Ricean or log-normal distributions in many cases [35].

It is believed that the approach via Nakagami distribution is an alternative to that

via Rayleigh or Ricean distributions. Moreover, for calculating important system

performance measures, such as bit-error rates with single and multi-channel recep-

tion in fading channels, the Nakagami distribution usually results in closed form

expressions.

There are several methods that are employed in the literature to estimate the

Nakagami-m parameter since its estimation effects many performance characterstics

in mobile radio environment. Among them, some important methods are discussed

here in brief. The performace of the inverse-noramilzed variance, Tolparev-Polyakov

and the Lorenz estimators are compared in [36] through monte-carlo simulations. It

is observed that the inverse-normalized variance estimator is superior to the others

over a broad range of m-values. In [29], the Maximum-Likelihood Estimation of

the Nakagami-m parameter is considered. It is found that the two estimators pro-

posed have smaller variance than the best reported estimator which is based on the

moment method. Moreover, a family of moment-based estimators which uses lower

order fractional sample momets is proposed [30] for estimating the Nakagami-m
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parameter in a noiseless environment. A new integer-moment estimator that out-

performs known integer-moment estimators is also presented in [31], which is based

on real (integer and possibly non-integer) sample moments. A class of moment based

estimators is proposed in [37] that analyzes the performance of all known moment-

based estimators by deriving their asymptotic variance and comparing it with the

Cramer-Rao Bound (CRB). It is demonstrated by Zhang [38] that none of the re-

cently proposed estimators exceeds the performance of the classical one proposed

more than four decades ago by Greenwood and Durand. Cihan presented discussions

on some of the practical issues including presence of AWGN, adaptation and compu-

tational complexity in [32]. It is shown that the new estimator developed is robust to

any symmetrical distributed noise. Noisy sample based Maximum-Likelihood(ML)

and moment-based estimators for the Ricean and Nakagami-m fading distribution

parameters are derived in [33]. The problem of estimating these parameters in noisy

slowly fading channels is also studied. To apply the Nakagami-m distribution to the

received signal-level distribution from narrowband to wideband transmissions, the

m-parameter is mathematically derived in [39] as a function of equivalent received

bandwidth in the case of non-line of sight. An efficient method for generating cor-

related Nakagami-m fading envelope samples is presented in [40], and is compared

to other methods used to generate Nakagami-m variates. In the literature, there

are algorithmns only for generating correlated Nakagami branches with the same

fading parameter. In [41, 42], a novel approach is adopted to generate Nakagami
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fading signals with arbitrary fading parameters and any correlation structure. The

Equivalent Transmission Path model(ETP) has a function to assess BER due to ISI

in a Nakagami-Rice fading environment [43]. Finally, the Nakagami-m distribution

often gives the best fit to land-mobile [35, 44, 18] and indoor [45] mobile multipath

propagation, as well as scintillating ionospheric radio links [46].

3.3.5 Diversity Combining

Diversity combining consists of receiving redundantly the same information-bearing

signal over two or more fading channels; combining these multiple replicas at the

receiver in order to inrease the overall received SNR. The intuition behind this

concept is to exploit the low probability of concurrence of deep fades in all the

diversity channels in order to lower the probability of error and outage. These

multiple replicas are obtained by extracting the signals via different radio paths:

• In space by using multiple-receiver antennas (antenna or site diversity).

• In frequency by using multiple-frequency channels seperated by at least the

coherence bandwidth of the channel (frequency hopping or multicarrier sys-

tems).

• In time by using multiple time slots seperated by at least the coherence time

of the channel (coded systems).
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• Via multipath by resolving multipath components at different delays (direct-

sequence spread spectrum systems with RAKE reception).

The model consists of a multilink channel where the transmitted signal is received

over L independent slowly varying flat-fading channels, where l is the channel in-

dex and {αl}L
l=1, {θl}L

l=1, and {τl}L
l=1 are the random channel amplitudes, phases

and delays, respectively. We assume that {αl}L
l=1, {θl}L

l=1, and {τl}L
l=1 are all con-

stant over atleast a symbol interval. When we talk about independent combined

paths, we mean that the fading amplitudes {αl}L
l=1 are assumed to be statistically

independent random variables (RVs) where αl has mean square value α2
l denoted

by Ωl and a probability density function (PDF) described by any of the family of

the distributions Rayleigh, Nakagami-n (Rice), or Nakagami-m described in section

(3.3.4).

Diversity techniques are classified according to the nature of the fading that

they are intended to mitigate. For instance, microdiversity schemes are designed to

combat short-term multipath fading whereas macrodiversity techniques mitigate the

effect of long-term shadowing caused by obstructions such as buildings, trees and

hills. Diversity schemes can also be classified according to the type of combining

employed at the receiver. e.g. pure combining techniques such as Maximal-Ratio

Combining, Equal Gain Combining, Selection Combining and Switched Combining

and the most recently proposed hybrid techniques such as mutidimensional diversity

techniques.
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Coherent Equal Gain Combining

Maximal-Ratio Combining provides the maximum performance improvement rela-

tive to all other diversity combining techniques by maximizing the signal-to-noise

ratio at the combiner output. Alternative combining techniques such as EGC are

often used in practice because of their reduced complexity relative to the optimum

MRC scheme. Indeed, EGC equally weights each branch before combining, and

therefore doesn’t require estimation of the channel (path) fading amplitudes.

The EGC receiver processes the L received replicas, equally weights them, and

then sums them to produce the decision statistic. For equiprobable transmitted

symbols, it can be shown that the total conditional SNR per symbol γEGC at the

output of the EGC combiner is given by,

γEGC =

(∑L
l=1 αl

)2

∑L
l=1 Nl

(3.27)

where Es is the energy (in joules) per symbol and Nl is the AWGN power spectral

density on the lth path.

Abu-Dayya and Beaulieu [47, 48] employed an infinite series representation for

the PDF of the sum of Nakagami-m and Rice RVs [49] to analyze the performance

of binary modulations when used in conjunction with EGC. The same approach was

adopted by Dong [50] to extend the results to several two-dimensional constellation

of interest. Another approach based on the Gil-Pilaez lemma [51] was proposed by

Zhang [52] and lead to closed-form solutions for binary modulations with two or
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three branch EGC receivers over Rayleigh fading channels. Zhang extended this

approach to Nakagami-m fading channels [53]. Annamalai [54] used a frequenecy-

domain-based approach and Parseval’s theorem to compute the average symbol error

rate with EGC over Nakagami-m fading channels.

3.4 Rake Receiver

Multipath impairments are encountered by Rake receiver, so called by its inventors,

Price and Green [55]. The receiver takes the advantage of the resolved multipaths

to provide diversity gain. Such a diversity is termed as implicit diversity, multipath

diversity, internal diversity or simply, Rake diversity.

A rake receiver combines the signal components from multipath using any di-

versity combining method like Equal Gain Combining (EGC) or Maximal-Ratio

Combining (MRC). A generic block diagram of Rake receiver with L branches is

shown in figure (3.5).
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Figure 3.5: Implementation of Rake receiver



Chapter 4

Results and Discussion

The distribution of the reflection co-efficient is described according to three com-

mon distributions that covers the wide range of the reflecting surfaces in practical

scenarios. i.e. Uniform distribution, Exponential distribution and Half Gaussian dis-

tribution. The magnitude of the reflection co-efficient typically ranges from 0.5 − 1

for ideal smooth surfaces, and from 0 − 1 for Gaussian rough surfaces depending

upon the angle of incidence. It is found that exponential distribution of the reflec-

tion co-efficient gives larger values of m and if operating in an environment where

the reflections from the material surfaces is best described by the exponential dis-

tribution, error performance is enhanced for any modulation scheme used. Further,

while operating at higher frequencies, better performance is acheived than operating

at lower frequencies at shorter distances.

The exponential distribution of the reflection co-eficient is studied over frequency

56
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non-selective and frequency selective Nakagami-m fading channels. It is obvious that

as we move from microcell to macrocell and as the distance between the Tx and Rx

increases, the error rates starts increasing and there is a degradation in performance

of the digital communication system. Therefore, in order to ovecome this degra-

dation, diversity techniques are employed to improve the error rates. Equal Gain

Combining approach is used for MPSK systems. At higher distances, the error rates

showed imrovements for smaller values of m. All the three modulation schemes

(QPSK, 8PSK and 16QAM) are compared and their variations in performance with

increase in distances and varying Nakagami-m parameter is shown. The 3D rep-

resentation also gives us an indication on how the bit error rate curves (for SNR

range of 0dB to 30dB with intervals of 5dB) for different modulation schemes vary

with increase in distance in micro and macrocellular structure. The information

represented by these 3D plots has not been reported in the literature yet.

Since, the channel is assumed to be flat, therefore the diversity combining tech-

niques provide improvements in error rates while operating for smaller values of m

at which system undergoes degradation. When the channel is frequency-selective,

then the delayed (multipath) components give rise to InterSymbol Interference (ISI)

and we have degraded performance of the system. Therefore, in order to study the

effect of changing Nakagami-m parameter over frequency-selective channels (more

realistic scenario), we apply Rake diversity at the receiver. It is seen from figure (3.5)

that the basic function of the Rake receiver is to combine different multipath com-
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ponents that are delayed in time and attenuated by a weight defined by the power

delay profile (PDP), according to a certain criteria in order to enhance the system

performance at the receiver. Since, we assume perfect channel estimation i.e. the

strengths of the paths and the interpath delays are known to us, therefore, no esti-

mation of the channel is required. We applied the EGC diversity technique for the

implementation of the Rake receiver and obtain the BER curves for MPSK (QPSK

and 8PSK) systems. It is observed that there is a degradation of performance for

uniform and half Gaussian distributions of the reflection co-efficient as compared to

the exponential distribution.

4.1 Simulation Modeling

The simluation methodology consists of the following steps:

• Defining frequency (f), heights of the transmitter and receiver antennas (ht

and hr), transmitted power (Pt taken as constant 10W ), path loss slopes for

terrain types 1 and 2 (α1 and α2) and the number of iterations.

