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Preface

Hello! Do you recognize me? I am the cell phone, sometimes also called the palm
phone or mobile phone. Many of you have grown familiar with using me; but have
you ever given a thought to what I am, and how I became so intimately involved
in your world of communications? The story of my invention sounds almost like a
fairy tale to today’s new generation. I was invented in the USA, in the eighties of
the twentieth century. The history of my advent is crowded with momentous events
(see Chap. 1). The scientific community believes that I came into being due to light
experiments, which in turn led to the development of electromagnetic theory, fol-
lowed by radio wave propagation and then to my being developed as a major com-
munication device. I communicate through Radio frequency (RF), which is the rate
of oscillation in the range of around 800 MHz—5.6 GHz. This brings us to the salient
concept of the this book entitled “Radio Frequency Propagation Made Easy”.

Radio frequency propagation made easy is a booklet that brings you up-to-date
in key concepts, underlying principles and practical applications of wireless com-
munications. This book has seven chapters comprising various aspects of radio
wave propagation and its attributes. The contents of these chapters are briefly pre-
sented below:

In Chap. 1:

* We have traced the historical background and have shown that the modern
wireless communication system is due to a series of light experiments.

* The mechanism and the underlying principle of electromagnetic radiation were
presented with illustrations.

» The key concepts, underlying principles and construction of array antennas were
provided.

» This material was very lucidly and simply presented, so as to be easy for readers
to grasp.

In Chap. 2:

* We have derived the free-space path loss formula and have shown that it is
proportional to the square of the distance.
» Free space pathloss is also proportional to the square of the frequency.
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It is shown that free space pathloss exhibits an equation of a straight line, having
a pathloss slope of 2.
We have defined the Effective Radiated Power (ERP) and the Received Signal
Level (RSL) and have shown that RSL exhibits an equation of a straight line
having a slope of —2.

In Chap. 3:

We have examined the Fresnel Zone Effects and various anomalies of RF propa-
gation and have shown that there exists a free space propagation medium in
multipath environments.

We have presented a two ray model for outdoor deployment and have shown that
these propagation models also exhibit equation of straight line within the Fresnel
zone break point.

We have also presented a two ray model for indoor deployment and a multrti ray
propagation model

For tunnels and subways and have shown that these propagation models also
exhibit equation of straight line within the Fresnel zone break point.

These findings indicate that cellular network based on Fresnel zone break point
as the cell radii is an effective solution to reduce power and save energy.

In Chap. 4:

We have presented a general overview of various empirical prediction models
and have shown that these propagation models also exhibit equation of straight
line within the Fresnel zone break point.

Although these predictions and measurement techniques are the foundation of
today’s cellular services, they suffer from inaccuracies due to user defined clut-
ter factors. These clutter factors arise due to numerous RF barriers which vary
from place to place. It is practically impossible to accommodate all these fac-
tors accurately. Cell site location is also a challenging engineering task because
of regulations and restrictions imposed on some locations. Therefore cell sites
have to be relocated from the predicted location, requiring best judgment of RF
engineers. Thus we came to the conclusion that propagation prediction is a com-
bination of science, engineering and art. An experienced RF engineer, willing to
compromise between theory and practice, is expected to accomplish the most.

In Chap. 5:

We have reviewed Statistical Analysis and showed that it is an important exer-
cise to design and implement cellular base stations with reliability.

Presented regression analysis and showed that random data such as Received
Signal Level (RSL) can be predicted with confidence.

Drive Test, Live air data collection & Data analysis techniques were presented.
A computer aided prediction technique was presented as a student project.
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In Chap. 6:

*  We have discussed radio Frequency coverage and provided the concept of cell
» Rationalized the use of hexagonal cell geometry and calculated cell radius

* Provided the concept of OMNI and Sectorized cells

» Provided the concept of Cell cluster

» Presented N=7 frequency reuse plan and carrier to interference ratio (C/I)

» Presented N=3 frequency reuse plan and carrier to interference ratio (C/I)

» Discussed the benefit of antenna down tilt and calculated the down tilt angle

In Chap. 7:

* We have discussed Global RF & CO2 Pollution connected to wireless communi-
cations.

» The classical Electron Spin Resonance (ESR) is presented to show that there is a
possible

 public health issues due to RF absorption.

It has also been argued that cell phone technology may contribute to global CO2

pollution, expected to rise due to high speed data communication.

» With this in mind, we have presented a technique to design energy efficient green
cellular technology, comprising Micro, Pico and Femto cells.

My readers, in this book I’ve tried to present radio frequency propagation facts for
you in easy language. If this book pleases you while it teaches, I shall be amply
rewarded.
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Chapter 1
Introduction to Radio Frequency

Objectives:

» Trace the history

» Show the relationship of light, electricity and magnetism

» Present the key concepts and underlying principles of electromagnetic radiation.
* Provide the basic understanding of array antenna.

1.1 Tracing the History

The radio wave, also known as Electro-Magnetic (EM) wave, is invisible to the
human eye and has a speed of 186,000 miles per second. Many of us have grown fa-
miliar with using EM waves; but have we ever given a thought to what the EM wave
is, and how it became so intimately involved in our world of communications? The
story of its presence will sound almost like a fairy tale to today’s new generation.
The history of its advent is crowded with momentous events. The scientific com-
munity believes that light and EM wave are closely related. Here is a brief history:

Perhaps it all began with a single command “Let there be light” and there was
light (Genesis 1:3), It took 13.5 billion years, homo-erectus stood up, saw the light
and began wondering, what’s all this? This insatiable desire to know the unknown
and see the unseen has propelled mankind since time immemorial to ever newer
inventions.

As civilization progressed, man attained the power to make various sounds.
These sounds first combined to form coherent words; these words were then used to
make simple sentences, which gave rise to the spoken language. To disseminate the
language among the masses came the written word, and a new way of communica-
tion began.

It took another millennium to determine that White light is a mixture of lights of
seven colors: red, orange, yellow, green, blue, indigo and violet (Newton-1680) [1,
2]. See Fig. 1.1. When white light consisting of seven colors falls on a transparent
medium (glass prism), each color in it is refracted (or deviated) by a different angle,

© Springer International Publishing Switzerland 2015 1
S. Faruque, Radio Frequency Propagation Made Easy, SpringerBriefs in Electrical
and Computer Engineering, DOI 10.1007/978-3-319-11394-4 1
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Red

White light

Violet

Fig. 1.1 Light has seven colors. (Newton 1680)

with the result that seven colors are spread out to form a spectrum, The red color is
deviated least, so it forms the upper part of the spectrum. On the other hand, Violet
color deviates the most.

This discovery led to a series of light experiments, in turn leading to several
significant developments, notably that light, electricity and magnetism are related
(Michael Faraday-1831) [3]. In 1864 Maxwell proved that Faraday had been right
and that light is indeed electromagnetic and its velocity is 186,000 miles per second
[4]. These parameters are related by the following formula:

c=fA4 (1.1)

Where ¢=3 x 103 m/s is the velocity of light, f=frequency and A=wavelength.
Problem 1.1 Given: f=1 MHz, ¢=3 x 10® m/s. Find A.
Solution 1.1
A =c/f
=(3x10% m/s)/(1 x 10 Hz)
=300 m

Problem 1.2 Given: f=1 GHz, c=3 x 10® m/s. Find A.
Solution 1.2
A =c/f
= (3% 108 m/s)/(1 x 109 Hz)
=03 m
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Network
Operation
Center
(NOC)

* Switching
* Call processing
* Billing

Fig. 1.2 The telephone system. Tens of thousands of telephone lines are connected to a switching
center. The switching center also known as the Network Operation Center (NOC), which provides
the bill

From the two problems above, we find that the wavelength is inversely propor-
tional to the frequency, where the velocity of light is the proportionality constant. This
formula is a very significant in antenna design, as we shall see later in this chapter.

Now let’s go back to the history. Since the urge to see the unseen, know the un-
known and explore the unexplored has always propelled man, he did not stop here.
The intense desire to send the sound of the human voice far away through wires
prompted Scottish physicist Alexander Graham Bell to invent the telephone [5].
Today, the telephone system can support tens of thousands of telephone customers
through the telephone switching center shown in Fig. 1.2.

However, would the ever-curious human mind be satisfied with just this? Of
course not. So now the world scientific community began racking its brains to come
up with a way to transmit sound wirelessly. After years of careful planning and
much intense research activity, the Italian physicist Tomas Guglielmo Marconi in-
vented the radio in 1897 (Fig. 1.3) [6, 7]. For this invention, he was awarded the
Nobel Prize for Physics in 1929.

A short while after Marconi invented the radio, man found out that the radio
transmits sound only. Why, he could not see the picture of the speaker on it! As a re-
sult, now the scientific community busied itself in trying to come up with a device,
which would broadcast sounds and pictures together. As they thought, so they did.
American scientists invented the television (Fig. 1.4) [8, 9]. Today, the television is
in millions of homes across the world.
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Radio Transmitter

( 1}])

Fig. 1.3 The radio, 1897

TV Antenna

( 1)))

Fig. 1.4 The television

But man is never content just to sit. Yet it would also be impossible to take the
telephone or the television along when one went out. Thus now the scientific com-
munity directed its efforts towards a device which would enable the user to talk as
well as watch television while on the move; thus the mobile phone, also known
as cell phone, was born [10—14]. Today, cell-phone technology is spreading like
wildfire across the world. Figure 1.5 shows the modern cellular communication
network, providing wireline and wireless links to users. Typically, cell phone towers
are installed in different propagation environments as follows:
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Cellular
Base
Station

Network
Operation
Center

Fig. 1.5 Cellular communication network

Every 0.5—1 mile in dense urban environments

Every 1-3 miles in urban environments

Every 3—10 miles in suburban environments and

Every 10-30 miles in rural environments.

Cellular

Base

Station

The density of these cell phone towers depend on the population density. Tens of
thousands of users are supported by these cellular networks in a typical metropoli-
tan area.

Notice that, the traditional land telephone network is also connected to the cel-
lular network via the NOC (Network Operation Center). The NOC provides con-
nectivity, call processing, billing etc.

The table below summarizes all the significant developments due to light experi-
ments including the invention of the radio (Table 1.1).

Table 1.1 Significant developments due to light experiment

What Who When
Seven colors of light Newton 1680
Infrared ray Herschel 1800
Ultraviolet ray Ritter 1801
Wave theory of light Thomas Young 1805
Proof of wave theory Fresnel 1805
Relationship between light, electricity and magnetism Faraday 1831
Electromagnetic theory Maxwell 1864
Proved Maxwell’s theory by Leyden Jar experiment Hertz 1866
Radio Marconi 1897
Television RCA, USA 1955
Cellular telephone Bell Labs, USA Late 1980s
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Table 1.2 The electromagnetic spectrum
Cellular Satellite
Spectrum  Spectrum

—> —>

Radio Wave [ Microwave |Infrared Ray [Visible Light |Ultra Violet | X-ray [ Gamma [Cosmic

104 10° 10" 1014 1015 1016 1022

Frequency in Hz

Today, we have AM radio, FM radio, Television, Satellite, Cordless phones, Cell
phones, blue Tooth, Wi-Fi, WiMAX, etc. These consumer products are available all
over the world and they use different band of frequencies. Table 1.2 shows the entire
electromagnetic spectrum. These frequency components differ in energy depending
on the wavelength. Their ability of propagation is different in different medium.
All electromagnetic waves are Transverse waves. Notice that only a fraction of this
spectrum is used for wireless communications.

Table 1.3 shows the range of frequencies used by wireless Systems.

Table 1.3 Frequency bands for wireless communications

Long Range
Navigation

] R

05 046 07080910 12 14 16 1820 24 3.0 MHz

[ ShortWave - International Broadcast - Amateur -:l
3 4 5 8 7 8 9 10 12 14 18 18 20 2224282830MH2
30 40 50 60 70 80 90 100 120 140160180200 240 300 MHz
Cellular DCS, PCS
GPS

0.3 0.4 05 06 07080910 12 1416 1820 24 3.0 GHz

(e O I NN E N N

3 4 5 6 7 8 9 10 12 14 16 18 20 2224 26 28 30 GHz

Broadcasting Land-Mobile Aeronautical
Terrestrial Microwave
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1.2 Electromagnetic Wave

To conclude this introductory chapter, a brief overview of the mechanism of electro-
magnetic radiation is presented, followed by antenna technology [15—18].

1.2.1 The Electric Field

Electromagnetic wave consists of both electric and magnetic fields. The electric
field E is due to voltage and the magnetic field is due to current. Let’s consider the
electric field first as shown in Fig. 1.6. In Fig. 1.6a, we have an open circuit, excited
by a d.c source voltage. Because the circuit is open, there is no current flow through
the circuit, i.e., the current I=0. However, there is an electric field E due to the volt-
age. The intensity of the electric field E decays as a function of distance. Notice that
the direction of electric field is from the positive terminal to the negative terminal
of the battery as shown in Fig. 1.6a. Also note that there is no magnetic field, since
the current is zero (I1=0).

In Fig. 1.6b, we have another open circuit, with the polarity of the voltage re-
versed. In this circuit, we see that the direction of E field also changes in accordance
with the polarity of the voltage, while the current =0 as well. From the above, we see
that the direction of E field changes in accordance with the polarity of the d.c. voltage.

1.2.2 Electric and Magnetic Fields

The electric field E is due to voltage and the magnetic field H is due to current. We
examine this by means of an open circuit, excited by an a.c. source, as shown in
Fig. 1.7. The operation of the circuit is as follows:

* During the positive half cycle of the input signal, there exists an electric field E
due to voltage and a magnetic field H due to current. The electric field E is as-

Current =0

—

. E,D

DC E.D
Source DC
j Source

a b Current I= 0

Fig. 1.6 Electric field intensity E due to D.C. source. The electric field E is associated with an
electric flux density D. Direction of E field depends on the polarity of the voltage
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. 0

Source ED

I
I

Fig. 1.7 Electric and magnetic field intensity at a distance from an a.c. source. The direction of E
and H field changes in accordance with the polarity of the source voltage. The electric field E is
associated with an electric flux density D and the magnetic field H is associated with a magnetic
flux density B. The E field and the H field are perpendicular to each other

sociated with an electric flux density D and the magnetic field H is associated
with a magnetic flux density B. See Fig. 1.7 for illustrations. The intensity and
direction of the E and H fields follow in accordance with the intensity and polar-
ity of the a.c. source. The E field and the H field are perpendicular to each other.

» Similarly, during the negative half cycle of the input signal, there exists an elec-
tric field E due to voltage and a magnetic field H due to current. The electric field
E is associated with an electric flux density D and the magnetic field H is associ-
ated with a magnetic flux density B. See Fig. 1.7 for illustrations. The intensity
and direction of the E and H fields follow in accordance with the intensity and
polarity of the a.c. source. The E field and the H field are perpendicular to each
other.

According to Maxwell [4]:

» The electric flux density D is proportional to the electric field intensity E.
i.e., D=¢E, where ¢ is the proportionality constant.
(e=8.854x 10712 C?/Nm?)

» The magnetic flux density B is proportional to magnetic field intensity H.
i.e., B=pH, where p is the proportionality constant.
(=4 pix10~7 Wb/Am)

» The velocity of light ¢ in free space is:
c=(en) "?=3x10% m/s (186,000 miles per second)
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1.2.3 Mechanism of Electro Magnetic Radiation

Electromagnetic radiation has two components: (a) An electric field E and (b) a
magnetic field H, where the E field is due to voltage and the H field is due to cur-
rent. These E and H fields are orthogonal (perpendicular) to each other. According
to Maxwell’s electromagnetic theory [4], the velocity of electromagnetic wave is
186,000 miles per second (3 x10® m/s). Figure 1.8 illustrates the mechanism of
electromagnetic radiation. Let’s take a closer look:

* During the positive half cycle of the input voltage, there is a buildup of E field
and H field. The intensity and the direction of E and H fields are in accordance
with the polarity of the voltage as shown in Fig. 1.8.

*  When the polarity of the voltage changes (negative half cycle), the E and H fields
already developed earlier forms a loop and are released from the dipole, allowing
the negative field to build up (see Fig. 1.8). The condition for this release is A/2,
where A is the wavelength.

» This process continues for subsequent cycles. This is the well-known electro-
magnetic wave, which can be viewed as a concentric sphere expanding at the

speed of light, as shown in Fig. 1.8.

)

Transmittter

M2

Transmit waveforms

Receiver

Fig. 1.8 Illustration of Electromagnetic radiation
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1.2.4 How to Intercept Electro Magnetic Radiation

Figure 1.8 also shows how to intercept the radiated electromagnetic signal by means
of an identical dipole. Because of the alternating nature of the electromagnetic
waves, a dipole having a gap A/2 will induce the signal which has been transmit-
ted by a transmit dipole. This instrument is called a dipole antenna. Therefore an
antenna is also a reciprocal device.

1.3 Antenna Basics

1.3.1 Dipole Antenna

An antenna is a reciprocal device which means that it transmits and receives elec-
tromagnetic waves. We examine this by means of a single dipole, as shown in
Fig. 1.9a. The outcome is a radiation pattern which radiates in all directions. The
radiation pattern is known as OMNI (all) directions.

Time

| o

AC Dipole A2 Distance

Source

Time

a b

Fig. 1.9 a Single dipole. b Radiation in all directions
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Time Time

In phase Current
Components are added

Maximum radiation

Dlpole M2 M2 Dipole
Source Source

Null 2 Null

Qv_) Tlme
180 degree out of phase
Current Components %—»Time Maximum radiation
are cancelled

b

Fig. 1.10 Array antenna. a Two linearly excited dipole antenna. b Radiation pattern

1.3.2 Uniformly Excited Linear Array Antenna

An antenna using multiple radiating dipoles is known as array antenna. Figure 1.10a
shows two linearly excited arrays, where:

In-phase components in the vertical plane are added to provide a gain of two
(3dB)

The 180°. out of phase components in the horizontal plane are cancelled to pro-
vide a null.

The outcome is a radiation pattern which has a gain of 2 (3 dB) in the vertical
plane. See Fig. 1.10b.

We can create different radiation pattern by changing the phase. Figure 1.11 shows
an example of two linearly excited arrays, having a phase difference of 180°. Here
we see that,

In-phase components in the horizontal plane are added to provide a gain of two
(3 dB)

The 180° out of phase components in the vertical plane are cancelled to provide
a null.

The outcome is a radiation pattern which has a gain of 2 (3 dB) in the horizontal
plane. See Fig. 1.11b
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Time Time
180 degree out of phase
Current Components
are cancelled
N2
AC Dipole 3/ N2 pipole AC
Source

Source
.

In phase Current Components
are added

Time

g

Time

a

Introduction to Radio Frequency

Maximum

Iy Maximum
Radiation Null Radiation
Null

b

Fig. 1.11 Array antenna. a Two linearly excited dipole antenna. b Radiation pattern

1.3.3 Non-uniformly Excited Linear Array Antenna

An antenna using multiple radiating dipole elements, excited by different voltages
or currents, is known as non-uniformly excited array antenna. Figure 1.12 shows an

example of two non-linearly excited arrays, where:

Time Time

In phase Current s

Components
are added 21
)\/ZI
AC .
Source Dipole N2 A2 Dipole AC
N2 Source
%_; Time
180 degree out of phase
Current Components 21
are partially cancelled
Time
a

Maximum Radiation

Side Lobe Side Lobe
Due to partial due to partial
cancellation cancellation

Maximum Radiation

b

Fig. 1.12 a Non-Uniformly excited array antenna having two radiating elements and its b Radia-

tion pattern
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» In-phase components in the vertical plane are added to provide a gain in the main
lobe.

» The 180° out of phase components in the horizontal plane are partially cancelled
to provide a side lobe.

» The outcome is a radiation pattern which has main lobes in the vertical plane and
side lobes in the horizontal plane as shown in Fig. 1.12.

1.3.4 Side Lobe Cancellation in Non-uniformly Excited Linear
Array Antennas

We can also cancel side lobes by creating different currents and phases in array an-
tennas. Figure 1.13 shows an example of three non-linearly excited arrays, having
different currents and phases, while cancelling the side lobes in the horizontal plane.
Thus referring to Fig. 1.13, we see that,

* In the vertical plane, in-phase current components are added to provide a com-
posite gain of 1+2+1=4, where
I, =1, having no delays in the vertical plane
I,=2, having no delays in the vertical plane
I,=1, having no delays in the vertical plane

Maximum
Radiation

" PN ., Null =< Null

m
m
m
m
m
m 1

\_/ Maximum

Radiation

a

Fig. 1.13 a Non-Uniformly excited array antenna having three radiating elements and its b Radia-
tion pattern
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* In the horizontal plane, the current components are cancelled as 1-2+1=0,
where
I,=1, having a delay of 360° in the horizontal plane
I,=2, having a delay of 180° in the horizontal plane
I,=1, having no delays in the horizontal plane

» The outcome is a radiation pattern which has main lobes in the vertical plane and
nulls in the horizontal plane.as shown in Fig. 1.13b.

1.3.5 Radiation Patterns of Commercial Antennas

Typical commercial cellular antennas are vertical combinations of dipoles. The
horizontal plane pattern is determined by the number of horizontally-spaced ele-
ments. The vertical plane pattern is determined by number of vertically-separated
elements. The radiation patterns of these antennas are usually plotted in polar form
as shown in Fig. 1.14. The horizontal plane radiation pattern is a function of azi-
muth. The vertical plane radiation pattern is a function of elevation.

Horizontal Pattern
0 Degree
0dB

-3dB Array

-3dB
. Antenna

width

(degrees) Vertical Pattern

===

First :
First
Side Lobes Side Lobes
Back Lobe
a b c

Fig. 1.14 a Horizontal pattern. b Array antenna and ¢ Vertical pattern
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Antennas are often compared by noting specific features on their patterns, such
as,

e —3db.—6dB,—10 dB points

* Antenna gain

* Antenna beam width

* Angles of null

* Front-to-back ratio

* Frequency response and bandwidth

*  Main lobe, side lobes, back lobe, etc.

Some of these points are briefly presented below [19]:

1.3.6 Antenna Gain

Antenna gain is defined with respect to isotropic gain. It determines the degree of
energy concentration in one direction with respect to other directions as shown in
Fig. 1.15. Note that the total energy is constant, i.e., the total energy within the main
lobe plus the side lobes is the same as in the isotropic region.

Fig. 1.15 Antenna gain Bore Sight
0dB

¢ Isotropic
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Fig. 1.16 Antenna beam Bean Width
width (20)

1.3.7 Antenna Beam Width

Antenna beam width is defined as 26, where 0 is the angle with respect to the bore
sight where the voltage is 0.707 of its maximum value. This is shown in Fig. 1.16.

1.3.8 Front To Back Ratio

Antenna front-to-back ratio is defined as the ratio of the power radiated from the
main lobe to that of the back lobe. See Fig. 1.17 for illustration. It is an important
design parameter in cellular communications, because of frequency reuse and C/I
(Carrier to Interference) constraints. We shall address this topic again in the future
in this book.

Antenna front to back ratio is defined as:

. P
Front - to - Back Ratio =10Log,, {M} (1.2)

back lobe

1.3.9 Frequency Response and Bandwidth

Every antenna has a frequency response. It passes certain frequencies and blocks
other frequencies. See Fig. 1.18. The bandwidth is given by:

BW =(f, —f,) (1.3)
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Fig. 1.17 Front to back ratio p

main

Fig.1.18 Frequency response GAIN
of antenna

-3dB

P> FREQUENCY

Where,

f,;= Upper 3-dB frequency
f, =Lower 3-dB frequency
f, = Center frequency

1.4 Conclusions

*  We have traced the historical background and have shown that the modern wire-
less communication system is due to a series of light experiments.

* The mechanism and the underlying principle of electromagnetic radiation were
presented with illustrations.

» The key concepts, underlying principles and construction of array antennas were
provided.

» This material was very lucidly and simply presented, so as to be easy for readers
to grasp.
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Chapter 2
Free Space Propagation

Objectives

» Define free space propagation in time and space

» Derive free space pathloss formula

» Show that free space pathloss formula exhibits an equation of straight line
* Define ERP and RSL

* Problems

* Group exercise

2.1 Free-Space Propagation in Time and Space

Electromagnetic waves differ in energy according to their wavelength. Their ability
to propagate is also different in different propagation environments. In free space
(vacuum) they are characterized by their ability to propagate without obstruction
and without atmospheric effects. The path loss under these conditions is said to be
free space path loss.

For example, we consider an isotropic RF (Radio Frequency) source, which
radiates electromagnetic energy uniformly in all directions, as shown in Fig. 2.1a in
three-dimensional space. The radiating source is located at the center, which begins
its emission at a given time. Maxwell’s theory of Electromagnetic Radiation implies
that the energy radiates uniformly in all directions, at the speed of light (3 x 108 m/s or
3.3 us/km) [1]. This may be viewed as a sphere, expanding in time and space.

Since it is difficult to represent time and space in four dimensions, we can
represent this time-space relationship by means of a cross-sectional view of the
energy sphere in two dimensions in space and one dimension in time [2]. This is
shown in Fig. 2.1b, where time is represented in the vertical axis.

There is no signal outside the cone, since the velocity of electromagnetic wave
is constant. For example, we assume that d,=1 km, d,=2 km and d,=3 km, the RF
signal that originates at time t=0, will arrive in those locations exactly after 3.3,
6.6 and 9.9 s respectively. This implies that the propagated signal exists within

© Springer International Publishing Switzerland 2015 19
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20 2 Free Space Propagation

Time

|_\

Space
a b

Fig. 2.1 Illustration of free Space propagation in time and space. (a) An isotropic RF (Radio
Frequency) source, which radiates electromagnetic energy uniformly in all directions. (b) Repre-
sentation of time-space relationship by means of a cross-sectional view of the energy sphere in two
dimensions in space and one dimension in time

a space-time coordinate (d,, t.) where d. is the location of the signal and ti is the cor-
responding instant of time. The propagation delay is given by

t, =3.3 g s/km .1

This propagation delay is an important parameter in cellular communication sys-
tems. It determines the maximum cell size and inter symbol interference in digital
cellular radios.

For example the signal that arrives at d,, has a propagation delay of 9.9 ps.
This delay determines the radius of the sphere, which has uniform signal strength
throughout the surface of the sphere. In cellular communication this sphere is known
as an ideal cell, as shown in Fig. 2.1a. The total energy within the cell is constant
irrespective of time and space.

2.2 Derivation of Free Space Pathloss Formula

Consider the free space propagation model as shown in Fig. 2.1a to derive the well-
known free space pathloss formula [3]. Assuming that the total transmit power at
the source as P, whose gain in a particular direction is G, and then the radiated
power density at a given distance d will be given by

PG
p= 47trdt2 watts | m* (2.2)
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If a receive antenna is located at a distance d, whose gain is G, and the effective area
is A [2], where
/12
A=G — (2.3)
4r

The received power P, at the terminal of the receive antenna will be given by

2{ 2
b =pA=FGG, (m] (2.4)

In the above analysis, it was assumed that the transmission began at t_and that it
was received at a distance d at t. The time difference t—t_ is the propagation delay
(tp), which is given by,

t,=t—t, 2.5)

Thus, by knowing the start time, the propagation delay and hence the distance can
be determined.

Now, referring to Eq. 2.4 we find that the received signal attenuates as square of
the distance.The pathloss formula is given by the ratio of the received power to the
transmit power, i.¢.,

L (2
p Pth G,, (26)
Combining Egs. 2.4 and 2.6, we get,
ﬂ, 2
L= (w) 2.7
In decibel, the free space path loss formula (Lp), can be obtained as
47d Y
L,(dB)=10log N (2.8)
or
L,(dB)=32.5+20log (f)+20log (d) (2.9)

Where A =c/f, c=3x10% m/s, the frequency (f) is measured in MHz and the dis-
tance (d) is measured in km. Equation (2.9) is the familiar free space path loss
formula.
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2.3 Free Space Path Loss Formula Exhibits Equation
of Straight Line [4]

Consider the free space path loss formula again as given below:

L, (dB) =325+ 20log(f) + 20log(d)

For a given frequency, 20 log(f) is constant. Therefore, we can express the above
equation as

L,(dB) =L, (dB)+ y10 log(d) (2.10)
Notice that, Eq. (2.10) is similar to the equation of straight line of the form:

y=c+mx (2.11)
Where,
y=L, in dB
¢=L, (dB)=32.5+20log (f)is the intercept in dB

m =y=2 is the slope
x =10 Log (d)is the distance in logarithmic scale

Figure 2.2 Shows the path loss characteristics for a given frequency.

From the above analysis, we see that free space propagation exhibits an equa-
tion of a straight line having a pathloss slope of 2 (y = 2). The intercept L  depends
on the frequency. Later in this book we shall see that all propagation models can
be approximated as an equation of a straight line having different pathloss slopes,
depending on the propagation environment.