• Calculating the direct received power at the mobile station using two ray

ground reflection model using equation (2.8).

• Positioning (random) the scatterers local to the receiver with Gaussian (Nor-

mal distribution).
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• Defining the position of the base station.

• Calculating the distances d1 (distances between the scatterers and the base

station) and d2 (distances between the scatterers and the mobile station).

• Defining the distribution of the modified Fresnel Reflection Coefficient Γ (Uni-

form, Exponential or Half Gaussian).

• Defining the Diffraction Losses between 8−12dB with 10dB mean considering

different propagation environments.

• Calculating the total average received scattered power at the mobile station

from the proposed model using equation (2.18).

• Calculating the Rician K factor and introducing the Nakagami-m parameter

with varying distances for micro and macro cellular structures.

• Simulating the Nakagami channel for a particular value of m corresponding to

a certain distance d between the mobile station and the base station.

• Finding the BER curves for QPSK, 8PSK and 16QAM for specific deter-

mined values of m for different distributions of Γ at 900MHz and 1800MHz

frequencies over Flat Fading and Frequency Selective Fading Nakagami-m

channels.

• Improving the degraded error performance at larger distances by employing
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Equal Gain Combining (EGC) Diversity technique (Flat Fading case) and

Rake Receiver (Frequency Selective Fading case).

• Representing 3D curves showing the relationship between Nakagami-m para-

meter, distance d and the error performance of a particular modulation scheme.

4.2 Parameter ∆m

A new parameter ∆m is also introduced in order to study the change in perfor-

mance of the communication system with incresae in distance. It is seen with the

help of figures (4.1 to 4.24) that the Nakagami-m parameter decreases at a faster

rate initially for smaller distances and then at a slower rate afterwards for longer

distances. Therefore, the parameter ∆m will be of higher value initially (close to

the base station) and starts decreasing as we move towards the edge of the cellular

structure. It is observed that the transmitter and receiver antenna heights and the

distance between the mobile station and the scatterers effect the parameter ∆m.

From the same set of figures, it is inferred that m changes (reduces) at a faster rate

for model B (discussed in section 4.3) where the average distances between the re-

ceiver and the scatterers is increased, thereby reducing the received scattered power

(see figure 2.5 for both cellular (micro and macro) structures).

This behavior of ∆m indicates that the performance of the digital communica-

tion system defined by the channel link parameter m obeys an exponential decay.
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Initially, the performance degrades faster and after reaching a certain distance, the

change in performance becomes less severe at higher distances.

In microcellular structure, the performance of MPSK systems is represented with

the help of 3D plots to obtain a relationship between the error performance criteria

(BER) and the increasing distance with varying values of m.

4.3 Variations of Nakagami-m parameter with Dis-

tance: Comparison of distributions of reflec-

tion co-efficient Γ

We considered three models (model A, model B, and model C) depending on differ-

ent parameters such as the transmitter antenna height ht, receiver antenna height

hr and the ditance between the mobile station and the scatterers d2 local to the

receiver. All of these parameters have an impact on the Nakagami-m parameter.

The three models are defined as follows:

Parameters of Model A:

• Transmitting Antenna Height ht = 50m

• Receiving Antenna Height hr = 3m

• Ditance between the Mobile Station and the Scatterers d2 = 12m
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Parameters of Model B:

• Transmitting Antenna Height ht = 50m

• Receiving Antenna Height hr = 3m

• Ditance between the Mobile Station and the Scatterers d2 = 16m

Parameters of Model C:

• Transmitting Antenna Height ht = 40m

• Receiving Antenna Height hr = 5m

• Ditance between the Mobile Station and the Scatterers d2 = 12m

Refering to figure (4.1) and (4.2), it is observed that the value of m decreases as

the distance between the mobile station and the base station increases. Similarly

depending on the distribution of reflection co-efficient which is represented by Γ in

equation (2.20), three types of distribution are considered. Since its value depends on

the type of reflecting/scattering material and the angle of the incidence on the sur-

face of the material, we consider Uniform distribution (see figure (4.25)), Exponential

distribution (see figure (4.27)), and Half Gausian distribution (see figure (4.26)) of

the reflection coefficient that covers the wide range of reflecting surfaces. The dif-

fraction losses are taken to be normally distributed between 8−10dB with a mean of

10dB (see figure (4.28)). The cellular structure is divided into Microcell 100m−1km

and Macrocell 1km − 10km.
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The comparison of different distributions of the reflection coefficient Γ for dif-

ferent models at 900MHz and 1800MHz for micro and macrocellular structure

is shown in figures (4.1 to 4.12). It is observed that the exponential distribution

gives higher values of m at a particular distance than any other distribution. All of

these distributions have practical implications because these distributions represent

the nature of the terrain in which the mobile is operating. Refering to figure (4.1)

and (4.3), it is observed that if the mobile is 400m away from the base station in

an environment whose properties are best described by exponential distribution,

then the value of Nakagami-m parameter is 3.09dB at 900MHz and 13.17dB at

1800MHz. Similarly, at the same distance, if the environment characteristics are

described by uniform distribution, then m changes to 0.84dB at 900MHz and 8.2dB

at 1800MHz. And for half gaussian distribution of the reflection co-efficient, m is

shown to be 1.84dB at 900MHz and 10.82dB at 1800MHz. This analysis shows

that the exponential distribution of the reflection co-efficient gives higher values of

m at a specified distance. Further, at shorter distances (100m − 1km), the change

in frequency also effects the value of m. Higher the frequency, higher will be the

m. Similar behavior is observed for other models (model B and model C), refer to

figures (4.5 to 4.12).
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4.3.1 Effect of distribution of the refelection co-eficient

It is observed that in each case, the exponential distribution of the reflection co-

efficinet gives higher values of Nakagami-m parameter as compared to the other

distributions. This is because exponential distribution has more values closer to

zero indicating the roughness of the surface to be more severe and low scattered

power henceby increasing the value of m.

4.3.2 Effect of frequency

The operating frequency is another parameter that affects the value of m at a par-

ticular distance. The higher the frequency, the larger the value of m. Refering to

equations (2.13) and (2.14), it is observed that (4π/λ)2 is the aperture area of the

antenna. By looking at the received scattered power (equation (2.18)), higher values

of f decreases the received scattered power and results in larger value of m.

Tables (4.1 to 4.18) gives the tabular representation of variations of Nakagami-

m parameter with distance for varying parameters such as f , ht, hr, d2, and Γ.

The tabular representation indicates that the values of m are not integer values as

considered in the previous studies on more than one occassion. However, it is shown

that the Nakagami-m parameter describing the link quality is continuously changing

with an increase in distance.



65

100 200 300 400 500 600 700 800 900 1000
0

2

4

6

8

10

12

14

N
ak

ag
am

i P
ar

am
te

r 
m

 [d
B

s]

Microcell − Distance [meters]

Model A − Nakagami Paramter "m" at 900 MHz

Γ − Uniform
Γ − Half Gaussian
Γ − Exponential

Figure 4.1: Nakagami m variations:Model A, Microcell, 900 MHz
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Figure 4.2: Nakagami m variations:Model A, Macrocell, 900 MHz
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Figure 4.3: Nakagami m variations:Model A, Microcell, 1800 MHz
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Figure 4.4: Nakagami m variations:Model A, Macrocell, 1800 MHz
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Figure 4.5: Nakagami m variations:Model B, Microcell, 900 MHz
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Figure 4.6: Nakagami m variations:Model B, Macrocell, 900 MHz
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Figure 4.7: Nakagami m variations:Model B, Microcell, 1800 MHz
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Figure 4.8: Nakagami m variations:Model B, Macrocell, 1800 MHz
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Figure 4.9: Nakagami m variations:Model C, Microcell, 900 MHz
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Figure 4.10: Nakagami m variations:Model C, Macrocell, 900 MHz
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Figure 4.11: Nakagami m variations:Model C, Microcell, 1800 MHz
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Figure 4.12: Nakagami m variations:Model C, Macrocell, 1800 MHz
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4.4 Variations of Nakagami-m parameter with Dis-

tance: Comparison of Models A, B, and C

As described in section (4.3), we considered three models (A, B, and C) depending

on the type of environment and cellular conditions. The three variable parameters

in these models are:

• Transmitter Antenna Height ht

• Receiver Antenna Height hr

• Distance between the Mobile Station and the Scatterers d2

4.4.1 Effect of ht, hr and d2

Figures (4.13 to 4.24) provide a comparison between different models for a paricular

distribution of the reflection coefficient Γ. It is found that model B gives larger

values of m since it has larger distances d2 between the mobile station and the

scatterers. In another way, we can say that the breakpoint distance is decreased

from the base station thereby providing diminshed scattered power at the receiver

and higher values of m.

Model C gives higher values of m than model A since the effective heights of the

transmitting and receiving antennas are increased. As discussed earlier, there are

larger values of m at higher frequency.
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By looking at figure (4.15), it is observed that at a particular distance, if we

compare the three models described above, the difference between them is not same.

Let’s say, at d = 500m, and f = 1800MHz and Γ uniformly distributed, the values

of m are 6.53dB, 13.48dB, and 8.67dB corresponding to model A, model B, and

model C. It is observed that if we move from model B to model A, i.e. the distance

between the mobile and the scatterers is increased, we have a severe degradation

in performance while moving from model C to model A, i.e. changing the effective

value of transmitter and receiver antenna heights. This behavior is observed for

all the types of reflection co-efficient distribution for both micro and macrocellular

structures by refering to figures (4.13 to 4.24).

4.4.2 Effect of frequency

The operating frequency also affects the value of m at a particular distance. The

higher the frequency, the larger the value of m. By looking at the received scattered

power (equation (2.18)), higher values of f decreases the received scattered power

and results in larger values of m. It will be shown in the coming discussion that the

performance of the digital communication system (BER, SER, outage etc.) highly

depends on the parameter ∆m (i.e. change in value of Nakagami-m parameter with

distance). At larger distances, this change becomes smaller and becomes indepen-

dent of frequnecy. The representation of the distribution of reflection co-efficient

and diffraction losses are shown in figures (4.25 to 4.28).
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Figure 4.13: Nakagami m variations: Γ uniform, Microcell, 900 MHz
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Figure 4.14: Nakagami m variations: Γ uniform, Macrocell, 900 MHz
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Figure 4.15: Nakagami m variations: Γ uniform, Microcell, 1800 MHz
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Figure 4.16: Nakagami m variations: Γ uniform, Macrocell, 1800 MHz
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Figure 4.17: Nakagami m variations: Γ half gaussian, Microcell, 900 MHz
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Figure 4.18: Nakagami m variations: Γ half gaussian, Macrocell, 900 MHz
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Figure 4.19: Nakagami m variations: Γ half gaussian, Microcell, 1800 MHz
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Figure 4.20: Nakagami m variations: Γ half gaussian, Macrocell, 1800 MHz
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Figure 4.21: Nakagami m variations: Γ exponential, Microcell, 900 MHz
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Figure 4.22: Nakagami m variations: Γ exponential, Macrocell, 900 MHz
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Figure 4.23: Nakagami m variations: Γ exponential, Microcell, 1800 MHz
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Figure 4.24: Nakagami m variations: Γ exponential, Macrocell, 1800 MHz
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Figure 4.25: Uniformly distribution of reflection co-efficient Γ
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Figure 4.26: Half Gaussian distribution of reflection co-efficient Γ
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Figure 4.27: Exponential distribution of reflection co-efficient Γ
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Figure 4.28: Normal distribution of diffraction losses with 10dB mean
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Simulation Parameters:

Simulation Model: Model A

Distribution of reflection co-efficient: Uniform

Carrier Frequency: 900 MHz

Path Loss Exponent α1 = 2

Additional Path Loss Exponent α2 = 4

Tranmitter Antenna Height ht = 50 m

Receiver Antenna Height hr = 3 m

Average Distance between MS & Scatterers d2 = 12 m

Microcell
Distance Direct Power Scattered Power Rician ’K’ Nakagami ’m’

(m) (dB) (dB) (dB) (dB)
100 -26.48 -37.14 10.67 8.19
200 -38.52 -43.11 4.59 3.47
300 -45.56 -46.60 1.03 1.63
400 -50.56 -49.12 -1.44 0.84
500 -54.44 -51.21 -3.23 0.48
600 -57.60 -52.72 -4.88 0.27
700 -60.28 -53.98 -6.30 0.16
800 -62.60 -55.20 -7.40 0.10
900 -64.65 -56.24 -8.41 0.07
1000 -66.48 -57.18 -9.30 0.05

Macrocell
2000 -78.52 -63.21 -15.31 3.57E-03
3000 -85.56 -66.63 -18.94 6.99E-04
4000 -90.56 -69.37 -21.19 2.51E-04
5000 -94.44 -71.12 -23.32 9.43E-05
6000 -97.60 -72.72 -24.88 4.60E-05
7000 -100.28 -74.11 -26.18 2.54E-05
8000 -102.60 -75.22 -27.39 1.47E-05
9000 -104.65 -76.23 -28.42 9.05E-06
10000 -106.48 -77.17 -29.31 6.01E-06

Table 4.1: Variations of Nakagami-m parameter with distance for Micro and Macro-
cells - Model A, Uniform distribution at 900 MHz
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Simulation Parameters:

Simulation Model: Model A

Distribution of reflection co-efficient: Uniform

Carrier Frequency: 1800 MHz

Path Loss Exponent α1 = 2

Additional Path Loss Exponent α2 = 4

Tranmitter Antenna Height ht = 50 m

Receiver Antenna Height hr = 3 m

Average Distance between MS & Scatterers d2 = 12 m

Microcell
Distance Direct Power Scattered Power Rician ’K’ Nakagami ’m’

(m) (dB) (dB) (dB) (dB)
100 -26.48 -49.21 22.73 19.76
200 -38.52 -55.20 16.68 13.80
300 -45.56 -58.86 13.30 10.59
400 -50.56 -61.24 10.68 8.20
500 -54.44 -63.17 8.73 6.53
600 -57.60 -64.67 7.07 5.21
700 -60.28 -66.14 5.85 4.32
800 -62.60 -67.23 4.63 3.50
900 -64.65 -68.33 3.68 2.93
1000 -66.48 -69.20 2.72 2.40

Macrocell
2000 -78.52 -75.26 -3.26 4.73E-01
3000 -85.56 -78.87 -6.70 1.39E-01
4000 -90.56 -81.31 -9.25 4.95E-02
5000 -94.44 -83.17 -11.26 2.13E-02
6000 -97.60 -84.78 -12.83 1.08E-02
7000 -100.28 -86.12 -14.16 6.00E-03
8000 -102.60 -87.21 -15.39 3.48E-03
9000 -104.65 -88.27 -16.37 2.24E-03
10000 -106.48 -89.15 -17.33 1.46E-03

Table 4.2: Variations of Nakagami-m parameter with distance for Micro and Macro-
cells - Model A, Uniform distribution at 1800 MHz
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Simulation Parameters:

Simulation Model: Model A

Distribution of reflection co-efficient: Exponential

Carrier Frequency: 900 MHz

Path Loss Exponent α1 = 2

Additional Path Loss Exponent α2 = 4

Tranmitter Antenna Height ht = 50 m

Receiver Antenna Height hr = 3 m

Average Distance between MS & Scatterers d2 = 12 m

Microcell
Distance Direct Power Scattered Power Rician ’K’ Nakagami ’m’

(m) (dB) (dB) (dB) (dB)
100 -26.48 -42.53 16.05 13.20
200 -38.52 -48.59 10.07 7.67
300 -45.56 -52.10 6.54 4.81
400 -50.56 -54.51 3.95 3.09
500 -54.44 -56.43 2.00 2.05
600 -57.60 -58.05 0.44 1.40
700 -60.28 -59.45 -0.84 1.00
800 -62.60 -60.52 -2.08 0.69
900 -64.65 -61.57 -3.08 0.50
1000 -66.48 -62.55 -3.92 0.38

Macrocell
2000 -78.52 -68.48 -10.04 3.57E-02
3000 -85.56 -72.07 -13.50 8.02E-03
4000 -90.56 -74.50 -16.06 2.57E-03
5000 -94.44 -76.57 -17.87 1.14E-03
6000 -97.60 -78.04 -19.57 5.22E-04
7000 -100.28 -79.33 -20.95 2.77E-04
8000 -102.60 -80.45 -22.15 1.61E-04
9000 -104.65 -81.48 -23.16 1.01E-04
10000 -106.48 -82.33 -24.15 6.45E-05

Table 4.3: Variations of Nakagami-m parameter with distance for Micro and Macro-
cells - Model A, Exponential distribution at 900 MHz
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Simulation Parameters:

Simulation Model: Model A

Distribution of reflection co-efficient: Exponential

Carrier Frequency: 1800 MHz

Path Loss Exponent α1 = 2

Additional Path Loss Exponent α2 = 4

Tranmitter Antenna Height ht = 50 m

Receiver Antenna Height hr = 3 m

Average Distance between MS & Scatterers d2 = 12 m

Microcell
Distance Direct Power Scattered Power Rician ’K’ Nakagami ’m’

(m) (dB) (dB) (dB) (dB)
100 -26.48 -54.43 27.95 24.95
200 -38.52 -60.52 22.00 19.03
300 -45.56 -64.03 18.47 15.55
400 -50.56 -66.58 16.02 13.17
500 -54.44 -68.44 14.01 11.25
600 -57.60 -70.15 12.54 9.89
700 -60.28 -71.53 11.25 8.71
800 -62.60 -72.63 10.03 7.63
900 -64.65 -73.59 8.94 6.71
1000 -66.48 -74.50 8.02 5.96

Macrocell
2000 -78.52 -80.60 2.08 2.09E+00
3000 -85.56 -84.06 -1.51 8.19E-01
4000 -90.56 -86.49 -4.07 3.61E-01
5000 -94.44 -88.42 -6.01 1.79E-01
6000 -97.60 -90.00 -7.60 9.69E-02
7000 -100.28 -91.45 -8.83 5.88E-02
8000 -102.60 -92.59 -10.01 3.63E-02
9000 -104.65 -93.60 -11.05 2.34E-02
10000 -106.48 -94.36 -12.12 1.46E-02

Table 4.4: Variations of Nakagami-m parameter with distance for Micro and Macro-
cells - Model A, Exponential distribution at 1800 MHz
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Simulation Parameters:

Simulation Model: Model A

Distribution of reflection co-efficient: Half Gaussian

Carrier Frequency: 900 MHz

Path Loss Exponent α1 = 2

Additional Path Loss Exponent α2 = 4

Tranmitter Antenna Height ht = 50 m

Receiver Antenna Height hr = 3 m

Average Distance between MS & Scatterers d2 = 12 m

Microcell
Distance Direct Power Scattered Power Rician ’K’ Nakagami ’m’

(m) (dB) (dB) (dB) (dB)
100 -26.48 -40.02 13.54 10.81
200 -38.52 -46.13 7.61 5.63
300 -45.56 -49.68 4.11 3.18
400 -50.56 -52.10 1.54 1.84
500 -54.44 -53.96 -0.48 1.10
600 -57.60 -55.65 -1.95 0.72
700 -60.28 -56.98 -3.30 0.47
800 -62.60 -58.15 -4.46 0.32
900 -64.65 -59.08 -5.57 0.21
1000 -66.48 -60.09 -6.39 0.15

Macrocell
2000 -78.52 -66.15 -12.37 1.31E-02
3000 -85.56 -69.49 -16.07 2.56E-03
4000 -90.56 -71.97 -18.59 8.21E-04
5000 -94.44 -73.98 -20.46 3.49E-04
6000 -97.60 -75.44 -22.16 1.61E-04
7000 -100.28 -76.87 -23.41 9.03E-05
8000 -102.60 -78.00 -24.60 5.22E-05
9000 -104.65 -79.17 -25.47 3.51E-05
10000 -106.48 -80.00 -26.48 2.20E-05