Problem 2.1

Given:

* Frequency f =1GHz (10° Hz)
* Distance d =10 km

* Freespace Pathlossslope y =2

Find:

a. TheinterceptL in dB
b. The free space pathloss L in dB

Fig. 2.2 Free space path loss Lp (dB)
characteristics in a log-log
scale. The path loss slope
y=2

Lp=_Lo + 10yLog(d)

Lo(dB)

10Log(d)
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Solution:

a. Intercept: L (dB)=32.5+20Log (1000 MHz)
=32.5+60
=92.5dB

b. Pathloss L (dB)=L,(dB)+ y10Log (d)

=985+10x2x10Log (10 km)
=985+20x1
=118.5dB

Problem 2.2

Given:

* Frequency f =2 GHz
* Distance d =10 km
* FreespacePathlossslope y =2

Find:
a. The intercept L_in dB
b. ThefreespacepathlossL indB

Solution:

a. Intercept: L (dB)=32.5+20Log (2000 MHz)
=32.5+66
=98.5dB

c. Pathloss L, (dB) =L, (dB)+ 7 10Log (d)
=985+10x2x10Log (10 km)
=985+20x1
=1185dB

From the above two problems, we see that, for a given distance, the intercept and
pathloss increase by 6 dB when the frequency doubles.

2.4 ERP and RSL

23

The Effective Radiated Power (ERP) and the Received Signal Level (RSL) are two

design parameters used in cellular communications. ERP is the power radiated from

the tip of the antenna and RSL is the power received at the receiver. The receiver is
located at a distance d from the transmitter. We examine this by means of Fig. 2.3:
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Transmit
Antenna
PA (GY)
Voice Cable
Data Radio . Powel.r l ERP
video Transmitter | Amplifier \ /
Connectors Free space
Propagation
Medium
(Distance=d)
Receive
Antenna
RSL
\ (Gr)
Voice Cable
Data Radio [P
video Receiver Amplifier
Connectors

Fig. 2.3 A free space radio link. ERP is the power radiated from the tip of the antenna and RSL is
the power received at the receiver. The transmitter and the receiver are separated by a distance d

In Fig. 2.3, let the effective radiated power be defined as ERP and the received
signal level be defined as RSL. Then, we can write:

ERP = PA - 2Lconnector - Lcable + Gt (2 12)
RSL = ERP - Lp + Gr - Lcable—ZLconnector (213)
Where,
* P, is the output power from the power amplifier
* L, inector 18 the connector loss. The factor 2 is due to two connectors
L. is the cable loss

* G, is the transmit antenna gain
* G, is the receive antenna gain
- L is the pathloss

The effective radiated power ERP is constant since all the parameters in Eq. 2.12 are
constants. Now, Substituting for L, in Eq. 2.13 we get,

RSL = ERP—32.5—20Log (f)— 20Log (d)+ G, - L, — 2L

cable connector
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Fig. 2.4 Illustration of path- Lp (dB)
loss slope and RSL 4
Lp=_Lo + 10yLog(d)
Lo(dB) v=2
0 10Log(d) ’
C
RSL=C - y{10Log(d)}
y=-2
v

RSL(dB)

Since ERP, frequency, G, Cable loss and Connector losses are constant parameters,
the above equation reduces to,

RSL = C—20Log (d)

(2.14)
=C—-yl0Log (d)

Where,

C=ERP-32.5-20Log (f)+G, L, —2L (2.15)

cable connector

Notice that the received signal level RSL also exhibits an equation of a straight line
having an intercept C and a slope y=—2. This is plotted in Fig. 2.4 along with the
path loss characteristic.

Problem 2.3

Consider a radio link as shown in Fig. 2.3 with the following design parameters:

Frequency f =1GHz
Propagation medium Free space
Distance d=10km
Power from the amplifier P, =10 watts
Transmit cable and connector losses 3dB
Transmit antenna gain G,=10dB
Receiver antenna gain G =10dB
Receive cable and connector losses 3 (riB
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Find:

a. ERPindB
b. Path loss in dB
c. Received Signal Level RSL in dBm

Solution:

a. ERP(dB)=10Log (PA ) — Cable & Connector losses + G,
=10dB-3dB+10dB
=17 dBW

b.L, =32.5+20Log (1000 MHz) + 20Log (10 km)
=32.5+60+20
=112.5dB

c. RSL=ERP-L, +G, —Cable & Connector Losses
=17dB-112.5dB+10dB—-3 dB
=27dB-1155dB
=-88.5dB
=-88.5+30
=-585dBm

2 Free Space Propagation

[Note: 1 W=0 dBW. Also, 1 W=1000 mW=30 dBm. Therefore, 0 dBW=30 dBm]

2.5 Conclusions

*  We have derived the free-space path loss formula and have shown that it is pro-

portional to the square of the distance.

* Free space pathloss is also proportional to the square of the frequency.
+ It is shown that free space pathloss exhibits an equation of a straight line, having

a pathloss slope of 2.
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Chapter 3
Multipath Propagation

Objectives

* Define multipath propagation

* Review Fresnel Zones and show that there exists a free space propagation me-
dium in multipath environments.

» Examine a two ray propagation model and show that there exists a free space
propagation medium in the terrestrial environment.

» Examine a three ray propagation model for indoor applications and show that
there exists a free space propagation medium. In indoor environment.

» Examine a multi ray propagation model for tunnels and subways and show that
there exists a free space propagation medium.

3.1 Introduction to Multipath

Multipath propagation is due to reflection, diffraction and scattering of radio waves
caused by obstructions along the path of transmission as shown in Fig. 3.1.

The magnitude of these effects depends on the type and total area of obstruction.
For example, a plane surface of vast area will produce maximum reflection while a
sharp object such as a mountain peak or an edge of a building will produce scatter-
ing components with minimum effects known as knife-edge effect. These spurious
signals have longer path lengths than the direct signal. The associated magnitude
and phase differences also vary according to the path length. We examined these by
means of Fresnel Zone effects.

© Springer International Publishing Switzerland 2015 27
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Fig. 3.1 Illustration of
a multipath propagation
environment

Multi-path Propagation

3.2 Effect of Fresnel Zone

In multipath environments, diffraction of radio waves occurs when the wave front
encounters an obstacle. A model originally developed by A. Fresnel for optics can
examine this [1]. Fresnel postulated that the cross section of an optical wave front
(electromagnetic wave front) is divided into zones of concentric circles, separated
by 4/2 (Fig. 3.2) where 4 is the wavelength.

The radius of the nth Fresnel zone is given by

R, =[n2(dd,/(d, +d)]" (3.1)
Where
d, distance between the transmitter and the obstruction
d, distance between the receiver and the obstruction
A c/f
n 1 for the first Fresnel zone
n 2 for the second Fresnel zone

Fig. 3.2 Illustration of Each Fresnel zone is A /2 apart

Fresnel zone 1st Fresnel zone 2nd Fresnel zone
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Frequency: fs > f> f1 - Antenna helght hy1> hy

[0 )
h - - -
10 @ ~< . _

d1 d2 d3 d11

Distance Distance
a b

Fig. 3.3 a A high frequency signal propagates further before the first Fresnel zone touches the
ground. b A signal radiating from a tall antenna propagates further before the first Fresnel zone
touches the ground

From Eq. 3.1, we find that the Fresnel zone radius is inversely proportional to
the square root of frequency. This implies that for a given antenna height, a high
frequency signal will propagate further before the first Fresnel zone touches the
ground (Fig. 3.2a). Likewise, for a given frequency, a signal that radiates from a tall
antenna will propagate further before the first zone touches the ground (Fig. 3.2b).
In other words, diffraction of radio waves depends on frequency as well as on an-
tenna height. We examine this by means of a two ray model as follows:

3.3 The Existence of a Free Space Propagation Medium
in Outdoor Propagation Environment

We begin our investigation by considering an outdoor propagation medium having
a flat terrain, as shown in Fig. 3.3 [2, 3]. Here,

h, Transmit (Tx) antenna height
h, Receive (Rx) antenna height
d  Antenna separation

dl  Length of the reflected path
d2 Length of the direct path.

From plane geometry, the path differences between the direct and the reflected path
can be estimated as,
2 2 1/2 2 2 1/2
=[(h, +h,)’ +d* ] " ~[(h,=h,)* +d" ] (3.2)
Where Ad=d2—d]1. After some algebraic manipulation, Eq. 6.35 may be expressed
as,

Ad = 4h,h, 3.3)

d[{(hl +h,)/dY +1]”2 +d[{(hl ~hy)/d)’ +1}”2
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Fig. 3.4 Two-ray model T, .
2
h, d Xx

hZ

d

Ground
Where (h1+h2)/d<<1 and the path difference reduces to

Ad=2hh,/d (3.4)

When the path difference between the direct ray and the diffracted ray is A/2, dif-
fraction will be maximum. Thus from Eq. 3.4 we write,

Ad=2hh,/d=1/2 (3.5)
Resulting in
d, =d=4hh,/A=4hh,f/c (3.6)
Where

f frequency
¢ velocity of light

This distance (d,) is known as the Fresnel zone break point, which is proportional to
frequency and antenna height as shown in Fig. 3.4. The line of sight pathloss slope
within d_ is similar to free space pathloss since diffraction and multipath phenom-
enon generally occurs beyond this region (Fig. 3.5).

RSL

RSLy

Fig. 3.5 Illustration of Fresnel zone break point
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3.4 An Alternate Proof

The analysis presented in the preceding section can be verified by combining the
powers received from the direct path and the received path. Thus, referring to the
two-ray model, the composite received power can be expressed as [4]

P =P (4/4nd)-[1+e | =[P (44 ndy ] [4sin*(a0/2)] (3.7)

Where Ag is the phase difference between the direct and the reflected path. In terms
of path difference, it is given by

Ao=(Q2 m/A)Ad (3.8)
Combining (3.7) and (3.8) we obtain

P =[P, (4/4nd)’ |-[4sin*(n/2)Ad ] (3.9)
And with Ad~2h1h2/d, we get

P, =[P, (4/4nd)’ |-[4sin® {(n/2).2h;h, /d}] (3.10)

Which is maximum for
(t/A)-2hh,/d} = (7/2) (3.11)
or
d,=d=4hh,/21 (3.12)

Under this condition, the received power can be obtained with the following con-
straints:

1. Antenna separation: d>>h, and h,

2. Incident angle is negligible

3. Phase difference (Ao) is negligibly small.
Then Eq. (3.10) reduces to

P =[P(4/4nd,) ] (3.13)

Which is the free space loss? It may be noted that d is now replaced by d_, where d |
is the Fresnel zone break point. Therefore, path loss characteristics within d  will be
similar to free space path loss, i.e. sq. law attenuation. The signal attenuates faster
beyond d_ due to destructive multipath components, represented by Eq. 3.10 and
plotted in Fig. 3.6.

From the preceding analysis we conclude that there is a free space path loss
region before the Fresnel zone break point. After the break point, the signal attenu-
ates faster depending on the propagation medium. This break point is a function of
Frequency and transmit/receive antenna heights.
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Fig. 3.6 Received signal level as a function of distance showing the break point. There exists a
free space propagation environment before the break point

Problem 3.1 Given:

* Frequency =900 and 1900 MHz
* Tx antenna height =30 m
* Rx antenna height=1.5 m

Compute the break point (d,).

Answer
do=4x30x1.5%x900x% 103 %103
=640 m @ 900 MHz

do=4x%30x1.5%x1900x 1093 x 108
= 1140 m @ 1900 MHz

3.5 The Existence of a Free Space Propagation Medium
in Buildings and Shopping Malls

In-building coverage is a major concern among service providers mainly because
of high attenuation within the building. We examine this by means of a three-ray
model, where the antenna is located within the building having ground reflections
as well as reflections from the ceiling [3]. This is shown in Fig. 3.7 where

Ceiling height

Transmit antenna height
Receive antenna height
Antenna separation
Direct path

Ground reflected path
Ceiling reflected path

og&aesF T

o o
[ gis
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Fig. 3.7 Three-ray indoor model

Because there are two dominant reflections, one from the floor and the other from
the ceiling, our objective is to make these path differences identical so that the first
Fresnel zone break point occurs at the same point. It should be noted that reflec-
tions from sidewalls and their path differences are unpredictable since the portable
cellular phone moves horizontally. Moreover, these horizontal components suffer
from numerous losses due to penetration through glass, porous materials etc. before
reflection. For these reasons, we ignore the horizontal components from the follow-
ing analysis.

From plane geometry, the path differences between the direct and the vertical
reflected paths (Fig. 6.19) can be estimated as,

Ad, =[(h, +10,)* +d ] = [(h, ~h,)* +d*] " (3.14)

ad =[{-n) e -n)} ea [ [fo-n)-@nf v | a9

Where Ad1 =d1-D and Ad2=d2-D

After some algebraic manipulation, Eq. 6.28 and Eq. 6.29 may be expressed as,
4hh

Ad, = L=

) al{(h, +n)/a +1] "+ d[{(h, ~h,)/d} +1]

Ad, = uus hll?EH_ ), 172 G.17)
d[{@H-b, —n,)/d} +1] " +d[{th, =h,)/d} +1]

(3.16)

1/2
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Where (h,£h,)/d<<1 and 2H—h,~h, << 1. Thus we approximate,
Ad, ~2h h,/d (3.18)
Ad, ~2(H-h,)(H-h,)/d (3.19)

Since it is desirable to have identical path differences, we write
Ad, =Ad, =Ad (3.20)
For which we obtain the following identity:
H=h, +h, 3.21)
The composite path difference then appear as
Ad, =2(H-h,)h,/d 3.22)
which is a function of the ceiling height and the receive antenna height. Within the

first Fresnel zone, this path difference is exactly A /2, for which there is maximum
diffraction. Thus from Eq. 6.36 we write,

2(H-h,)h,/d=1/2 (3.23)
Resulting in [3.10]
d,=d=4(H-h,)h,/4 (Indoor) (3.24)

Therefore, for optimum performance, the base station antenna should be located
below the ceiling by h2 where h2 is the portable antenna height with respect to the
floor. In other words, base station antenna height with respect to the ceiling = por-
table antenna height with respect to the floor.

Problem 3.2 Given:

* Frequency =900 MHz and 1900 MHz
* Ceiling height =4.5 m
* Rx antenna height =1.5 m

Compute the break point (do)
Answer:

Tx antenna height =4.5—1.5 =3m

d, =4(H-h)h,/ A

d, =4x3x1.5%x900x10%3 x 10
=64 m @ 900 MHz

d, =4x3x1.5%x1900x10%3x10"
=114 m @ 1900 MHz
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3.6 The Existence of a Free Space Propagation Medium
in Tunnels and Subways

In this section we examine multi-ray propagation in tunnels and subways. It is
shown that for a given frequency and device geometry, there exists a Fresnel Zone
break point, where the direct path and the reflected path are exactly 180° out of
phase. RF signals within this distance are in-phase and do not cancel each other out.
On the other hand, RF signals beyond this point are out of phase and suffer from
multipath cancellations. Therefore, by knowing the frequency and the geometry of
the device, the RF transmit and receive antennas can be properly positioned to cre-
ate a free-space propagation region between the antennas [3].