Table 4.5: Variations of Nakagami-m parameter with distance for Micro and Macro-
cells - Model A, Half Gaussian distribution at 900 MHz
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Simulation Parameters:

Simulation Model: Model A

Distribution of reflection co-efficient: Half Gaussian

Carrier Frequency: 1800 MHz

Path Loss Exponent α1 = 2

Additional Path Loss Exponent α2 = 4

Tranmitter Antenna Height ht = 50 m

Receiver Antenna Height hr = 3 m

Average Distance between MS & Scatterers d2 = 12 m

Microcell
Distance Direct Power Scattered Power Rician ’K’ Nakagami ’m’

(m) (dB) (dB) (dB) (dB)
100 -26.48 -51.98 25.50 22.51
200 -38.52 -58.11 19.59 16.65
300 -45.56 -61.75 16.19 13.34
400 -50.56 -64.11 13.55 10.82
500 -54.44 -65.93 11.50 8.93
600 -57.60 -67.70 10.09 7.69
700 -60.28 -68.93 8.65 6.47
800 -62.60 -70.11 7.51 5.55
900 -64.65 -71.20 6.55 4.83
1000 -66.48 -72.23 5.76 4.25

Macrocell
2000 -78.52 -78.15 -0.37 1.13E+00
3000 -85.56 -81.66 -3.90 3.81E-01
4000 -90.56 -84.04 -6.52 1.48E-01
5000 -94.44 -86.13 -8.31 7.30E-02
6000 -97.60 -87.66 -9.95 3.70E-02
7000 -100.28 -89.11 -11.17 2.21E-02
8000 -102.60 -90.12 -12.48 1.25E-02
9000 -104.65 -91.15 -13.50 8.11E-03
10000 -106.48 -92.14 -14.34 5.52E-03

Table 4.6: Variations of Nakagami-m parameter with distance for Micro and Macro-
cells - Model A, Half Gaussian distribution at 1800 MHz
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Simulation Parameters:

Simulation Model: Model B

Distribution of reflection co-efficient: Uniform

Carrier Frequency: 900 MHz

Path Loss Exponent α1 = 2

Additional Path Loss Exponent α2 = 4

Tranmitter Antenna Height ht = 50 m

Receiver Antenna Height hr = 3 m

Average Distance between MS & Scatterers d2 = 16 m

Microcell
Distance Direct Power Scattered Power Rician ’K’ Nakagami ’m’

(m) (dB) (dB) (dB) (dB)
100 -26.48 -44.72 18.24 15.33
200 -38.52 -50.78 12.26 9.63
300 -45.56 -54.24 8.67 6.49
400 -50.56 -56.80 6.24 4.60
500 -54.44 -58.63 4.19 3.23
600 -57.60 -60.24 2.63 2.36
700 -60.28 -61.52 1.24 1.71
800 -62.60 -62.80 0.20 1.32
900 -64.65 -63.78 -0.86 0.99
1000 -66.48 -64.65 -1.83 0.74

Macrocell
2000 -78.52 -70.80 -7.72 9.25E-02
3000 -85.56 -74.13 -11.43 1.97E-02
4000 -90.56 -76.75 -13.81 6.99E-03
5000 -94.44 -78.58 -15.86 2.80E-03
6000 -97.60 -80.25 -17.35 1.44E-03
7000 -100.28 -81.59 -18.69 7.86E-04
8000 -102.60 -82.66 -19.94 4.41E-04
9000 -104.65 -83.67 -20.98 2.76E-04
10000 -106.48 -84.63 -21.85 1.86E-04

Table 4.7: Variations of Nakagami-m parameter with distance for Micro and Macro-
cells - Model B, Uniform distribution at 900 MHz
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Simulation Parameters:

Simulation Model: Model B

Distribution of reflection co-efficient: Uniform

Carrier Frequency: 1800 MHz

Path Loss Exponent α1 = 2

Additional Path Loss Exponent α2 = 4

Tranmitter Antenna Height ht = 50 m

Receiver Antenna Height hr = 3 m

Average Distance between MS & Scatterers d2 = 16 m

Microcell
Distance Direct Power Scattered Power Rician ’K’ Nakagami ’m’

(m) (dB) (dB) (dB) (dB)
100 -26.48 -56.55 30.07 27.07
200 -38.52 -62.79 24.27 21.29
300 -45.56 -66.16 20.60 17.65
400 -50.56 -68.76 18.20 15.29
500 -54.44 -70.77 16.34 13.48
600 -57.60 -72.22 14.62 11.83
700 -60.28 -73.75 13.46 10.74
800 -62.60 -74.79 12.18 9.56
900 -64.65 -75.79 11.14 8.61
1000 -66.48 -76.64 10.17 7.75

Macrocell
2000 -78.52 -82.67 4.15 3.20E+00
3000 -85.56 -86.32 0.76 1.52E+00
4000 -90.56 -88.70 -1.86 7.37E-01
5000 -94.44 -90.66 -3.78 3.98E-01
6000 -97.60 -92.29 -5.31 2.32E-01
7000 -100.28 -93.68 -6.60 1.44E-01
8000 -102.60 -94.89 -7.72 9.27E-02
9000 -104.65 -95.90 -8.75 6.09E-02
10000 -106.48 -96.65 -9.83 3.90E-02

Table 4.8: Variations of Nakagami-m parameter with distance for Micro and Macro-
cells - Model B, Uniform distribution at 1800 MHz
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Simulation Parameters:

Simulation Model: Model B

Distribution of reflection co-efficient: Exponential

Carrier Frequency: 900 MHz

Path Loss Exponent α1 = 2

Additional Path Loss Exponent α2 = 4

Tranmitter Antenna Height ht = 50 m

Receiver Antenna Height hr = 3 m

Average Distance between MS & Scatterers d2 = 16 m

Microcell
Distance Direct Power Scattered Power Rician ’K’ Nakagami ’m’

(m) (dB) (dB) (dB) (dB)
100 -26.48 -49.87 23.39 20.41
200 -38.52 -55.99 17.47 14.57
300 -45.56 -59.55 13.98 11.23
400 -50.56 -62.12 11.56 8.99
500 -54.44 -64.00 9.56 7.23
600 -57.60 -65.58 7.98 5.92
700 -60.28 -66.94 6.65 4.90
800 -62.60 -68.01 5.40 4.01
900 -64.65 -69.02 4.38 3.34
1000 -66.48 -69.95 3.47 2.81

Macrocell
2000 -78.52 -75.97 -2.55 5.98E-01
3000 -85.56 -79.40 -6.16 1.69E-01
4000 -90.56 -82.06 -8.50 6.75E-02
5000 -94.44 -83.87 -10.56 2.86E-02
6000 -97.60 -85.50 -12.11 1.48E-02
7000 -100.28 -86.83 -13.46 8.17E-03
8000 -102.60 -87.84 -14.76 4.58E-03
9000 -104.65 -88.97 -15.68 3.05E-03
10000 -106.48 -90.03 -16.45 2.16E-03

Table 4.9: Variations of Nakagami-m parameter with distance for Micro and Macro-
cells - Model B, Exponential distribution at 900 MHz
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Simulation Parameters:

Simulation Model: Model B

Distribution of reflection co-efficient: Exponential

Carrier Frequency: 1800 MHz

Path Loss Exponent α1 = 2

Additional Path Loss Exponent α2 = 4

Tranmitter Antenna Height ht = 50 m

Receiver Antenna Height hr = 3 m

Average Distance between MS & Scatterers d2 = 16 m

Microcell
Distance Direct Power Scattered Power Rician ’K’ Nakagami ’m’

(m) (dB) (dB) (dB) (dB)
100 -26.48 -61.96 35.49 32.48
200 -38.52 -68.13 29.61 26.61
300 -45.56 -71.58 26.02 23.03
400 -50.56 -74.10 23.54 20.56
500 -54.44 -75.96 21.52 18.56
600 -57.60 -77.52 19.92 16.97
700 -60.28 -78.80 18.52 15.60
800 -62.60 -80.18 17.58 14.68
900 -64.65 -81.09 16.44 13.58
1000 -66.48 -81.98 15.51 12.68

Macrocell
2000 -78.52 -88.09 9.57 7.24E+00
3000 -85.56 -91.55 5.98 4.41E+00
4000 -90.56 -94.11 3.55 2.85E+00
5000 -94.44 -96.04 1.60 1.87E+00
6000 -97.60 -97.49 -0.11 1.22E+00
7000 -100.28 -98.96 -1.32 8.66E-01
8000 -102.60 -99.97 -2.63 5.80E-01
9000 -104.65 -101.17 -3.48 4.42E-01
10000 -106.48 -102.10 -4.37 3.24E-01

Table 4.10: Variations of Nakagami-m parameter with distance for Micro and Macro-
cells - Model B, Exponential distribution at 1800 MHz
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Simulation Parameters:

Simulation Model: Model B

Distribution of reflection co-efficient: Half Gaussian

Carrier Frequency: 900 MHz

Path Loss Exponent α1 = 2

Additional Path Loss Exponent α2 = 4

Tranmitter Antenna Height ht = 50 m

Receiver Antenna Height hr = 3 m

Average Distance between MS & Scatterers d2 = 16 m

Microcell
Distance Direct Power Scattered Power Rician ’K’ Nakagami ’m’

(m) (dB) (dB) (dB) (dB)
100 -26.48 -47.60 21.13 18.16
200 -38.52 -53.56 15.04 12.23
300 -45.56 -57.12 11.56 8.98
400 -50.56 -59.68 9.12 6.85
500 -54.44 -61.52 7.09 5.22
600 -57.60 -63.03 5.42 4.02
700 -60.28 -64.41 4.13 3.19
800 -62.60 -65.49 2.88 2.49
900 -64.65 -66.56 1.91 2.01
1000 -66.48 -67.51 1.03 1.63