To illustrate the concept, let’s consider RF propagation inside an open ended
circular metallic tube as shown in Fig. 3.8, where the antenna separation is less than
the Fresnel Zone break point. As a result, multipath components will be cancelled
and the propagation will be similar to free space propagation within do.

The tube has the following design parameters:

w)

Diameter of the tube
Transmit antenna height
Receive antenna height
Antenna separation
Direct path

Reflected path-1
Reflected path-2

[oNg =Ty =N CL-N’:T‘__ET‘

o= W o

Fig. 3.8 RF propagation in tunnels and subways
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It is assumed that for every reflected path there is an identical path from the opposite
wall inside the cylindrical tube. So that the path differences are identical, i.e.,

Ad=d,-d=d,-d (3.25)
Using plane geometry, it can be shown that,
Ad=2(D-h,)(D-h,)/d (3.206)

The maximum diffraction occurs when the path difference between the direct ray
and the diffracted ray is A/2. Therefore eq. 3.2 can be written as,

A/2=2(D-h)D-h,)/d (3.27)
or
d=d, =4(D—h,)(D—-h,)/ 1 (3.28)

Where d_ is the antenna separation for which the diffraction is maximum. It follows
that for a distance d<d , the phase difference between the direct and the reflected
path will be less than 180° and they will not cancel each other out. Consequently,
the pathloss slope within d_ (Fresnel Zone Break Point) will be similar to free space
path loss, i.e. sq. law attenuation. The signal will attenuate faster beyond do due to
diffractions and multipath cancellations.

The total received power can be estimated by combining the powers received
from the direct path and the reflected path [4]. Thus, referring to the three-ray mod-
el, the composite received power can be expressed as:

P =P (A/4nd,) [1+e ] =[P, (A/4nd,) ] [4sin’(A0/2)] (329

Where P, is the transmit power, d_ is the Fresnel zone break point and Ag is the
phase difference between the direct and the reflected path. In terms of path differ-
ence, it is given by

Ao =(Q2m/A) Ad, (3.30)
Combining (3.29) and (3.30) we obtain
P =[P (4/4nd,) |- [4sin®(m/A)Ad, | (3.31)

The path difference Ad_ is given by Eq. 3.2. Substituting Eq. 3.2 into Eq. 3.7, we
obtain,

P, =[P, +(4/4nd,)" [ 4sin’(n/2){2(D-h,)(D-h, /d,)}] (3.32)
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We also note that in Eq. 3.8, the maximum received power is achieved when,

(t/A) 2 (D1-h,)D2-h,)/d,} =mr/2 (3.33)

Combining Eq. 3.8 and Eq. 3.9, we get,
P, =[P (4/4md,)" | (3.34)

Where P, is the transmit power, P, is the receive power, iis the wavelength, and
d, is the distance, representing the Fresnel zone break point. The pathloss formula
within the tube is then,

L,=P/P = (A/4nd,)’ (3.35)
Which is the familiar free space pathloss formula? Therefore we can conclude that
there exists a free-space pathloss within a circular tube, provided the antenna sepa-

ration is less than the Fresnel zone break point d . The equation for d_ is presented
again or convenience;

d=d,=4(D-h,)(D-h,)/1 (3.36)
Problem 3.3 This problem relates to cellular antenna deployment in a subway tun-
nel. The tunnel has the following design parameters:

e D=10 m (Diameter of the tunnel)
* hl=Im

e h2=5m

 f=1GHz

e ¢=3x10%m/s

Find:

a. The Fresnel zone break point d_.
b. The separation between two transmit antennas

Solution:

(a)d, =4(10-1) (10-5)10%/(3 x 10® m/s)
=4x9mx5mx10/3m
=600 m

(b) The above solution indicates that there exists a Fresnel zone break point at
600 m from the transmit antenna. Therefore, we need to install transmit antennas
every 2d =1200 m in the above subway system.
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3.7 Conclusions

*  We have examined the Fresnel Zone Effects and various anomalies of RF propa-
gation and have shown that there exists a free space propagation medium in
multipath environments.

*  We have presented a two ray model for outdoor deployment and have shown that
these propagation models also exhibit equation of straight line within the Fresnel
zone break point.

*  We have also presented a two ray model for indoor deployment and a multi-ray
propagation model

* For tunnels and subways and have shown that these propagation models also
exhibit equation of straight line within the Fresnel zone break point.
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Chapter 4
Empirical Propagation Models

Objectives

* Review Empirical Propagation Models such as Lee Model, Okumura-Hata Mod-
el and Walfisch-Ikegami Model

» Show that Empirical Propagation Models also Exhibit Equation of Straight Line.

* Present radio frequency deployment guidelines

4.1 Empirical Propagation Models

The empirical models are based on extensive experimental data and statistical anal-
ysis which enable us to compute the received signal level in a given propagation
medium. Many commercially available computer aided prediction tools are based
on these models.

Among numerous propagation models, the following are the most significant
ones, providing the foundation of today’s land-mobile communication services [1]:

e Okumura-Hata Model
»  Walfisch-Ikegami Model
e Lee Model

The usage and accuracy of these prediction models, however, depends chiefly on
the propagation environment. For example, the standard Okumura-Hata model gen-
erally provides a good approximation in urban and suburban environments. On the
other hand, the Walfisch-Ikegami model is applicable to dense-urban environments.
This model is also useful for micro-cellular systems where antenna heights are gen-
erally lower than building heights, thus simulating an Urban Canyon environment.

The purpose of this section is to examine these models and show that all propa-
gation models exhibits equation of straight lined having an intercept and a slope. We
then classify the propagation environments in to four categories:

© Springer International Publishing Switzerland 2015 39
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* Dense urban
e Urban

* Suburban

e Rural

Each propagation environment has a unique pathloss slope. Let’s take a closer look:

4.2 Okumura-Hata Urban and Dense Urban Model
Exhibits an Equation of Straight Line

The Hata model [2] is based on experimental data collected from various urban
environments having approximately 16 % high-rise buildings. The general path loss
formula of the model is given by

L,(dB)=C, + C, + C,log(f)—13.82log(h,)—a(h, )

+[44.9-6.55log(h, )]log(d) 4.1)
Where
L, path loss in dB
C, 0 for Urban3 dB for Dense Urban
C, 69.55 for 150 MHz<{<1000 MHz46.3 for 1500 MHz<{<2000 MHz
C, 26.16 for 160 MHz<{<1000 MHz33.9 for 1600 MHz<{<2000 MHz
F Frequency in MHz
h, Effective height of the base station in meters [30 m<hb<30 m]

a(h ) {1.1log(F)—0.7}h_— {1.56 log(F) — 0.8}—for Urban = 3.2[log(11.75h_)]* —
4.97—for Dense Urban

h Mobile antenna height [1 m<h <10 m]

d Distance between the base station and the mobile(km) [1 km <d <20 km]

Equation (4.1) may be expressed conveniently as
L, (dB)=L,(dB)+ [44.9-6.55 log(h,)]log(d) 4.2)
or more conveniently as
L,(dB)=L, (dB)+y10log (d) 4.3)

The above equation exhibits an equation of a straight line, having an intercept L
and a slope v:

Intercept: L (dB)=C,+C,+C,log(f)-13.82log(h,)—a(h,) (4.4)

Slope: ¥ =[44.9-6.55log(h,)]/10 (4.5)
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Fig. 4.1 a Shows two inter- Lp (dB)

cept points corresponding ‘ Dense Urban
to typical urban and dense

urban environments, having
identical pathloss slopes. b
Pathloss characteristics for
Okumura-Hata urban and
dense urban models

Urban
Slope: y=3.5t0 4

Lo(Dense Urban)

Lo(Urban)

10Log(d)

Note that there are two values for C :

+ C_ = 0dB for urban and
+ C_=-3dB for dense urban

Also, there are two values for a(h ):
* a(h,)={l.1log(F) — 0.7}h,, — {1.56log(F)— 0.8} for urban

« a(h,)=32[logfl 1.75hm)]2 —4.97 for dense urban
* h_=Mobile antenna height [1 m<h <10 m]

Therefore, the intercept L has two values, one for urban and the other for dense
urban. On the other hand, the slope vy is the sane for both urban and dense urban.
It only depends on the base station antenna height (Fig. 4.1). Therefore, we write,

ForUrban: L (dB)=L,(Urban) + y10log(d) (4.6)
For Dense Urban: L (dB) = L, (Dense Urban) + ¥10log(d) (4.7)

The slope v is a function of the base station antenna height. Figure 4.2 shows that in
a typical urban and dense urban environment the attenuation slope varies between
3.5and 4.

Fig. 4.2 Attenuation slope 5
as a function of base station

antenna height in a typical 47T
urban and dense urban envi-
ronment (due to Hata) 37T
2T
1 -
o +—m———+—+—+—+——+———+—

N © o « o N ©O O T ©
-~ ~ = N AN oo oo o

Base Antenna Height(m)
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4.3 Okumura-Hata Suburban & Rural Model Exhibits
an Equation of Straight Line

Hata suburban and rural models are based on the urban model with the following
corrections:

L, (Suburban) = L, (Urban) — 2 [log(f/ 28)]" 5.4 (4.8)
L, (rural) = L (Urban) — 4.78[log(f)]" +18.33log(f) — 40.94 (4.9)

Substituting for L _(Urban) in the above equations, we get,

2
L, (Suburban) = L_(Urban) + y10log(d) — 2[log(f/28)] —5.4
=L_(Suburban)+ y10log(d) (4.10)

L, (rural) = L, (Urban) + y10log(d) - 4.78[ log(f)] +18.33log(f)— 40.94
= L, (Rural) +y10log(d) 4.11)
The intercepts are given by,
L, (Suburban) = L, (Urban) - 2[log(f/ 28)]" — 5.4 (4.12)
L,(Rural) =L (Urban)—4.78 [log(f)]2 +18.331og(f) —40.94 (4.13)
These suburban and rural models also follow the equation of a straight line, having

different intercepts, where the pathloss slope remains the same. Figure 4.3 shows
the pathloss characteristics for the suburban and the rural models.

Fig. 4.3 Pathloss characteris- Lp (dB)
tics for Okumura-Hata subur- N Suburban
ban and the rural models

Rural
Slope: y=3.5t0 4

Lo(Suburban)

Lo(Rural)

10Log(d)
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4.4 Walfisch-Ikegami Line of Sight (LOS) Model Exhibits
an Equation of Straight Line

The Walfisch-Tkegami LOS model [3] is useful for dense urban environments. This
model is based on several urban parameters such as building density, average build-
ing height, street widths etc. Antenna height is generally lower than the average
building height, so that the signals are guided along the street, simulating an Urban
Canyon type environment.

For Line Of Sight (LOS) propagation, the path loss formula is given by:

L,(LOS) =42.6 + 20log(f) + 26 log(d) (4.14)
Where,

» fis the frequency in MHz
e dis the distance in km

The above equation can be described by means of the familiar “equation of straight
line” as
L,(LOS) =L, +710log(d) (4.15)

Where L is the intercept and y is the attenuation slope defined as
L, =42.6+20log(f) (4.16)
y=2.6 4.17)

Such a low attenuation slope in urban environments ( Y =2.6) is believed to be due
to low antenna heights (below the roof top), generating wave-guide effects along
the street. It follows that if a cell site is located at the intersection of a four way
street, the contour of constant path loss would look like a diamond as shown in
Fig. 4.4. Note that ¥ =2 in free space.

Street

Buildings Buildings

Street > Street

Buildings Buildings

Street

Fig. 4.4 Diamond shape coverage in dense urban canyon
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4.4.1 Walfisch-lkegami Non Line of Sight (NLOS) Model
Exhibits Equation of Straight Line

For Non Line Of Sight (NLOS) propagation, the path loss formula is given by,
L,(NLOS) = L (FreeSpace) + + L(diff) + L(mult) (4.18)
Notice that the above equation also exhibits an equation of a straight line, because

the free space pathloss exhibits an equation of a straight line and L(mult) and L(dif.)
are constants. Let’s take a closure look:

We define,
Lp (Free Space) 32.5+20 log(f)+20log(d)
f,d Frequency and distance respectively.
L(diff.) Roof-top diffraction loss
L(mult) Multiple diffraction loss due to surrounding buildings

The rooftop diffraction loss is characterized as
L(diff.)=-16.9-10log(AW)+10log(f)+20log(Ah,)+L(o) (4.19)
The parameters in the above equation are defines as

AW  Distance between the street mobile and the building
h Mobile antenna height

Ah_~ h .—hm

L(o) Loss due to elevation angle

The above parameters are constants after the antenna is installed. Therefore, L(diff.)
is constant.

Multiple diffraction and scattering components are characterized by following
equation:

L(mult) =k  +k, +k,.log(d)+k; .log(f) —91log(W) (4.20)
Where
k, —18log(1+Ah,)
k, 54-0.8(Ah,) d=0.5 km54 —0.8(Ah,) d<0.5 km
k, 18—16 (Ah/h )
k, —4+0.7[(f/925)— 1] for suburban— 4+ 1.5[(f/925)— 1] for urban
\W Street width
h, Base station antenna height

wor Average height of surrounding small buildings (h_ ,<h,)
Ah, h, —h

roof

The above parameters are also constants after the antenna is installed.
We assumed that the base station antenna height is lower than tall buildings but
higher than small buildings. Combining Eq. (6.52), (6.53) and (6.54) we obtain
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Fig. 4.5 Attenuation slope 4
as a function of base station 3
antenna height in a typical 2
dense urban environment. 1
(due to Walfisch-Ikegami) 0
o o < © © - N
o o o o ~
2hb/h(roof)
L, (NLOS)=L,+(20+k,)log(d)
=L, + 710log(d) 4.21)

The arbitrary constants are lumped together to obtain

L, =32.4+(30+k,)log(f)-16.9-10log(w)+20log(Ah,,)
+ L(e)+k,+k,—9log(W)
y=(20+k,)/10 (4.22)

Once again, the NLOS pathloss characteristics also exhibit an equation of straight
line with L  as the intercept and y as the slope.

The diffraction constant k ; depends on surrounding building heights, which vary
from one urban environment to another, yielding a diffraction constant of a few
meters to tens of meters. Typical attenuation slopes in these environments range
from y =2 for Ah/h _=1.2to y=3.8 for Ah /h _ .=0. This is shown in Fig. 4.5.

f

4.5 Lee Model

In order to accommodate terrestrial factors, C. Y. Lee has developed a simplified
formula, given by [4]:

L, =129.45+38.4Log(d)-20Log(H,) for 900MHz Cellular (4.23)

L, =135.45+38.4Log(d)-20Log(H,)  for 1900MHz Cellular (PCS) (4.24)

Where,

L Pathloss in dB

D Distance in km

H, Base station antenna height in meters

C  129.45 dB is the average loss in typical urban environment (f=900 MHz)
C  135.45 dB is the average loss in typical urban environment (f=1900 MHz)
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The above equations can be conveniently written as follows:

L,(900) = C1+38.4 Log(d) (4.25)
L, (1900) = C2+38.4Log(d) (4.26)

Once again, we see that Lee model also exhibits an equation of a straight line Where
C1 and C2 are intercepts and v is the slope:

Cl1  129.45-20 Log(H,) (H,=Base station antenna height)
C2  135.45-20 Log(H,) (H,=Base station antenna height)
Y 3.84 (slope)!!