Macrocell
2000 -78.52 -73.56 -4.96 2.63E-01
3000 -85.56 -77.09 -8.47 6.82E-02
4000 -90.56 -79.56 -11.01 2.37E-02
5000 -94.44 -81.56 -12.87 1.05E-02
6000 -97.60 -83.19 -14.41 5.38E-03
7000 -100.28 -84.51 -15.77 2.91E-03
8000 -102.60 -85.65 -16.95 1.73E-03
9000 -104.65 -86.50 -18.15 9.98E-04
10000 -106.48 -87.59 -18.89 7.09E-04

Table 4.11: Variations of Nakagami-m parameter with distance for Micro and Macro-
cells - Model B, Half Gaussian distribution at 900 MHz
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Simulation Parameters:

Simulation Model: Model B

Distribution of reflection co-efficient: Half Gaussian

Carrier Frequency: 1800 MHz

Path Loss Exponent α1 = 2

Additional Path Loss Exponent α2 = 4

Tranmitter Antenna Height ht = 50 m

Receiver Antenna Height hr = 3 m

Average Distance between MS & Scatterers d2 = 16 m

Microcell
Distance Direct Power Scattered Power Rician ’K’ Nakagami ’m’

(m) (dB) (dB) (dB) (dB)
100 -26.48 -59.47 32.99 29.99
200 -38.52 -65.57 27.05 24.05
300 -45.56 -69.06 23.50 20.52
400 -50.56 -71.71 21.15 18.19
500 -54.44 -73.60 19.17 16.23
600 -57.60 -75.11 17.51 14.61
700 -60.28 -76.41 16.13 13.27
800 -62.60 -77.61 15.00 12.20
900 -64.65 -78.64 14.00 11.24
1000 -66.48 -79.58 13.10 10.40

Macrocell
2000 -78.52 -85.74 7.22 5.32E+00
3000 -85.56 -89.20 3.64 2.90E+00
4000 -90.56 -91.67 1.11 1.66E+00
5000 -94.44 -93.51 -0.92 9.74E-01
6000 -97.60 -95.01 -2.59 5.88E-01
7000 -100.28 -96.44 -3.84 3.90E-01
8000 -102.60 -97.62 -4.98 2.61E-01
9000 -104.65 -98.73 -5.92 1.85E-01
10000 -106.48 -99.55 -6.93 1.27E-01

Table 4.12: Variations of Nakagami-m parameter with distance for Micro and Macro-
cells - Model B, Half Gaussian distribution at 1800 MHz
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Simulation Parameters:

Simulation Model: Model C

Distribution of reflection co-efficient: Uniform

Carrier Frequency: 900 MHz

Path Loss Exponent α1 = 2

Additional Path Loss Exponent α2 = 4

Tranmitter Antenna Height ht = 40 m

Receiver Antenna Height hr = 5 m

Average Distance between MS & Scatterers d2 = 12 m

Microcell
Distance Direct Power Scattered Power Rician ’K’ Nakagami ’m’

(m) (dB) (dB) (dB) (dB)
100 -23.98 -37.15 13.17 10.46
200 -36.02 -43.12 7.10 5.23
300 -43.06 -46.56 3.49 2.82
400 -48.06 -49.12 1.06 1.64
500 -51.94 -51.25 -0.69 1.04
600 -55.11 -52.72 -2.38 0.63
700 -57.78 -54.07 -3.72 0.41
800 -60.10 -55.17 -4.93 0.27
900 -62.15 -56.21 -5.94 0.18
1000 -63.98 -57.30 -6.68 0.14

Macrocell
2000 -76.02 -63.20 -12.82 1.08E-02
3000 -83.06 -66.71 -16.36 2.24E-03
4000 -88.06 -69.14 -18.93 7.06E-04
5000 -91.94 -71.08 -20.86 2.89E-04
6000 -95.11 -72.74 -22.36 1.46E-04
7000 -97.78 -74.10 -23.68 7.96E-05
8000 -100.10 -75.18 -24.92 4.52E-05
9000 -102.15 -76.30 -25.85 2.95E-05
10000 -103.98 -77.15 -26.83 1.88E-05

Table 4.13: Variations of Nakagami-m parameter with distance for Micro and Macro-
cells - Model C, Uniform distribution at 900 MHz
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Simulation Parameters:

Simulation Model: Model C

Distribution of reflection co-efficient: Uniform

Carrier Frequency: 1800 MHz

Path Loss Exponent α1 = 2

Additional Path Loss Exponent α2 = 4

Tranmitter Antenna Height ht = 40 m

Receiver Antenna Height hr = 5 m

Average Distance between MS & Scatterers d2 = 12 m

Microcell
Distance Direct Power Scattered Power Rician ’K’ Nakagami ’m’

(m) (dB) (dB) (dB) (dB)
100 -23.98 -49.32 25.34 22.35
200 -36.02 -55.28 19.26 16.33
300 -43.06 -58.82 15.75 12.91
400 -48.06 -61.22 13.16 10.45
500 -51.94 -63.15 11.21 8.67
600 -55.11 -64.68 9.57 7.24
700 -57.78 -66.12 8.34 6.21
800 -60.10 -67.32 7.21 5.32
900 -62.15 -68.29 6.14 4.53
1000 -63.98 -69.21 5.23 3.89

Macrocell
2000 -76.02 -75.23 -0.79 1.01E+00
3000 -83.06 -78.72 -4.34 3.28E-01
4000 -88.06 -81.26 -6.81 1.33E-01
5000 -91.94 -83.11 -8.83 5.91E-02
6000 -95.11 -84.77 -10.33 3.18E-02
7000 -97.78 -86.15 -11.63 1.82E-02
8000 -100.10 -87.26 -12.84 1.07E-02
9000 -102.15 -88.40 -13.75 7.16E-03
10000 -103.98 -89.21 -14.77 4.57E-03

Table 4.14: Variations of Nakagami-m parameter with distance for Micro and Macro-
cells - Model C, Uniform distribution at 1800 MHz
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Simulation Parameters:

Simulation Model: Model C

Distribution of reflection co-efficient: Exponential

Carrier Frequency: 900 MHz

Path Loss Exponent α1 = 2

Additional Path Loss Exponent α2 = 4

Tranmitter Antenna Height ht = 40 m

Receiver Antenna Height hr = 5 m

Average Distance between MS & Scatterers d2 = 12 m

Microcell
Distance Direct Power Scattered Power Rician ’K’ Nakagami ’m’

(m) (dB) (dB) (dB) (dB)
100 -23.98 -42.49 18.51 15.59
200 -36.02 -48.58 12.56 9.90
300 -43.06 -52.07 9.00 6.76
400 -48.06 -54.46 6.40 4.71
500 -51.94 -56.38 4.44 3.39
600 -55.11 -58.06 2.95 2.52
700 -57.78 -59.46 1.67 1.90
800 -60.10 -60.54 0.44 1.33
900 -62.15 -61.58 -0.57 1.07
1000 -63.98 -62.57 -1.41 0.84

Macrocell
2000 -76.02 -68.45 -7.57 9.79E-02
3000 -83.06 -72.06 -11.00 2.37E-02
4000 -88.06 -74.48 -13.58 7.75E-03
5000 -91.94 -76.35 -15.59 3.16E-03
6000 -95.11 -77.89 -17.22 1.52E-03
7000 -97.78 -79.26 -18.53 8.39E-04
8000 -100.10 -80.52 -19.59 5.19E-04
9000 -102.15 -81.45 -20.70 3.12E-04
10000 -103.98 -82.61 -21.37 2.31E-04

Table 4.15: Variations of Nakagami-m parameter with distance for Micro and Macro-
cells - Model C, Exponential distribution at 900 MHz
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Simulation Parameters:

Simulation Model: Model C

Distribution of reflection co-efficient: Exponential

Carrier Frequency: 1800 MHz

Path Loss Exponent α1 = 2

Additional Path Loss Exponent α2 = 4

Tranmitter Antenna Height ht = 40 m

Receiver Antenna Height hr = 5 m

Average Distance between MS & Scatterers d2 = 12 m

Microcell
Distance Direct Power Scattered Power Rician ’K’ Nakagami ’m’

(m) (dB) (dB) (dB) (dB)
100 -23.98 -54.43 30.45 27.44
200 -36.02 -60.51 24.49 21.51
300 -43.06 -64.08 21.02 18.06
400 -48.06 -66.64 18.58 15.66
500 -51.94 -68.48 16.54 13.67
600 -55.11 -70.09 14.99 12.18
700 -57.78 -71.49 13.71 10.97
800 -60.10 -72.63 12.53 9.87
900 -62.15 -73.61 11.46 8.90
1000 -63.98 -74.59 10.61 8.14

Macrocell
2000 -76.02 -80.42 4.40 3.36E+00
3000 -83.06 -84.08 1.02 1.62E+00
4000 -88.06 -86.57 -1.50 8.24E-01
5000 -91.94 -88.53 -3.41 4.50E-01
6000 -95.11 -89.95 -5.16 2.45E-01
7000 -97.78 -91.48 -6.31 1.61E-01
8000 -100.10 -92.65 -7.45 1.03E-01
9000 -102.15 -93.66 -8.49 6.81E-02
10000 -103.98 -94.54 -9.44 4.60E-02

Table 4.16: Variations of Nakagami-m parameter with distance for Micro and Macro-
cells - Model C, Exponential distribution at 1800 MHz
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Simulation Parameters:

Simulation Model: Model C

Distribution of reflection co-efficient: Half Gaussian

Carrier Frequency: 900 MHz

Path Loss Exponent α1 = 2

Additional Path Loss Exponent α2 = 4

Tranmitter Antenna Height ht = 40 m

Receiver Antenna Height hr = 5 m

Average Distance between MS & Scatterers d2 = 12 m

Microcell
Distance Direct Power Scattered Power Rician ’K’ Nakagami ’m’