4.6 Radio Frequency Deployment Guidelines

The empirical propagation models presented above, are based on extensive experi-
mental data and statistical analysis which enable us to compute the received signal
level in a given propagation medium. Yet, these propagation models, in practice, are
fuzzy due to numerous rf barriers such as uneven terrain, buildings heights, hills,
trees etc. building codes also vary from place to place. As a result, the accuracy of
these prediction models depends on the frequency, antenna height and propagation
environment. For example, the standard Okumura-Hata model generally provides
a good approximation in urban and suburban environments. On the other hand, the
Walfisch-Ikegami model is applicable to dense-urban environments. This model is
also useful for micro-cellular systems where antenna heights are generally lower
than building heights, thus simulating an Urban Canyon environment. Lee model
can also be used for 900 MHz macro cell and 1900 MHz PCS system. We also note
that all propagation models exhibits free space pathloss within the Fresnel zone
break point. We then classified the propagation environments in to four categories:
Dense urban, Urban, Suburban and Rural.

Each propagation environment has a unique pathloss slope. Table below pro-
vides a guideline to use these propagation models in various propagation environ-
ments (Table 4.1).

4.7 Conclusions

*  We have presented a general overview of various empirical prediction models
and have shown that these propagation models also exhibit equation of straight
line within the Fresnel zone break point.

» Although these predictions and measurement techniques are the foundation of
today’s cellular services, they suffer from inaccuracies due to user defined clut-
ter factors. These clutter factors arise due to numerous RF barriers which vary
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Table 4.1 RF deployment guidelines

Propagation environments Typical pathloss slope (y) | Propagation models
Dense Urban 4 Walfisch-Tkegami Model

High-rise Buildings “canyon”
channel propagation

Antennas above the roof-top, caus-
ing multiple diffractions

Antennas below the roof-top.,
causing multiple reflections
Urban Okumura-Hata Model

Mixture of various building heights
and open areas

Suburban 3 Okumura-Hata Model
Residential areas

Open fields

Rural 2.5 Okumura-Hata Model
Farm areas

Highways

Free space 2 Cell radii within the Fresnel
Outer space zone break point

Terrestrial environments: Distance
within the Fresnel zone break
point. All propagation environ-
ments. Depends on frequency and
antenna height

from place to place. It is practically impossible to accommodate all these fac-
tors accurately. Cell site location is also a challenging engineering task because
of regulations and restrictions imposed on some locations. Therefore cell sites
have to be relocated from the predicted location, requiring best judgment of RF
engineers. Thus we came to the conclusion that propagation prediction is a com-
bination of science, engineering and art. An experienced RF engineer, willing to
compromise between theory and practice, is expected to accomplish the most.
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Chapter 5
Statistical Analysis in RF Engineering

5.1 Why Statistical Analysis?

Statistics is the s study of the collection, organization, analysis, interpretation and
presentation of data [1-8]. For Radio Frequency (RF) engineering it involves live
air data collection as a function of distance. Since multipath propagation is fuzzy
owing to numerous RF barriers, uneven terrain, hills, trees, buildings etc., there is a
large variation of received signal Level (RSL) at the receiver [9—12].

Figure 5.1 shows an example to illustrate this scenario. Here, the received signal
level (RSL) is measured in dBm and the distance is measured in km. Notice that the
signal strength decays logarithmically as a function of distance where the distance
is plotted in the linear scale.

Also notice that we have plotted a solid line, which is known as the regression
line or the best fit. The regression line has a special significance since 50 % data are
above the regression line and 50 % data are below the regression line. Furthermore,
at a given distance, the distribution of data has a shape known as Gaussian (Bell
shaped). We shall discuss these points along with its attributes latter in this chapter.

5.2 Regression Analysis

Regression analysis is a statistical process for estimating the relationships among
variables [13—17]. For RF engineering, it includes distance as the independent vari-
able and RSL as the dependent variable. Here, we are interested in the dependence
of RSL on distance d; we generally refer to it as the regression curve of RSL on d.

In the experiment we select n values of distances d, d, ... , d and monitor the
corresponding RSL value yielding paired samples as follows:

(d, RSL,), (d,, RSL,),...(d., RSL,) .1

© Springer International Publishing Switzerland 2015 49
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Fig. 5.1 Received signal strength as a function of distance in semi-logarithmic scale

In regression analysis the mean of RSL is a linear function of the distance. With
Fresnel zone point this is given by,.

RSL=RSL, - yd/d, (52)

Where RSL is the Intercept, yx is the slope and d_ is the Fresnel zone break point.
In logarithmic scale, it may be expressed as,

RSL(dB)=RSL,(dB)—10ylog(d/d,) (5.3)

The above equation is plotted in Fig. 6.11 where RSL_ is the received signal level
(intercept) at the break point. d_and y is the slope after d . The mean RSL is related
to the random variable (RSL), as (Fig. 5.2)

(ARSL), = (RSL), — RSL
=(RSL),—RSL, +10 ylog[(d,/d,) ] (5.4)

Where (ARSL), is the deviation of the random variable (RSL), from the mean RSL.
In order to fit a straight line, it is desirable to reduce (ARSL),. In other words, the
sum of square of this difference must be equal to zero. Thus we write,

3 (ARSL,) =0 (5.5)

i=1
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Fig. 5.2 Regression curve in a given propagation environment
Where
n n 2
(ARSL,)" =Y [(RSL), - RSL, +10ylog(d, /d,)] (5.6)
i=1 i=1
Then
9 (ARSL,) 0 (ARSL,)
OLARSLY O (ARSLY (5.7)
ORSL, ald, /d,)
or
—2i[(RSL)[ —~RSL, +10ylog(d, /d,)] =0 (5.8)
i=1
~23'[(d, /d,){(RSL), - RSL, +10ylog(d, /d,)} | = 0 (5.9)
i=1
This reduces to
i(RSL)[ =n.RSL, —10yi log(d, /d,) (5.10)

i=1 i=1

n

(d,/d,)-(RSL), :RSLoi(do/di)—w;/[ y (do/dl.)-log(di/do)] (5.11)

i=l1

Solving the above equations, we obtain RSL  and y in a given propagation environ-
ment [18]. The break point is given by d = 44 h,/A, where h, and h, are the transmit
and receive antenna heights respectively. The above method is known as method of



52 5 Statistical Analysis in RF Engineering
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&

do 10log(Distance)

Fig. 5.3 RSL as a function of distance. Solid lines are due to regression fit. do is the break point
and s is the standard deviation

least squares, which can be used to fit a straight line to a given set of paired data
(d, RSL).

5.3 Prediction of Random Data with Confidence

In statistical analysis we often induce a generalization from a set of random vari-
ables. For example, the regression analysis presented in the previous section is based
on a set of paired data (d,, RSL,), where RSL, is the random variable. It provides a
point estimation from a random sample, which enables us to estimate the received
signal level at a given distance, with reasonable accuracy within a certain range of
standard deviation. This range is known as Confidence Interval. Once we have a
confidence interval, we can reasonably assure ourselves that the mean of RSL will
exist within this interval with a certain probability. This probability is known as
Confidence Level, which varies between 0 and 1 (0-100 %).

Figure 5.3 shows the dependence of RSL as a function of distance, along with
the regression line. Since we cannot expect to coincide the regression line with the
actual straight line, our interest is to determine an interval within which the regres-
sion line may exist with a high probability.

Now we consider a set of random variables RSL. having n sample values where
i=1,2,... n. The distribution or the density of such a set of random numbers is
generally approximated by a continuous curve known as Normal Distribution. The
equation that describes a normal distribution is given by [9-10]

S (RSL)= L exp —o.SHRSL%‘RSLH (5.12)

oN2rx
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Fig. 5.4 Normal distribution with zero mean (RSL=0) and variable standard deviation
Where the mean is given by

RSL = RSL,+RSL,+...+RSL, (5.13)

n

And the variance is given by

o = (RSL, —RSL)* +(RSL, —RSL)* +...+ (RSL, — RSL)* (5.14)
n—1

o being the Standard Deviation.

The curve of Fig. 5.4 is also known as the Gaussian Distribution or a bell shaped
curve which is symmetric with respect to the mean whose peak at RSL = ( increases
as o decreases. _

Figure 5.5 shows the distribution curve for RSL # 0. We notice that for a positive
mean, the curve has the same shape but is shifted to the right, and for a negative
mean, it is shifted to the left. This illustrates the fact that the variance is the average
dispersion from the mean.

The probability density function of Eq. (6.70) is generally obtained from the
standard table called Standard Normal Distribution, or by means of a curve called
Cumulative Distribution Function as shown in Fig. 5.6. Both are based on the fol-
lowing probability distribution function:

17 RSL-RSL\|
F(z)—o_—m £ exp —0.5[(7]] d(RSL) (5.15)
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Fig. 5.6 Cumulative probability distribution as a function of normalized standard deviation(z)

With RSL =0 and 0 = 1. Then the random variable (RSL) can be estimated from
the following normalized standard deviation z where o is the measured standard
deviation.

= [M) (5.16)
o
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or

RSL = 0z + RSL (.17

5.3.1 Problem 5.1

Given:

» Desired received signal RSL=—80 dBm
e Measured standard deviation =8 dB,
* Required confidence level is 80 %

Determine the minimum received signal level (RSL) to satisfy the above require-
ments.

5.3.2 Solution 5.1

For 80 % confidence level, using the curve in Fig. 5.6 we have,

2(0.8) = 0.842.

Therefore, the minimum RSL can be computed as,

RSL = 6z+ RSL
= (8% 0.842)—80dBm
=—73.26dBm.

This is the signal strength at the cell edge, which ensures that 80 % of the data will
fall within the interval —o and—o, i.e. within +8 dB. This interval is called the con-
fidence interval and the probability (80 %) is called the confidence level.

5.4 Drive Test, Data Collection and Statistical Analysis

For cellular communications, RF engineering involves live air data collection as a
function of distance and statistical analysis of the data. Today, a large number of pc
based data collection tools are commercially available. These data collection tools
have the capability to import measurement data and generate statistical outputs such
as mean error, standard deviation, max., min., etc.

Figure 5.7 shows the basic concept of RF data collection technique. It is PC
based and uses a cellular radio, MS Excel, a GIS(Geographic Information Services)
software, and a GPS (Global Positioning System) receiver. The GPS receiver is
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Fig. 5.7 Drive test and data Antenna
collection technique. The Antenna

received signal level (RSL)

is measured as a function of

distance

Cellular GPS
Receiver Receiver

PC

used to collect the coordinates (longitude & latitude) of each sampling points. The
outcome is a pair of long/lat corresponding to each RSL value. Since the cell site
location is fixed and has a unique long/lat value, the distance of each sampling point
with respect to the cell site is readily available as an output.

Table 5.1 shows an output file, which was obtained by means of drive test. No-
tice that the Received Signal Level (RSL) is measured in dBm as a function of
distance, where the distance is in meters. We can now perform statistical analysis to
find the following parameters:

* Mean

» Standard deviation

*  Minimum RSL value

¢ Maximum RSL value and
* The regression line

The above statistical parameters were calculated in Excel and also presented in
Table 5.1 at the end.

Note that the above data was collected from a cell site in a typical urban envi-
ronment. Our analysis indicates that the cell site exhibits following performance
characteristics:

Mean RSL=—-79.8 dBm

Standard Dev.=10.08 dB

Max. RSL=—42 dBm

Mi. RSL=-92 dBm

These values are typical in urban environment and the cell site is healthy. The
10 dB standard deviation has a special significance in designing reliable cell sites,
which we shall see later through a practical design.



5.4 Drive Test, Data Collection and Statistical Analysis

Table 5.1 Output file obtained from drive test.

Distance (m) | RSL(dBm) 900 MHz
269 -62
1265 —-86
667 -56
2437 -86
1658 =77
2289 -78
13041 -89
7791 -85
5268 —86
2080 —-80
1553 =76
4398 -81
4760 —-80
976 =79
1579 =76
2611 -81
4463 -85
8818 -81
6574 =76
8118 -84
1403 —81
6860 -81
3464 =70
2232 -62
6798 -85
6636 -89
2745 -82
3776 -84
2852 =76
8821 —88
15481 -89
11864 -84
1961 =70
5220 -90
12264 —-86
1360 -82
6891 -90
2773 -82
2175 -89
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Table 5.1 (continued)

5 Statistical Analysis in RF Engineering

Distance (m)

RSL(dBm)_900 MHz

2756

=77

1522 -69
5230 —68
3719 -85
1260 =73
293 -42
826 —-81
1968 -82
512 —48
1279 -69
1005 =71
2799 -89
3312 -84
2287 -84
1763 -63
5640 -84
3357 —87
7877 —80
8153 -92
6049 -92
731 -69
1413 =77
3948 —78
1401 —48
14261 -89
3266 -90
1584 —68
8003 -87
1029 -59
6447 =72
3936 —87
6066 — 81
5780 —64
12674 -87
13832 —88
3745 -89
13775 -89
803 —45
5156 —88
6135 =90
8218 —86
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Table 5.1 (continued)

Distance (m) | RSL(dBm) 900 MHz

1222 =74
11008 =76
10682 -81

2761 -82

4479 =81

2268 -82

4925 -85

7096 -82

3116 -82

4536 -87

5385 —-83

4236 -81
11618 =92

4160 =76

4813 -86

4627 -85
10593 -86

8895 -89

5849 -68

7460 —87

5878 —88

2714 —87

2945 -85

822 -74

2740 -89

1827 =75

1984 =77

2273 =75

2285 =73

5103 -84

8883 -86

2339 -85

4167 —88

3967 =90

7505 =90
Mean= —79.87826087 dBm
Stdev= 10.07963713 dB
Max = —42 dBm
Min= -92 dBm
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Fig. 5.8 The received signal Level (RSL) as a function of distance in a semi-logarithmic scale.
RSL is measured in dBm and the distance is measured in meters

We now turn our attention to Fig. 5.8, where RSL is plotted in dBm and the dis-
tance is plotted in the linear scale. Notice that the signal strength decays logarithmi-
cally as a function of distance where the distance is plotted in the linear scale. The
rate of decay depends on the propagation environment.

Next, we would like to see the regression line, which is only one click away.
This is an excel feature and is shown in Fig. 5.9. The solid line in this figure
is the regression line, which is also known as the best fit. As known in this art,
50 % points are above the regression line and 50 % points are below the regres-
sion line. This means that if we define the cell radius by means of the regres-
sion line, 50 % RSL values will be within the cell and 50 % RSL values will be
outside the cell. That is, the cell is 50 % reliable. Let’s examine this by means
of the following problem:

5.4.1 Problem 5.2: Cell Design With 50 % Confidence Level

You are assigned to design a cell site to deliver at least =80 dBm to at least 50 % of
the locations in an area. Measurements you’ve made have the following parameters:

e Mean RSL=-80 dBm
e Standard deviation=10 dB
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Fig. 5.9 The received signal Level (RSL) as a function of distance in Log-Log scale. RSL is mea-
sured in dBm and the distance is measured in 10Log (Distance)

5.4.2 Solution 5.2:

For 50 % confidence level, using the curve in Fig. 5.6 we have,
z(0.5)=0

Therefore, with — 10 dB standard deviation, the minimum RSL can be computed as,

RSL=o0z+RSL
= (10x0)—80dBm
= —80dBm.

This is the signal strength at the cell edge, which ensures that 50 % of the data will

fall within the interval —¢ and+o, i.e. within =10 dB. This interval is called the
confidence interval and the probability (50 %) is called the confidence level.

5.4.3 Problem 5.3: Cell Design With 90 % Confidence Level

You are assigned to design a cell site to deliver at least —80 dBm to at least 90 % of
the locations in an area. Measurements you’ve made have the following parameters:
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e Mean RSL=-80 dBm
e Standard deviation=10 dB

5.4.4 Solution 5.3:

For 90 % confidence level, using the curve in Fig. 5.6 we have,
z(0.9)=13

Therefore, with — 10 dB standard deviation, the minimum RSL can be computed as,

RSL = oz+ RSL
=(10x1.3)—80dBm
= —67dBm.

This is the signal strength at the cell edge, which is stronger than the one in the
previous problem. It ensures that 90 % of the data will fall within the interval —o
and +o, i.e. within £10 dB. This interval is called the confidence interval and the
probability (90 %) is called the confidence level.

5.5 A PC Based RF Planning Tool: A Student Project

5.5.1 Background

Today, numerous computer-aided RF design tools are available for planning and
designing the cellular system. These tools generally begin with empirical propaga-
tion models such as Okumura-Hata, Walfisch-Ikegami model, where the geographic
information. is already built-in. Yet, most prediction tools still require GIS tool to
run the prediction. In addition, drive test data is used for model tuning, thus defeat-
ing the original purpose. Moreover, these tools require user defined clutter factors,
which are subjective; as a result an error is inevitably present in these tools. Last but
not least, these tools are complex and expensive; users require specialized training
to use them effectively.

The RF planning tool presented here differs from the others in that it is very
inexpensive and simple to develop as a student project. It is PC based and uses
Empirical propagation models, MS Excel, a GIS(Geographic Information Services)
software, and a GPS (Global Positioning System) receiver. The GPS receiver will
be used to collect the coordinates of each cell site (Lat/Long). Once the lat/long
of antenna locations are known, the cell radii can be computed in Excel by using
any of the existing empirical models such as Okumura-Hata or Walfisch-Ikegami.
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Table 5.2 Empirical Propagation Models and their Usage

Environmental Zone Commonly Used Models
Dense Urban Walfisch-Ilkegami

Building “canyon” channel propagation

Antennas above buildings (macro-cell) casuemultiple diffractions | Okumura-Hata
over buildings

Antennas below buildings (micro-cell) causediffractions around
and reflections on buildings

Urban Walfisch-Ilkegami
Mixture of various building heights and open areas Okumura-Hata
Suburban

Business and resential areas, open areas, woods Okumura-Hata
Rural

Large open areas

Multiple diffractions over obstacles Okumura-Hata

Finally, the MapInfo software will be used to import lat/long and the corresponding
radius to display the RF coverage plot along with the geographic information such
as roads, highways, water, park, buildings etc.

We believe that this project will be a valuable learning experience for the stu-
dents. They will gain hands-on experience in project management, time manage-
ment, teamwork and documentation.

5.5.2 Choice of Propagation Model

There are several empirical propagation models available to design cellular sys-
tems. These prediction models are based on extensive experimental data and statis-
tical analysis, which enable us to compute the received signal level in a given propa-
gation medium. Many commercially available computer aided prediction tools are
based on these models. The usage and accuracy of these prediction models depend
on the propagation environment. For example, the Okumura-Hata model generally
provides a good approximation in urban and suburban environments, where the
antenna is placed on the roof of the tallest building [19]. On the other hand, the
Walfisch-Ikegami model can be applied to dense-urban and urban environments,
where the antenna height is below the rooftop [20]. A brief description and usage of
these models is presented in Table 5.2.

5.5.3 Description of the CAD Project

The RF planning tool presented below (Fig. 5.10) has been developed as a student
project. It uses:
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Fig. 5.10 Illustration of the PC based RF planning tool

* A GIS software such as MapInfo
» Empirical propagation models,

* MS Excel and

+ APC.

The GIS (Geographic Information Software) tool imports the cell radius. Empirical
propagation models, such as Okumura-Hata, Walfisch-Ikegami, Lee etc. provide
pathloss characteristics in a given propagation environment. The MS Excel com-
pute cell radius from a given propagation model. It also tabulates Long/Lat, antenna
height, Cell radii etc. Upon receiving the lat/long, the PC-based RF prediction tool
displays the RF coverage along with the geographic information.

5.5.4 Step-By-Step Design Process

Step-1: Collect Latitude and Longitude (Lat/Long) using GPS receiver and deter-
mine base station antenna height. This is an outdoor activity involving:

* Site visits

 Identifying base station location

* Recording Lat/Long using GPS receiver
* Record antenna height

Step-2: Choose a propagation model from Table 5.2 and compute the required path
loss L, and the corresponding received signal:
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» Path Loss: L =134.2 dB (from the chosen model)
* Received Slgnal EIRP—Lp (will vary from cell site to cell site)

Step-3: Tabulate design parameters. This step involves collecting and tabulating
various design parameters listed below:

* Frequency

* Propagation model

» Base station power

* Antenna gain

» Signal strength at the cell edge

* Mobile antenna height

» Pathloss Lp (from the propagation model)

Step-4: Compute cell radius as a function of antenna height. As an example, con-
sider the Hata pathloss model:

* L,(dB)=C,+C,log(f)—13.82log(h,)—a(h, )+ [44 -9—6-55log(h,) ] log(d)+C,

Solving for cell radius (d) we obtain

L,(dB)-C,[C, +C,log(f)-13.82log(h,)-a(h,)]
[44.9-6.55l0g(h,).]

e Cell Radius: d=10

Step-5: Repeat Step-4 for each location (Lat/Long) and generate an Excel spread
sheet. This spread sheet produces cell radii as a function of antenna height for each
location as follows:

Longitude | Latitude Antenna Height Cell Radius Propagation environment
(m) (km)

—97.0958 | 47.9202 15 6.069 Urban

—97.376 47.8978 30 15.961 Suburban

Step-6: Import Lat/Long and the corresponding Cell Radius from the above table
into the GIS tool (e.g. MapInfo) using the specific set of commands, supported by
the GIS software. It is assumed that the GIS software has already been installed into
the PC and it is up and running. At this point, each lat/long and the corresponding
cell radius will be imported instantly. The outcome is a composite RF coverage plot
superimposed on the map, as shown in Fig. 5.11.

5.6 Conclusions

» Reviewed Statistical Analysis and showed that it is an important exercise to de-
sign and implement cellular base stations with reliability.
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Fig. 5.11 Composite RF coverage plot on PC

Presented regression analysis and showed that random data such as Received
Signal Level (RSL) can be predicted with confidence.

Drive Test, Live air data collection & Data analysis techniques were presented.
A computer aided prediction technique was presented as a student project.
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Chapter 6
Radio Frequency Coverage: The Cell

6.1 Introduction

The FCC (Federal Communications Commission) provides licenses to operate cel-
lular communication systems over a given band of frequencies. These bands of
frequencies are finite and have to be reused to provide services to other geographic
areas. Since a number of different technologies are available [1, 2], the reuse of
frequencies must also differ. Therefore, techniques are needed to support these com-
peting technologies so that they can coexist and offer services to a wide geographic
area without interfering each other. In order to provide a comprehensive overview,
this chapter begins with the description of cell geometry followed by the concept of
cell reuse with the evaluation of carrier to interference ratio (C/I). The classical cell
reuse plan [3] is described next, with examples of various frequency plans related
to OMNI and Sectorization schemes. The associated channel capacity and C/I per-
formances are also evaluated.

6.2 The Concept of Cell

A cell, also known as the Radio Frequency (RF) footprint, is the basic building
block in wireless communication. There are two types of cells:

e OMNI Cell and
e Sectorized cell

OMNI means all directions and uses OMNI directional antenna at the center of the
cell as shown in Fig. 6.1a. Sectorized cells use directional antennas. Typically, there
are three sectors, 120° per sector. Each sector uses a directional antenna as shown in
Fig. 6.1b. Also shown in Fig. 6.1c is an alternate version of a sectorized cell known
as tri-cellular plan. We will further discuss these cell structures later in this chapter.

Each OMNI and sectorized cell has a base station, where the transmitter is locat-
ed at the center of the cell. The shape and size of the cell depends on transmit power,

© Springer International Publishing Switzerland 2015 69
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Sector-1 Sector-2

Sector-3

a b c

Fig. 6.1 Illustration of OMNI and sectorized cells. a OMNI cell, b three sectored cell, ¢ sectorized
cell (Tri-cellular plan)

antenna height, antenna gain, Propagation environment, pathloss characteristics and
the signal strength at the cell edge. The signal strength, also known as Received Sig-
nal Level (RSL is the same all around the cell edge. These cells are distributed over
land areas, offering services to tens of thousands of mobile phone users in a given
service area. Also, each cellular base station is connected via the Network Opera-
tion Center, which provides today’s land-mobile communication all over the world.
Since the RF environment is fuzzy and unpredictable, a practical cell is highly
irregular and not useful for analytical purposes. An ideal cell, on the other hand, is
a perfect sphere, which applies to free-space only. Considering all these shortcom-
ings, the cellular industries have adopted the hexagonal cell as the basis for the anal-
ysis and design of all cellular systems. To illustrate, we Consider Fig. 6.2, where,

R Cell Radius of the ideal cell (circle)
r  Effective radius of the analytical cell (center to vertex)

Using plane geometry, we obtain:

3
Cos(30°) = — =2 6.1
0s(307) 2= (6.1)
Solving forr,
= %R = 0.866R (6.2)

We shall use this geometrical configuration for analysis throughout this chapter.
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) 30°

L

Fig. 6.2 The analytical hexagonal OMNI cell

6.3 The Distance Between Two Hexagonal Cells

The distance between two hexagonal cells (D) can be obtained by placing two hex-
agonal cells as shown in Fig. 6.3. This is given by,

B

D=2r= ZTR =1.732R (6.3)

The performance metric, known as D/R ratio, can be obtained from Eq. 6.3 as:

D
—=1.732 6.4
- (6.4)

This parameter will be used to calculate carrier to interference ratio C/I, as we shall
see later.

In Fig. 6.3, we also notice that two adjacent hexagonal cells are equivalent to two
overlapping circles. This overlap region is the well-documented “Hand-Off” region.

|<--- D = 1.732R --->|

Fig. 6.3 Distance between two hexagonal cells
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6.4 Frequency Reuse and C/1

6.4.1 (/I Due to a Single Interferer

In cellular communications, frequencies are reused in different cells, which mean
that another mobile can use the same frequency, thereby causing co-channel interfer-
ence or carrier to interference (C/I) [4—6]. As an illustration, we consider Fig. 6.3,
where the same frequency is used in Cell-A and Cell-B. Therefore, a mobile commu-
nicating with Cell-A will also receive the same frequency from the distant Cell-B.
This is analogous to the “Near-Far” problem, causing co-channel interference. We
use the following method to determine this interference Fig. 6.4.
Let,

RSL, Received signal level at the mobile from Cell-A

d, Distance between the mobile and Cell-A

RSL, The received signal level at the mobile from Cell-B
Distance between the mobile and Cell-B

Y Pathloss exponent

Then we can write,

RSL, o (d,)”

RSL, o< (d,)” (65)

The ratio of the signal strengths at the mobile will be:
-7 Y
RSL, _[di) _[4s (6.6)
RSL, \d, d,

In Eq. 6.6, RSL, is the RF signal received from the serving cell. Therefore, this is
the desired signal and we redefine this signal as the carrier signal C. We also assume

Cell-A Cell-B
I dy — dg I

Fig. 6.4 Carrier to Interference ratio (C/I) due to a single interferer
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that the mobile is at the cell edge from the serving cell-A, which is the cell radius R.
On the other hand, RSL;, is the undesired signal received from Cell, and we rede-
fine this signal as the interference signal I. The corresponding interference distance
d,=D; D being the reuse distance. Therefore, Eq. 6.6 can be written as a carrier to
interference ratio (C/I), due to a single interferer, as:

Y
C_ (2) (6.7)
1 R
In decibel, it can be written as:
C DY

6.4.2 /I Due to Multiple Interferers

In hexagonal cellular geometry, each hexagonal cell is surrounded by six hexagons.
Therefore, in a mature cellular system, there can be six primary interferers. The total
interference from all six interferers will be
6RSL, < (d,)"
1
RSL, o< g(ds )7 (6.9)

Therefore, the effective interference ratio is:

-7 Y Y
C_RSL, 1(d,) _1(d, :1(2) (6.10)
I RSL, 6\d, 6\d,] 6\R

And in decibel,

C 1(DY
7(dB)—10Log[g(E) } (6.11)

Therefore, by knowing the reuse distance, the C/I ratio can be determined. Or, by
knowing the C/I requirement, the reuse distance can be determined in a given prop-
agation environment. The reuse distance D can be determined from plane geometry
and the cell radius can be obtained from the propagation model Fig. 6.5.
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@k@@
J @@

Fig. 6.5 C/I due to multiple interferers. Group of frequencies used in the center cell are reused in
the surrounding six cells

6.5 Frequency Reuse

6.5.1 Basic Concept

Cellular communication is a multiple access system where several non-interfering
channels are combined to form a channel group and assigned to a cell site. Since
there are a limited number of channels, these channel groups are reused at a regular
interval of distances. This is an important engineering task, which determines sys-
tem capacity and performance.