(m) (dB) (dB) (dB) (dB)
100 -23.98 -40.01 16.03 13.18
200 -36.02 -46.14 10.12 7.71
300 -43.06 -49.70 6.63 4.88
400 -48.06 -52.10 4.03 3.13
500 -51.94 -53.94 2.00 2.05
600 -55.11 -55.64 0.54 1.44
700 -57.78 -56.98 -0.81 1.00
800 -60.10 -58.13 -1.98 0.71
900 -62.15 -59.07 -3.08 0.50
1000 -63.98 -60.06 -3.92 0.38

Macrocell
2000 -76.02 -66.02 -10.00 3.64E-02
3000 -83.06 -69.43 -13.63 7.58E-03
4000 -88.06 -72.00 -16.06 2.57E-03
5000 -91.94 -73.95 -17.99 1.07E-03
6000 -95.11 -75.65 -19.46 5.51E-04
7000 -97.78 -76.88 -20.91 2.83E-04
8000 -100.10 -78.16 -21.94 1.76E-04
9000 -102.15 -79.06 -23.09 1.05E-04
10000 -103.98 -79.98 -24.00 6.93E-05

Table 4.17: Variations of Nakagami-m parameter with distance for Micro and Macro-
cells - Model C, Half Gaussian distribution at 900 MHz
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Simulation Parameters:

Simulation Model: Model C

Distribution of reflection co-efficient: Half Gaussian

Carrier Frequency: 1800 MHz

Path Loss Exponent α1 = 2

Additional Path Loss Exponent α2 = 4

Tranmitter Antenna Height ht = 40 m

Receiver Antenna Height hr = 5 m

Average Distance between MS & Scatterers d2 = 12 m

Microcell
Distance Direct Power Scattered Power Rician ’K’ Nakagami ’m’

(m) (dB) (dB) (dB) (dB)
100 -23.98 -51.94 27.96 24.96
200 -36.02 -58.15 22.13 19.16
300 -43.06 -61.81 18.75 15.83
400 -48.06 -64.15 16.09 13.24
500 -51.94 -65.99 14.05 11.29
600 -55.11 -67.63 12.52 9.87
700 -57.78 -68.99 11.21 8.67
800 -60.10 -70.13 10.02 7.63
900 -62.15 -71.23 9.08 6.82
1000 -63.98 -72.19 8.21 6.11

Macrocell
2000 -76.02 -78.09 2.07 2.09E+00
3000 -83.06 -81.62 -1.45 8.33E-01
4000 -88.06 -84.19 -3.88 3.85E-01
5000 -91.94 -86.05 -5.89 1.87E-01
6000 -95.11 -87.64 -7.47 1.03E-01
7000 -97.78 -89.07 -8.71 6.18E-02
8000 -100.10 -90.22 -9.88 3.83E-02
9000 -102.15 -91.24 -10.91 2.47E-02
10000 -103.98 -91.95 -12.03 1.53E-02

Table 4.18: Variations of Nakagami-m parameter with distance for Micro and Macro-
cells - Model C, Half Gaussian distribution at 1800 MHz
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4.5 Comparison of different modulation schemes

over Flat Fading Nakagami-m channel with

known m at different distances

In this section, the performance of different modulation schemes over flat fading

Nakagami-m channel is studied. For simulation purposes, we considered QPSK,

8PSK and 16QAM, operating at two different frequencies 900MHz and 1800MHz

with 3 distributions of the reflection coefficient Γ described earlier (i.e. Unifrom,

Exponential and Half Gaussian). From here on, we will study the error performance

of different MPSK and QAM modulation schemes only for Model A at the specified

distances both for micro and macrocellular structures. The behavior of model B and

model C can be derived by looking at the tabular representation of m variations with

distance (see tables (4.7 to 4.18)). The microcellular structure is divided into 200m,

500m and 800m while the macrocellular structure is divided into 2km, 5km and

8km. It is observed from figures (4.29 to 4.43) that at shorter distances and larger

values of m, the error rate is reduced considerably while as the mobile station moves

away from the base station and the distance between them increases, the values of

m get close to 1(0dB) and each modulation scheme gets closer to its performance

in Rayleigh environment.

It is of importance to know that m changes by how many dBs as we move from
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one operating frequency to another in a cellular environment for a particular de-

scription of the reflection co-efficient (Uniform, Exponential or Half Gaussian). The

value of m decays almost exponentially as the distance increases, so how quickly this

value gets close to 0dB should effect the performance of the communication system

significantly. When Γ is exponentially distributed, it can be seen from figures (4.1

to 4.4) that the value of m gets close to 0dB quicker than any other distribution of

the reflection co-efficient. So, a particular error rate for any modulation scheme is

acheived at lower value of SNR, if exponentially distributed reflection co-efficient Γ

is used.

This is shown with the help of figures (4.31), (4.36) and (4.41). In order to achieve

an error rate of 10−4 for QPSK at d = 800m for f = 1800MHz, the exponential

distribution of the reflection co-efficient gives this BER at almost 10dB SNR, while

the uniform distribution gives this error rate at 19dB.

From the performance of different modulation schemes in microcell environment

(200m, 500m, and 800m), the difference between the Nakagami parameter m at

900MHz and at 1800MHz is quite large (> 2dB) thereby acheiving the desired

error rate at lower values of SNR. However, if we move to macrocellular distances

(2km, 5km and 8km), this difference in the value of m decreases thereby providing

no considerable improvement in the error rate while operating at higher frequency.

Therefore, it is inferred that the parameter ∆m (rate of change of m) is of paramount

importance in order to study the performance of any digital communication system.
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It is observed from figure (4.32) that at d = 2km, as we move from 900MHz to

1800MHz, the difference in Nakagami-m parameter is very small (0.47dBs) for uni-

form distribution of reflection co-efficient and there is no considerable improvement

in the error rate for any modulation scheme if we operate at a higher frequency.

But if we look at the same distance of d = 2km, the exponential distribution of the

reflection co-efficient (see figure (4.37)), we observe that a particular bit error rate

for the desired modulation scheme is acheived at a lower SNR at a higher frequency

than at a lower frequency, since the parameter ∆m has a value of 2.0543dB. Similar

behavior can be observed from figure (4.42) in which the distribution of the reflec-

tion coefficient is half Gaussian and ∆m is approximately 1.1169dB. Similarly, at

higher distances where the difference in parameter ∆m is lower than 2dB, there is

no considerable improvement in the bit error rate of a particular modulation scheme

if we move from lower to higher frequency.

So, there exist a relationship between the system performance parameter BER

and the difference in the Nakagami-m parameter ∆m for operating at a particular

frequency at a certain distance in a cell. And this relationship depends on four

parameters:

• the distribution of reflection co-efficient

• the transmitter antenna height

• the receiver antenna height
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• the distance between the mobile and the scatterers

Other parameters such as the path loss exponent also effects the performance of the

system depending on the terrain type and material surfaces.

For microcellular structure, figures (4.29, 4.34, and 4.39) represent a comparison

between different modulation schemes while operating at different frequencies. It

also describes the SNR penalty given while moving from one modulation scheme

to another at a particular link distance d defined by Nakagami parameter m. It is

observed that 8PSK need 5 − 7dB more signal power as compared to QPSK and

1−2dB less signal power than 16QAM to acheive the same value of BER depending

on the distribution of the reflection co-efficient.

Figures (4.44 to 4.61) gives 3D representation of the error performance of different

modulation schemes with the increase in distance. The x-axis represents the distance

in log scale, the y-axis represents the SNR and the z-axis represents the Average

BER. It is observed from the set of figures that for shorter distances and higher

values of m, operating at higher frequencies with Γ exponentially distributed gives

better error rates for a specified modulation scheme.
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Figure 4.29: Comparison of different modulation schemes over Flat Fading
Nakagami-m channel, d = 200m, Γ Uniform
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Figure 4.30: Comparison of different modulation schemes over Flat Fading
Nakagami-m channel, d = 500m, Γ Uniform
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Figure 4.31: Comparison of different modulation schemes over Flat Fading
Nakagami-m channel, d = 800m, Γ Uniform
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Figure 4.32: Comparison of different modulation schemes over Flat Fading
Nakagami-m channel, d = 2km, Γ Uniform
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Figure 4.33: Comparison of different modulation schemes over Flat Fading
Nakagami-m channel, d = 5km, Γ Uniform
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Figure 4.34: Comparison of different modulation schemes over Flat Fading
Nakagami-m channel, d = 200m, Γ Exponential
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Figure 4.35: Comparison of different modulation schemes over Flat Fading
Nakagami-m channel, d = 500m, Γ Exponential
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Figure 4.36: Comparison of different modulation schemes over Flat Fading
Nakagami-m channel, d = 800m, Γ Exponential
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Figure 4.37: Comparison of different modulation schemes over Flat Fading
Nakagami-m channel, d = 2km, Γ Exponential
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Figure 4.38: Comparison of different modulation schemes over Flat Fading
Nakagami-m channel, d = 5km, Γ Exponential
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Figure 4.39: Comparison of different modulation schemes over Flat Fading
Nakagami-m channel, d = 200m, Γ Half Gaussian
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Figure 4.40: Comparison of different modulation schemes over Flat Fading
Nakagami-m channel, d = 500m, Γ Half Gaussian
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Figure 4.41: Comparison of different modulation schemes over Flat Fading
Nakagami-m channel, d = 800m, Γ Half Gaussian
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Figure 4.42: Comparison of different modulation schemes over Flat Fading
Nakagami-m channel, d = 2km, Γ Half Gaussian
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Figure 4.43: Comparison of different modulation schemes over Flat Fading
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Figure 4.44: QPSK over Flat Fading Nakagami-m channel with distance variations,
f = 900MHz, Γ Uniform
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Figure 4.45: QPSK over Flat Fading Nakagami-m channel with distance variations,
f = 1800MHz, Γ Uniform
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Figure 4.46: QPSK over Flat Fading Nakagami-m channel with distance variations,
f = 900MHz, Γ Exponential
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Figure 4.47: QPSK over Flat Fading Nakagami-m channel with distance variations,
f = 1800MHz, Γ Exponential
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Figure 4.48: QPSK over Flat Fading Nakagami-m channel with distance variations,
f = 900MHz, Γ Half Gaussian
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Figure 4.49: QPSK over Flat Fading Nakagami-m channel with distance variations,
f = 1800MHz, Γ Half Gaussian
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Figure 4.50: 8PSK over Flat Fading Nakagami-m channel with distance variations,
f = 900MHz, Γ Uniform
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Figure 4.51: 8PSK over Flat Fading Nakagami-m channel with distance variations,
f = 1800MHz, Γ Uniform
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Figure 4.52: 8PSK over Flat Fading Nakagami-m channel with distance variations,
f = 900MHz, Γ Exponential
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Figure 4.53: 8PSK over Flat Fading Nakagami-m channel with distance variations,
f = 1800MHz, Γ Exponential
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Figure 4.54: 8PSK over Flat Fading Nakagami-m channel with distance variations,
f = 900MHz, Γ Half Gaussian
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Figure 4.55: 8PSK over Flat Fading Nakagami-m channel with distance variations,
f = 1800MHz, Γ Half Gaussian
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Figure 4.56: 16QAM over Flat Fading Nakagami-m channel with distance variations,
f = 900MHz, Γ Uniform
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Figure 4.57: 16QAM over Flat Fading Nakagami-m channel with distance variations,
f = 1800MHz, Γ Uniform