Several frequency reuse techniques, generally known as frequency planning or
channel assignment techniques, are available. Some of the most widely used fre-
quency planning techniques are given below [5]:

» N=7 Frequency Reuse Plan
» N=3 Frequency Reuse Plan

The N-=7 is the classical cellular architecture, which is based on hexagonal geom-
etry. It was originally developed by V.H. MacDonald in 1979. It ensures adequate
channel reuse distance to an extent where co-channel interference is low and accept-
able, while maintaining a high channel capacity. These frequency plans are briefly
presented to illustrate the concept.

The scheme is shown in Fig. 6.6 where we have a cluster of 7 OMNI cells and
a cluster of 7-sectorized cells. OMNI cell use OMNI directional (all directions) an-
tennas. In the sectorized scheme, each cell is divided into three sectors, 120° each.
Directional antennas are used in each sector. According to the art of channel assign-
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OMNI Sectored

Fig. 6.6 The classical 7-cell cluster. a OMNI pattern and b 3-Sectored pattern.

ment technique, all the available channels are grouped into 21 frequency groups as
follows:

Gl, G2, G3, G4, G5, G6, G7, G8, G9, G10, G11, G12, G13, G14, G15, Gl6,
G17, G18, G19, G20, G21.

Each frequency group has several frequencies (known as channels). These 21
frequency groups are equally distributed among the cells/sectors. Notice that each
OMNI cell gets three frequency groups or a total of 21 frequency groups in the 7
cell cluster. On the other hand, a sectorized cell gets one frequency group per sector
for a total of three frequency groups per cell. The total number of frequency groups
per cluster is still the same as in the OMNI scheme.

6.5.2 Example of N=7 OMNI Frequency Plan

In the N=7 frequency reuse plan, the available channels are equally divided among
7 cells known as a 7-cell cluster. As an illustration, we will consider the classical
North American 1G and 2G standards [1, 2]. According to these standards, the chan-
nel assignment is accomplished by forming 21 frequency groups per band (Band-A
and Band-B) as shown in Tables 6.1 and 6.2 respectively [5]. Frequency assignment
is then based on a distribution plan described earlier in the previous section. The
corresponding N=7 cell cluster is shown in Fig. 6.7 having three frequency groups
per cell.

The total number of frequency groups per cluster is 7x3=21. Channel assign-
ment is based on the following sequence: (N, N+7, N+ 14) where N is the cell num-
ber (N=1, 2, 7). The channel-grouping scheme is shown in Table 6.3. Figure 6.7
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1018:1

P e

gives two versions of channel assignments. Notice that adjacent channels appear
within the cluster, causing adjacent channel interference. It indicates that the total
elimination of channel adjacency is practically impossible in the N=7 plan, which
gives rise to adjacent channel interference throughout the network.

6.5.3 Evaluation of Co-Channel Interference

Co-Channel Interference (CCI), also known as Carrier to Interference ratio (C/I,
arises from multiple uses of the same frequency. For OMNI sites (see Fig. 6.6), C/I
is given by [5, 6]:

C 1(DY
~=10log |—| = 6.12
7 og k(R) (6.12)

Where

k= Number of Co-Channel Interferers



6.5 Frequency Reuse 77

Table 6.2 N=7/21 B-Band Frequency Chart

400! 401 403 404} 405! 406; 407

.............
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4
4,11,18

Adjacent channel interference

Fig. 6.7 N=7, Frequency reuse for OMNI plan showing re-appearance of adjacent channels
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Table 6.3 N=7/21 OMNI, channel grouping

Cell Number 1 2 3 7 5 6 7
Freq. Group

N 1 2 3 4 5 6 7
N+7 8 9 10 11 12 13 14
N+14 15 16 17 18 19 20 21

y  Propagation constant
D Frequency reuse distance
R Cell radius

The distance ratio (reuse distance) D/R is given by

D_ sy (6.13)
R
For N=7 frequency plan
D
=" J3x7 =4.58 (6.14)

The distance ratio can also be determined geometrically.

6.5.4 Evaluation of Adjacent Channel Interference

Adjacent channel interference arises from energy spillover between two adjacent
channels. This can be evaluated with the aid of Fig. 6.8, where we assumed that
the adjacent channel is assigned to the adjacent site and the ratio di/dc varies as the
mobile moves towards or away from the cell. Moreover, the out-of-band signals are
also assumed attenuated by the post-modulation filter at least by 26 dB (EIA Stan-
dard) [1, 2]. Then the Adjacent Channel Interference will be:

4
ACI = -10log Ii(%J ]+ Adj.Ch.Isolation (6.15)
Where the adjacent channel isolation is provided by the post-modulation filter,
which is generally =26 dB. As an example, an adjacent channel in the in the adja-
cent site has di/dc=1, resulting in ACI =—26 dB. An adjacent channel in an alter-
nate channel (one cell away) provides much greater than 26 dB isolation due to a
higher distance ratio (di/de>1).



6.6 120° Sectorization 79

Fig. 6.8 Adjacent channel interference evaluation scheme

6.6 120° Sectorization

6.6.1 Basic Concept

The 120° Sectorization is achieved by dividing a cell into three sectors, 120° each,
as shown in Fig. 6.9a. Each sector is treated as a logical OMNI cell, where di-
rectional antennas are used in each sector for a total of three antennas per cell.
Figure 6.9b shows an alternate representation, which is known as Tri-Cellular plan
[5, 6]. Both configurations are conceptually identical while the latter is convenient
for channel assignment. Each sector uses one control channel and a set of different
voice channels. Adequate channel isolations are maintained within and between
sectors in order to minimize interference. This is attributed to channel assignment
techniques, as we shall see later in this chapter.

Because directional antennas are used in sectored cells, it allows reuse of chan-
nels more frequently, thus enhancing channel capacity. Moreover, multipath com-
ponents are also reduced due to directionalization, hence enhancing the C/I perfor-
mance.

6.6.2 N=7/21, 120° Sectorization Plan

The N=7/21, 120° sectorization plan is based on the distribution of one frequency
group per sector, three frequency groups per cell for a total of 21 frequency groups
per cluster. This is shown in Fig. 6.10a for the conventional plan and in Fig. 6.10b
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/

Sector-1 Sector-2

>.

Sector-3

(

b

Fig. 6.9 Illustration of 120° sectorization. Directional antennas are used in each sector a Conven-
tional representation b an alternate representation

for the tri-cellular plan where the sector is represented by hexagon. Channel distri-
bution is based on N, N+7, N+ 14 scheme where N=1, 2,.., 7. Therefore for N=1,
cell-1 uses frequency group-1 for sector-1, frequency group-8 for sector-2 and fre-
quency group-15 for sector-3. Similarly, cell-2 uses frequency group 2, 9 and 16 for
sector 1, 2 and 3 respectively.

Fig. 6.10 a N=7/21 sectorized configurations based on 120°. Sectorized plan. b N=7/21 tri-
cellular plan
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6.6.3 N=7/21, 120-Deg. Co-Channel Interference

The 120-deg sectorization is achieved by dividing a cell into 3 sectors, while di-
rectional antennas are used in each sector. Thus antenna configuration and their
directivity play an important role in determining the C/I performances. In order to
illustrate this further, let us consider the diagram as shown in Fig. 6.11, where direc-
tional antennas are used for the present analysis. Antenna down tilt is also provided
for an additional isolation, which must be taken into account.

The angle of down tilt is related to the cell radius and antenna height. This can be
calculated by using plane geometry. It is given by the following equation:

H
R = 6.16
tan @ ( )
Where,
R= Cell radius
H= Antenna height
0= Angle of antenna down tilt
These assumptions modify the C/I prediction equation as
C 1(DY .
7 =10log ey + AdB(due to antenna down tilt) (6.17)
With k=6, y=3.84, D/R=4.58 and AdB~6 dB, we now obtain
c
I 23.6dB (6.18)

Cell-B:
Cell-A: Ch.group-A
Ch.group-A reused

Fig. 6.11 Illustration of antenna down tilt
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The performance can be further improved by using antenna having a narrow vertical
beam width.

6.7 N=3 Tri-Cellular Plan

6.7.1 Alternate Channel Assignment

The N=3 tri-cellular plan is based on a cluster of three tri-cells for a total of 9 logi-
cal cells [5]. Channel assignment is based on a 3 x3 array of 9 frequency groups,
distributed alternately among 9 logical cells as shown in Fig. 6.12. Because of alter-
nate channel assignment, this arrangement completely eliminates adjacent channels
from adjacent sites, thus reducing adjacent channel interference.

The growth plan is based on repetition of vertical and horizontal patterns in se-
quence as shown in Fig. 6.13. As can be seen, adjacent channel isolation is main-
tained throughout the network. It may be noted that only vertical and horizontal

=4 Tri-Cellular pl
4x3 Array N ri-Cellular plan
— NN
1 3 5 7 1 3 5 7
9 1 2 4 9 11 ;(4

N=3 Growth Plan

1 357 92 46 8
79 2 46 81 3 5
4 6 81 3 5 7 9 2
1 357 92 46 8
79 2 46 81 3 5
4 6 813 5 7 9 2

Fig. 6.13 N=3, Tri-Cellular growth plan showing N=7 mapping
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expansions are possible in this scheme; this is due to the rhombic pattern of the
cluster. The N=7 mapping is also evident in Fig. 6.13, which can be shown to ex-
pand throughout the network.

6.7.2 N=3 Cyclic Distribution of Channels

In this plan, the channel distribution is based on (N, N+3, N+6) where N=1,2,3, N
being the cell number. Using this scheme, we obtain

Cell-1 frequency group: 1,4, 7
Cell-2 frequency group: 2, 5, 8 (6.19)
Cell-3 frequency group: 3, 6,9

The corresponding N=3 cell cluster is given in Fig. 6.14, where the growth plan is
already established. For example, if cell-1 is assumed to be in the center, the sur-
rounding pattern would be 2, 3, 2, 3, 2, 3. Similarly, if cell-2 is in the center, the
surrounding pattern would be 1, 3, 1, 3, 1, 3. Likewise, if cell-3 is in the center, the
surrounding pattern would be 1, 2, 1, 2, 1, 2. This is shown in Fig. 6.15 where each
distribution pattern is free of adjacent channels.

3 * 3 Array ‘
1 3 5

7 9 2 ‘
o 0

Fig. 6.14 N=3 tri-cellular plan

Fig. 6.15 Principle of cyclic distribution
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Fig. 6.16 N=3 growth plan showing N=7 mapping

Figure 6.16 shows a complete distribution pattern for case-1 where cell-1 is as-
sumed to be in the center. we also see a mapping similarity between N=3 plan and
N=7 plan. Therefore existing N="7 cell sites can be easily translated into N=3 plan
simply by channel reassignment. Other distribution patterns can be obtained from
the distribution principle according to Fig. 6.15.

6.7.3 N=3 Co-Channel Interference

Because of antenna directivity, it can be shown that there are three effective interfer-
ers in this scheme.
Therefore the Co-Channel Interference can be estimated as:

7
% =10log [% (%) :|+ AdB(ave.) (6.20)
b =3x3=3
R

With y=3.84, D/R=3 and AdB(ave.)~6 dB we get

§z13.55+6=19.55dB (6.21)
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Problem 6.1

Given: The received signal strength at the cell edge: RSL (dBm)=-90 dBm
Find: The corresponding RSL in watts

Solution 6.1

RSL (dBm)=10 Log [RSL(mW)=-90 dBm

Log [RSL (mW)=-90/10=—9 mW

[RSL (watts)=10"'> Watts

[NOTE: 1 milli watt=10"3 Watts]

Problem 6.2
Given: The received signal strength at the cell edge: RSL (W)=10""2W
Find: The corresponding RSL in dBm.
Solution 6.2
RSL(dBW)=10 Log [RSL(W)
=10 Log (10-12)
=-120 dBW
=-90 (dBm)

[NOTE: 0 dBW=30 dBM]

Problem 6.3
Show that 0 dBW=30 dBm.

Solution 6.3

1 W=1000 mW

Therefore, in decibel:

10 Log (1 W)=10 Log (1000 mW)
Or

0 dBW=30 dBm.

Problem 6.4

Given:

* N=7 OMNI and sectorized frequency reuse plans
» Pathloss slope y=4

85
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Find:

a. The carrier to interference ratio C/I for the OMNI Plan.

b. The carrier to interference ratio C/I for the sectorized Plan.

Solution 6.4
a. For the OMNI plan:

C 1 7
7= IOIOg[;(\BxN) ]
With N=7 OMNI, k=6. Using y=4, the C/I becomes,
¢ =18.6dB
I

b. For the N=7 sectorized plan, the C/I is written as:

% ~10log B(\szv)q + AdB(ave.)

(6.22)

Where k=3. AdB is an additional dB margin due to directional antennas with down
tilt. This value ranges from 6 to 8 dB depending on bean width and amount of down
tilt. Using y=4 for dense urban environment and AdB=6 dB, the C/I can be derived

from the previous problem. This is given by:

C/I (N=7, Sectorized)=18.6 dB+6 dB=24.6 dB.
Problem 6.5

Given:

* N=3 OMNI and sectorized frequency reuse plan
» Pathloss slope y=4

Find:

a. The carrier to interference ratio C/I for the OMNI Plan.

b. The carrier to interference ratio C/I for the sectorized Plan.

Solution 6.5
a. For the OMNI plan:

9—1010g[%(@)7]

7=
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With N=3 OMNI, k=6. Using y=4, the C/I becomes,

% =14dB (6.23)

b. For the N=3 sectorized plan, the C/I is written as:

% ~10log [%(\/3xN )y] + AdB(ave.)

Where k=3. AdB is an additional dB margin due to directional antennas with down
tilt. This value ranges from 6 to 8 dB depending on bean width and amount of down
tilt. Using N=3, y=4 for dense urban environment and AdB=6 dB, the C/I can be
derived from the previous problem. This is given by:

C/I (N=3, Sectorized)=14 dB+6 dB=20 dB.

6.8 Conclusions

» Discussed radio Frequency coverage and provided the concept of cell

» Rationalized the use of hexagonal cell geometry and calculated cell radius

* Provided the concept of OMNI and Sectorized cells

* Provided the concept of Cell cluster

» Presented N=7 frequency reuse plan and carrier to interference ratio (C/I)

» Presented N=3 frequency reuse plan and carrier to interference ratio (C/I)

» Discussed the benefit of antenna down tilt and calculated the down tilt angle
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Chapter 7
Global RF & Co2 Pollution: Transition to Green
Cellular Technology

7.1 Introduction to Global RF and CO2 Pollution

Cell phone towers emit radio frequencies (RF) 24 hours a day and we absorb them
continuously. We also absorb RF from the cell phone when we use it, indicating
possible public health issues [1]. These cell phone towers, owned and operated by
service providers, use power 24 hours a day. Consequently, power for this technol-
ogy also contributes to global CO, pollution, which is expected to rise because of
current explosion in wireless data [2, 3]. Almost all countries around the globe face
this dilemma, giving rise to ever-increasing Global RF & CO, pollution.