118

10
2

10
3

10
4

0

10

20

30

10
−5

10
−4

10
−3

10
−2

10
−1

10
0

Distance [meters]E
b
/N

o
 [dBs]

A
ve

ra
ge

 B
E

R

Figure 4.58: 16QAM over Flat Fading Nakagami-m channel with distance variations,
f = 900MHz, Γ Exponential
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Figure 4.59: 16QAM over Flat Fading Nakagami-m channel with distance variations,
f = 1800MHz, Γ Exponential
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Figure 4.60: 16QAM over Flat Fading Nakagami-m channel with distance variations,
f = 900MHz, Γ Half Gaussian
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Figure 4.61: 16QAM over Flat Fading Nakagami-m channel with distance variations,
f = 1800MHz, Γ Half Gaussian
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4.6 Performance of MPSK over Frequency Selec-

tive Nakagami-m channel with Rake Receiver

This section compares QPSK and 8PSK modulation schemes over frequency selective

Nakagami-m channels. Three cases are considered:

• Case 1: MPSK over Flat Fading Nakagami-m channel without Diversity.

• Case 2: MPSK over Flat Fading Nakagami-m channel with Equal Gain Com-

bining (L=3).

• Case 3: MPSK over Frequency Selective Nakagami-m channel with Rake Re-

ceiver (L=3).

The variation of Nakagami-m parameter with distances is considered in comparing

the error performance of the two modulation schemes. Figures (4.62 to 4.79) show a

considerable improvement in the error performance of both QPSK and 8PSK with

Equal Gain Combining (L=3) as compared to without diversity. Further, a three

fingers Rake Receiver is employed to get the error performance over slowly varying

frequency selective Nakagami-m channel.

As described earlier in section (4.5), the exponential distribution of the reflection

co-efficient gives improved results as compared to other distributions. In this section,

we considered only the macrocellular structure (d = 2km, d = 5km, and d = 8km),

since at higher distances, performance degradation occurs and we are employing
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rake diversity technique to improve the bit error rate. The effect of distribution of

reflection co-efficient Γ is studied at different distances for particular values of m.

e.g. If we take the case of QPSK with L=3 order diversity over flat fading channel at

900MHz and d = 5km, with Γ uniform and half Gaussian distributed, figure (4.64)

and figure (4.76) shows that a BER of 10−3 is acheived at 10db SNR and 9dB SNR

respectively for corresponding values of m = 9.43e−5dB and m = 3.49e−4dB. At

the same value of distance and frequency, the same BER can be acheived at lower

value of SNR 7.5− 8dB if exponential distribution is used. Similar behavior can be

observed for both the modulation schemes for different cases (case 1, case 2, and

case 3) discussed earlier.

Now consider case 3, i.e. MPSK over Frequency Selective Nakagami-m fading

channel with Rake Receiver (L=3). If we consider 8PSK modulation scheme at

distance d = 2km and f = 1800MHz, figures (4.63, 4.69, and 4.75) represent that

at a particular value of SNR let’s say 20dB, the exponential distribution of the

reflection co-efficient gives lower error rate i.e. 10−2 while the other distributions

(uniform and half Gaussian) give degraded performance and higher error rates. Same

behavior is also observed for QPSK at higher distances with f = 900MHz.
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Figure 4.62: MPSK System:Flat fading with EGC and Frequency Selective fading
with Rake reception over slowly fading channel, f = 900MHz, d = 2km, Γ Uniform
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Figure 4.63: MPSK System:Flat fading with EGC and Frequency Selective fading
with Rake reception over slowly fading channel, f = 1800MHz, d = 2km, Γ Uniform
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Figure 4.64: MPSK System:Flat fading with EGC and Frequency Selective fading
with Rake reception over slowly fading channel, f = 900MHz, d = 5km, Γ Uniform

0 5 10 15 20 25 30
10

−6

10
−5

10
−4

10
−3

10
−2

10
−1

10
0

E
b
 / N

o
 [dBs]

A
ve

ra
ge

 B
it 

E
rr

or
 R

at
e 

P
b(E

)

QPSK Flat (L=1)

QPSK Flat − EGC (L=3)

QPSK FS − Rake (L=3)

8PSK Flat (L=1)

8PSK Flat − EGC (L=3)

8PSK FS − Rake (L=3)

Figure 4.65: MPSK System:Flat fading with EGC and Frequency Selective fading
with Rake reception over slowly fading channel, f = 1800MHz, d = 5km, Γ Uniform
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Figure 4.66: MPSK System:Flat fading with EGC and Frequency Selective fading
with Rake reception over slowly fading channel, f = 900MHz, d = 8km, Γ Uniform
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Figure 4.67: MPSK System:Flat fading with EGC and Frequency Selective fading
with Rake reception over slowly fading channel, f = 1800MHz, d = 8km, Γ Uniform
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Figure 4.68: MPSK System:Flat fading with EGC and Frequency Selective fad-
ing with Rake reception over slowly fading channel, f = 900MHz, d = 2km, Γ
Exponential
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Figure 4.69: MPSK System:Flat fading with EGC and Frequency Selective fad-
ing with Rake reception over slowly fading channel, f = 1800MHz, d = 2km, Γ
Exponential
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Figure 4.70: MPSK System:Flat fading with EGC and Frequency Selective fad-
ing with Rake reception over slowly fading channel, f = 900MHz, d = 5km, Γ
Exponential
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Figure 4.71: MPSK System:Flat fading with EGC and Frequency Selective fad-
ing with Rake reception over slowly fading channel, f = 1800MHz, d = 5km, Γ
Exponential
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Figure 4.72: MPSK System:Flat fading with EGC and Frequency Selective fad-
ing with Rake reception over slowly fading channel, f = 900MHz, d = 8km, Γ
Exponential
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Figure 4.73: MPSK System:Flat fading with EGC and Frequency Selective fad-
ing with Rake reception over slowly fading channel, f = 1800MHz, d = 8km, Γ
Exponential
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Figure 4.74: MPSK System:Flat fading with EGC and Frequency Selective fading
with Rake reception over slowly fading channel, f = 900MHz, d = 2km, Γ Half
Gaussian
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Figure 4.75: MPSK System:Flat fading with EGC and Frequency Selective fading
with Rake reception over slowly fading channel, f = 1800MHz, d = 2km, Γ Half
Gaussian
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Figure 4.76: MPSK System:Flat fading with EGC and Frequency Selective fading
with Rake reception over slowly fading channel, f = 900MHz, d = 5km, Γ Half
Gaussian
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Figure 4.77: MPSK System:Flat fading with EGC and Frequency Selective fading
with Rake reception over slowly fading channel, f = 1800MHz, d = 5km, Γ Half
Gaussian
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Figure 4.78: MPSK System:Flat fading with EGC and Frequency Selective fading
with Rake reception over slowly fading channel, f = 900MHz, d = 8km, Γ Half
Gaussian
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Figure 4.79: MPSK System:Flat fading with EGC and Frequency Selective fading
with Rake reception over slowly fading channel, f = 1800MHz, d = 8km, Γ Half
Gaussian
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4.6.1 Effect of Frequency

As discussed in section (4.5) that frequency does not have a considerable impact on

the error performance of the modulation scheme because the received power and the

path loss becomes independent of the frequency at higher distances. But for shorter

distances and higher frequencies, it is shown that the error performance is improved.

Figures (4.80 to 4.85) represent this behavior for microcellular structure (short dis-

tances) for different distribution of reflection co-efficients for MPSK systems over

frequency selective Nakagami-m channel with Rake reception.

It is observed that there is a significant amount of change in the performance of

the system for short distances if we operate at higher frequencies. This behavior is

explained with the help of figure (4.85). While operating at 900MHz, at SNR =

20dB, the bit error rate is almost 2x10−2 for 8PSK. However, at the same signal to

noise ratio, we acheive an improved BER of 10−3 at 1800MHz.

On the other hand, we can also look into the change in Nakagami-m parameter

i.e. ∆m. As described earlier in section (4.3) that at lower distances, the decay rate

of parameter ∆m is high for exponential distribution of the reflection co-efficient Γ

as compared to other distributions. This behavior is shown in the set of figures (4.80,

4.81, 4.82, 4.83, 4.84, and 4.85). It is observed that at d = 200m, the parameter

∆m is 10.33dB if we switch from 900MHz to 1800MHz for uniform distribution

of the reflection co-efficient. While at the same distance d = 200m, the parameter
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∆m is 11.36dB if we switch from 900MHz to 1800MHz for exponential distribu-

tion of the reflection co-efficient. So, it is observed that the larger the parameter

∆m, the better performance can be acheived. Similarly, if we look at d = 500m,

the corresponding values of ∆m for uniform, exponential and half Gaussian distri-

butions of the reflection co-effiicents are 6.05dB, 9.2dB, and 7.83dB respectively

while switching from 900MHz to 1800MHz. The corresponding changes in the pa-

rameter ∆m while moving 300m from the base station will be 4.28dB, 2.16dB, and

3.19dB accordingly. So, it is seen that the less this change will be, more stable will

be the performance of the communication link. And, we have got the least value

for the exponential distribution of the reflection co-efficient, hence describing the

better performance of exponential type of distribution. Finding these values of ∆m

is useful in making the performance of digital communication link uniform over the

interval of distances.

The same behavior is observed for 8PSK modulation scheme at different distances

for varying distributions of the reflection co-efficients from figures (4.81, 4.83, and

4.85).
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Figure 4.80: Microcell d = 100m − 1km variations of QPSK in microcell over
Nakagami-m channel with Rake reception, Γ Uniform
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Figure 4.81: Microcell d = 100m − 1km variations of 8PSK in microcell over
Nakagami-m channel with Rake reception, Γ Uniform
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Figure 4.82: Microcell d = 100m − 1km variations of QPSK in microcell over
Nakagami-m channel with Rake reception, Γ Exponential
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Figure 4.83: Microcell d = 100m − 1km variations of 8PSK in microcell over
Nakagami-m channel with Rake reception, Γ Exponential
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Figure 4.84: Microcell d = 100m − 1km variations of QPSK in microcell over
Nakagami-m channel with Rake reception, Γ Half Gaussian
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Figure 4.85: Microcell d = 100m − 1km variations of 8PSK in microcell over
Nakagami-m channel with Rake reception, Γ Half Gaussian
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Figure 4.86: Impact of distance variations on Average BEP of QPSK with Rake
receiver (L=3), f = 900MHz, Γ Uniform
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Figure 4.87: Impact of distance variations on Average BEP of QPSK with Rake
receiver (L=3), f = 1800MHz, Γ Uniform
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Figure 4.88: Impact of distance variations on Average BEP of QPSK with Rake
receiver (L=3), f = 900MHz, Γ Exponential

10
2

10
3

10
4

0

10

20

30

10
−8

10
−6

10
−4

10
−2

10
0

Distance [meters]E
b
/N

o
 [dBs]

A
ve

ra
ge

 B
E

R

Figure 4.89: Impact of distance variations on Average BEP of QPSK with Rake
receiver (L=3), f = 1800MHz, Γ Exponential
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Figure 4.90: Impact of distance variations on Average BEP of QPSK with Rake
receiver (L=3), f = 900MHz, Γ Half Gaussian
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Figure 4.91: Impact of distance variations on Average BEP of QPSK with Rake
receiver (L=3), f = 1800MHz, Γ Half Gaussian
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Figure 4.92: Impact of Nakagami-m variations on Average BEP of QPSK with Rake
receiver (L=3), f = 900MHz, Γ Uniform
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Figure 4.93: Impact of Nakagami-m variations on Average BEP of QPSK with Rake
receiver (L=3), f = 1800MHz, Γ Uniform
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Figure 4.94: Impact of Nakagami-m variations on Average BEP of QPSK with Rake
receiver (L=3), f = 900MHz, Γ Exponential
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Figure 4.95: Impact of Nakagami-m variations on Average BEP of QPSK with Rake
receiver (L=3), f = 1800MHz, Γ Exponential
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Figure 4.96: Impact of Nakagami-m variations on Average BEP of QPSK with Rake
receiver (L=3), f = 900MHz, Γ Half Gaussian
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Figure 4.97: Impact of Nakagami-m variations on Average BEP of QPSK with Rake
receiver (L=3), f = 1800MHz, Γ Half Gaussian
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Figure 4.98: Impact of distance variations on Average BEP of 8PSK with Rake
receiver (L=3), f = 900MHz, Γ Uniform
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Figure 4.99: Impact of distance variations on Average BEP of 8PSK with Rake
receiver (L=3), f = 1800MHz, Γ Uniform



143

10
2

10
3

10
4

0

10

20

30

10
−5

10
−4

10
−3

10
−2

10
−1

10
0

Distance [meters]E
b
/N

o
 [dBs]

A
ve

ra
ge

 B
E

R

Figure 4.100: Impact of distance variations on Average BEP of 8PSK with Rake
receiver (L=3), f = 900MHz, Γ Exponential
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Figure 4.101: Impact of distance variations on Average BEP of 8PSK with Rake
receiver (L=3), f = 1800MHz, Γ Exponential



144

10
2

10
3

10
4

0

10

20

30

10
−5

10
−4

10
−3

10
−2

10
−1

10
0

Distance [meters]E
b
/N

o
 [dBs]

A
ve

ra
ge

 B
E

R

Figure 4.102: Impact of distance variations on Average BEP of 8PSK with Rake
receiver (L=3), f = 900MHz, Γ Half Gaussian
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Figure 4.103: Impact of distance variations on Average BEP of 8PSK with Rake
receiver (L=3), f = 1800MHz, Γ Half Gaussian
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Figure 4.104: Impact of Nakagami-m variations on Average BEP of 8PSK with Rake
receiver (L=3), f = 900MHz, Γ Uniform
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Figure 4.105: Impact of Nakagami-m variations on Average BEP of 8PSK with Rake
receiver (L=3), f = 1800MHz, Γ Uniform
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Figure 4.106: Impact of Nakagami-m variations on Average BEP of 8PSK with Rake
receiver (L=3), f = 900MHz, Γ Exponential
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Figure 4.107: Impact of Nakagami-m variations on Average BEP of 8PSK with Rake
receiver (L=3), f = 1800MHz, Γ Exponential
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Figure 4.108: Impact of Nakagami-m variations on Average BEP of 8PSK with Rake
receiver (L=3), f = 900MHz, Γ Half Gaussian

10
−2

10
−1

10
0

10
1

10
2

0

10

20

30

10
−8

10
−6

10
−4

10
−2

10
0

Nakagami−m [dBs]E
b
/N

o
 [dBs]

A
ve

ra
ge

 B
E

R

Figure 4.109: Impact of Nakagami-m variations on Average BEP of 8PSK with Rake
receiver (L=3), f = 1800MHz, Γ Half Gaussian



Chapter 5

Conclusion and Future Work

5.1 Major Findings

The mojor findings of the study are summarized as follows:

• Development of a channel model that finds out the received direct and scat-

tered powers at the mobile station.

• Studying the effect of varying distances between the mobile station and base

station on the Nakagami-m parameter. It is found that the Nakagami-m pa-

rameter decays at a faster rate for shorter distances as compared to larger

distances.

• The study reflects an impact on the performance of digital communication

systems relating the distance d with m through different modulation schemes

148
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over frequency non-selective and frequency selective multipath fading channels.

• The effect on the Nakagami-m parameter of different distributions of the re-

flection co-efficient Γ is studied. It is found that the exponential distribution

gives larger values of m as compared to uniform and half Gaussian distribution.

• Change in the operating frequency also effects the performance of a digital

communication link. It is observed that for shorter distances, operating at

higher frequency gives better error rate performance but as we move away

from the base station, at larger macrocellelar distances, the received power

and the path loss becomes independent of the frequency thereby providing no

improvement.

• A new parameter ∆m is introduced in order to study the change in perfor-

mance behavior of a particular modulation scheme with incresae in distance.

• The decay rate of parameter ∆m is high when mobile is close to the base station

and starts decreasing as it moves towards the edge of the cellular structure.

• Among the three distributions discussed (uniform, exponential, and half Gaussian),

the parameter ∆m reduces faster for exponential distribution of the reflection

co-efficient as compared to other distributions hence providing larger values of

m and better performance.

• Among the three models described (model A, model B, and model C), the
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parameter m changes at a higher rate for model B in which the average dis-

tances between the receiver and the scatterers is increased, thereby reducing

the received scattered power in both cellular (micro and macro) structures.

• The degraded performance of MPSK system at larger distances for smaller

values of Nakagami-m parameter is studied and the error rates are improved

by using Rake demodulator at the receiver.

• It is observed that the transmitter and receiver antenna heights also effects

the Nakagami-m parameter and an increase in their effective value enhance

the performance of the system.

• The behavior of ∆m indicates that the performance of a digital communication

system obeys an exponential decay.

• The tabular representation of Nakagami-m parameter indicates that its values

are not integers as considered in the previous studies. However, it is stated

that the Nakagami-m parameter describing the link quality is continuously

changing with an increase in distance.

5.2 Future Work

It is observed that as we move away from the base station, the performance of the

digital communication system degrades depending on the value of the Nakagami-m
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parameter and the decay rate of parameter ∆m. This behavior is observed for all the

distributions of the reflection co-efficient and all the models discussed. In order to

acheive uniformity throughout the cell, the concept of power control can be applied.

Since, it is shown that the paramter ∆m decays with the increase in distance in

cellular environment, measures can be taken to control this parameter and to keep

it unchanged. The performance of the link is dictated by ∆m, and it is found by

calculating the direct and the scattered powers between the transmitter and the

receiver. To ensure a good quality of service (QoS) throughout the cell, the received

signal must be strong. The power control systems have to compensate not only

for signal strength variations due to the varying distance between the base station

and the mobile but must also attempt to compensate for signal strength fluctuations

typical of a wireless channel. These fluctuations are due to the changing propagation

environment between the base station and the user as the user moves across the cell.

Since the mobile terminal may move at the velocity of a moving car or even of a

fast train, the rate of channel fluctuations may be quite high and the power control

has to react very quickly in order to compensate for it.

Further, it can be proposed that if the scattered power from the materials that

are good conducting surfaces are included or somewhat transfered into direct power

at certain specified interval of distances, then the uniformity of performance and

enhanced QoS may be acheived.
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