Transition to green cellular networks could be an effective solution to these prob-
lems. This chapter aims to develop the concept of Green Wireless Technology to
conserve energy, as well as to reduce RF & CO, pollution. First, we will examine
Electron Spin Resonance (ESR) [4] and determine the range of frequencies we ab-
sorb. This will enable us to identify those frequencies we absorb the most and take
appropriate measures to allocate cellular spectrum. Next, the amount of power that
we absorb will be estimated by means of drive test data, where the received power
will be measured as a function of distance. This will enable us to allocate link bud-
get in a particular cell site, while keeping the radiation level to an acceptable limit.
Finally, we will learn that in every propagation environment, there exists a free
space propagation medium, due to the existence of Fresnel Zones. This gives rise
to Fresnel zone break point d , where d_ is the distance between the transmitter and
the receiver [5-7]. Radio frequency propagation within d_ is similar to free space
propagation. This will enable us to design low power small cells to conserve energy,
thereby reducing RF & CO2 pollution.

With this foundation in mind, we will develop a hierarchical cellular structure
for the next generation green cellular network comprising Macrocell, Microcell,
Picocell and Femtocell.

© Springer International Publishing Switzerland 2015 89
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Atom

Antenna

Radio Wave j —

Fig. 7.1 Electron spin resonance

7.2 Mechanism of RF Absorption

7.2.1 The Range of Frequencies We Absorb

In this section we will examine the phenomenon known as Electron Spin Resonance
(ESR) [4], also known as “Bosons”, after the famed physicist Dr. S. Bose. Dr. Bose
said, when an atomic particle is irradiated by means of an electromagnetic wave, the
atom absorbs electromagnetic energy at a frequency determined by the atomic num-
ber. This gives rise to Electron Spin Resonance (ESR). This is conceptually shown
in Fig. 7.1. This theory is the basis of the modern microwave oven (2.4 GHz). This
is the frequency that causes molecular friction, generating heat. Since human bod-
ies contain water, sugar, salt etc., an instrument has been developed to examine RF
absorption in water with other impurities added in.

7.2.2  An Instrument to Detect RF Absorption

The instrument is based on HP8720A network analyzer as shown in Fig. 7.2. The
unknown sample is placed between the transmit and the receive antenna, where
the antenna separation is less than the Fresnel Zone break point (see chap. 3). As a
result, multipath components will be cancelled and the instrument will exhibit mi-
crowave absorption only due to ESR, as long as the antenna separation is less than
the Fresnel zone break point d , where,

4h h
g —-la _ 4hih,f (7.1

° A c
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Fig. 7.2 The instrument for
measuring RF absorption HP 720A

f  frequency

¢ velocity of light

h, Transmit (Tx) antenna height
h, Receive (Rx) antenna height,

The distance (d) is known as the Fresnel zone break point which is proportional to
frequency and antenna height as shown in Fig. 3.4. The line of sight pathloss slope
within d_ is similar to free space pathloss since diffraction and multipath phenom-
enon generally occurs beyond this region

7.2.3 Amount of Power We Absorb

The amount of power that we absorb can be estimated by means of drive test and
data collection, where the received power is measured as a function of distance.
This is a standard procedure in the cellular industry to optimize cell phone net-
works. The result is shown in Fig. 7.3 for a typical urban environment.

Here, we see that the received signal level at 1 km from the tower is approxi-
mately —60 dBm, which corresponds to one microwatt. We also notice that the
received signal level decays logarithmically as a function of distance. At 5 km away
from the cell phone tower, the received signal level is approximately in the range
of —80 dBm. While this is a very tiny amount coming from a single channel, this
goes on 24 hours a day and there are numerous multi-channel cell phone towers
around us, and we absorb them all 24/7. Moreover, each base station as well as cell
phones is responsible for RF and CO, pollution. Therefore, a possible solution to
these problems would be to reduce power consumption, thereby reducing RF and
CO, pollution.
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Fig. 7.3 Received power as a function of distance

7.2.4 Energy Efficient Cell Design

Energy efficient cells can be readily obtained from the drive test data given in
Fig. 7.3. Here we have plotted RSL as a function of distance, where the distance is
measured in meter and RSL is measured in dBm. We will use the following design
problems to illustrate the design process.

Problem 7.1: Macro Cell Design from Drive Test Data (Fig. 7.3)
Given:

* RSL at the cell edge: RSL(dBm) =90 dBm
» Standard deviation =10 dB
» Confidence level =90 % (Use Fig. 7.4)

Find:

a. The new RSL in dBm having 90 % confidence level (Use Fig. 7.4)
b. The new cell radius

Solution 7.1:

a. With 90% confidence level, we have (from Fig. 7.4):
Z=1.3. The new RSL in dBm=ocz+RSL (old)
=10%1.3-90 dBm
=—77 dBm

b. The cell radius corresponding to —77 dBm at the cell edge can be readily obtaind
from Fig. 7.3, which is approximately 5 km. This is the macro cell as shown in
Fig. 7.5.
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Problem 7.2: Micro Cell Design from Macrocell
Given:

e Macro cell radius =(5 km)
» RSL at the Macro-cell edge =—77 dBm
e The desired Micro-cell radius is 1 km,

Find:

a. The RSL at the Micro cell edge in dBm
b. Estimate the amount of power saved

Solution 7.2:

a. From Fig. 7.3, the value of RSL at | km is approximately —57 dBm, which is
77-57=20 dB strong.

b. Since the signal strength at the Micro cell edge is 200 times strong, the transmit-
ter power can be reduced by 20 dB or 200 times to become —77 dBm at 1 km.
This is the micro cell as shown in the inset of Fig. 7.5.

Problem 7.3
Briefly explain what you have learned from the above two problems.
Answer to problem 7.3:

» The transmit power reduces logarithmically as the cell radius reduces linearly.

* RF and CO, pollution reduce accordingly.

» Therefore, low power cell (Green Cell) design is essential to reduce Global RF
and CO, pollution.

7.3 Green Cellular Technology

7.3.1 Background & Definition

Cell phone towers emit radio frequencies (RF) 24 hours a day and we absorb them
continuously. We also absorb RF from the cell phone when we use it, indicating
possible public health issues. Also, power for this technology is responsible for
CO, emission, which is expected to rise due to the current explosion in wireless
data. Almost all countries around the globe face this dilemma, giving rise to ever-
increasing Global RF& CO, pollution. Transition to green cellular networks could
be an effective solution to these problems. Therefore, green cellular technology can
be defined as the one that reduces power consumption in cellular networks, thereby
mitigating RF and CO, pollution.

This section aims to develop the concept of Green Wireless Technology to con-
serve energy, as well as to reduce RF & CO, pollution. We will learn that in every
propagation environment, there exists a free space propagation medium, due to the
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Fig. 7.6 Illustration of Fres- RSL
nel zone break point N

RSL,

existence of Fresnel Zones. This gives rise to Fresnel zone break point d , where d
is the distance between the transmitter and the receiver. Radio frequency propaga-
tion within d_ is similar to free space propagation. This will enable us to design low
power small cells to conserve energy, thereby reducing RF & CO, pollution. With
this foundation in mind, we will develop a hierarchical cellular structure for the
next generation green cellular network comprising Macrocell, Microcell, Picocell
and Femtocell.

7.3.2 Fresnel Zone Break Point & Cell Radii

In every propagation environment, there exists a free space propagation medium
due to the existence of Fresnel Zones [5]. This gives rise to Fresnel zone break
point d , where d_ is the distance between the transmitter and the receiver. Radio
frequency propagation within do is similar to free space and the pathloss slope y=2,
i.e., square law attenuation (see chap. 2-3).

For outdoor environment, this break point is given by the following equation [5]:

L b anhf

7.2
° A c (7.2)

Where,

h,  Transmit antenna height
h, Receive antenna height
f  Frequency

¢ velocity of light

This distance (d ) is known as the Fresnel zone break point (do), which is propor-
tional to frequency and antenna height as shown in Fig. 7.6. The line of sight path-
loss slope within d_ is similar to free space pathloss since diffraction and multipath
phenomenon generally occurs beyond this region.
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Fig. 7.7 Three-ray indoor Ceiling
mode 1 [5]
A
, N d2
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In-building coverage is given by a three-ray model, where the antenna is located
within the building having ground reflections as well as reflections from the ceiling.
This is shown in Fig. 7.7 where

H Ceiling height

h, Transmit antenna height
h, Receive antenna height
d  Antenna separation

D Direct path

d, Ground reflected path
d, Ceiling reflected path

The break point is given by the following equation [5]:

4(H-h,)h, 4(H=h,)h,f
d, =d= ( /12) 2= (b )n. (7.3)
C

The break point (d) is proportional to the frequency.

In tunnels and subways, there exists a Fresnel Zone break point, where the di-
rect path and the reflected path are exactly 180° out of phase. RF signals within
this distance are in-phase and do not cancel each other out. On the other hand, RF
signals beyond this point are out of phase and suffer from multipath cancellations.
Therefore, by knowing the frequency and the geometry of the device, the RF trans-
mit and receive antennas can be properly positioned to create a free-space propaga-
tion region between the antennas as shown in Fig. 7.8. It is assumed that for every
reflected path there is an identical path from the opposite wall inside the cylindrical
tube. So that the path differences are identical, The break point is given by the fol-
lowing equation:
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Rx
Antenna
4(D—-h,)(D-h 4(D-h,)(D-h,)f
d:do: ( 1)( 2): ( 1)( 2) (74)
A c

Where,
D  Diameter of the tube,
h,  Transmit antenna height,
h, Receive antenna height and
d, Antenna separation,
f  frequency.

Therefore, the break point is proportional to the frequency.
Therefore we can conclude that there exists a free-space pathloss within a circu-
lar tube, provided the antenna separation is less than the Fresnel zone break point d .

7.3.3 The Green Cell

Figure 7.9 shows the desired green cell (Inner cell). Here, the inner cell radius falls
within the Fresnel zone break point, which gives rise to free space propagation
within the cell resulting in y=2. On the other hand, the outer cell radius falls beyond
the Fresnel zone break point, giving rise to terrestrial propagation. This implies
that the pathloss slope within the outer cell is greater than 2 (y>2). The break point
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Typical Cell
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<

Fig. 7.9 Illustration of free space propagation medium in terrestrial environment. The radius of
the inner cell is within the Fresnel zone break point and the outer cell is beyond the Fresnel zone
break point

depends on antenna location, antenna height, velocity of light and frequency. There-
fore, the cell radius will vary accordingly.

7.3.4 Green Cell Reuse & C/1

In cellular communications, C/I arise due to frequency reuse (see chap. 6). In this
chapter we will examine this by means of Fig. 7.10, where Cell-A and Cell-B are
Fresnel cells, i.e., the path loss slope within these cells follow square law attenua-
tion. According to frequency reuse technique, Same frequency is used in Cell-A and
Cell-B. Therefore, a mobile communicating with Cell-A will also receive the same
frequency from the distant Cell-B, causing co-channel interference (C/I).

We use the following method to determine this interference.

Let,

RSL, Received signal level at the mobile from Cell-A
Distance between the mobile and Cell-A

Ya Pathloss exponent from cell B.

RSL, The received signal level at the mobile from Cell-B
Distance between the mobile and Cell-B

Y Pathloss exponent from cell B.

A
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Fig. 7.10 Carrier to Interfer- Cell-A Cell-B
ence ratio (C/I) due to Fresnel RSL, RSL,
zone break point

b, — 1 4, :
=

Then we can write,

RSL, o< (d,)”"
RSL, o< (d,)™" (7.5)

The ratio of the signal strengths at the mobile will be:

RO - [(dA )MJ (7.6)

RSL, \(d,)""

In Eq. 7.6, RSL, is the RF signal received from the serving cell. Therefore, this is
the desired signal and we redefine this signal as the carrier signal C. We also assume
that the mobile is at the cell edge from the serving cell-A, which is the cell radius R.
On the other hand, RSL; is the undesired signal received from Cell; and we rede-
fine this signal as the interference signal I. The corresponding interference distance
d;=D; D being the reuse distance. Therefore, Eq. 7.6 can be written as a carrier to
interference ratio (C/I), due to a single interferer, as:

C_ ((dA )WA ] (7.7)
1

(d,) "

In decibel, it can be written as:

c (@)
—(dB)=10Log| ~2—
1( ) og[ (@ )_yBJ (7.8)

B

For multiple interferers, the above equation can be written as,

c . 1(d,)”"
~(dB)=10Log [; i ] (7.9)
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Where,

* k= Number of interferers (k=6 for OMNI and k=3 for sectorized cells)
’YB>’YA~ (YA ~ 2: ’YB>2)

Consequently, the C/I margin will be better than the typical reuse technique. We
also notice that C/I increase rapidly as a function of reuse distance due to the differ-
ence in path loss slope. This makes Fresnel cells more attractive for energy efficient
cellular networks.

In cellular communication, it is also a common practice to express C/I as a func-
tion D/R ratio as follows:

D=R3N (7.10)

Where

N  Frequency reuse factor (e.g., N=7, 3 etc.)
D Frequency reuse distance (d;)
R Cell radius (d,)

With D=d; and R=d,, the C/I can be expressed as follows:

%(dB) =10Log 1R (7.11)

{rdn) "
7.4 Green Cellular Hierarchy

7.4.1 Background

It was shown that, in every propagation environment, there exists a free space prop-
agation medium due to the existence of Fresnel Zones. This gives rise to Fresnel
zone break point d , where d_ is the cell radius. Radio frequency propagation within
do is similar to free space and the pathloss slope y=2, i.e., square law attenuation
(see chap. 2-3). Since the Fresnel zone break point depends on the operating fre-
quency and antenna height, the radius of the cell will vary according to base station
location and the transmit frequency. We will use these parameters to define Micro,
Pico and Femto cells.

Figure 7.11 shows a conceptual green cellular hierarchy. It begins with the classi-
cal Macrocell followed by the derivation of Micro, Pico and Femto cells. The micro
cell radius falls within the Fresnel zone break point, which gives rise to free space
propagation within the cell resulting in y=2. On the other hand, the outer cell radius
falls beyond the Fresnel zone break point, giving rise to terrestrial propagation.
This implies that the pathloss slope within the outer cell is greater than 2 (y>2).
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Fig. 7.11 Green cell
hierarchy

Macro Cell

Micro Cel

Pico Cell

The break point depends on antenna location, antenna height, velocity of light and
frequency. Therefore, the cell radius will vary accordingly.

7.4.2  Microcell Deployment

We envision that, Micro cells would be deployed in outdoor environment where the
break point is given by the following equation: [5, 8]

(7.12)

Where,

Cell radius

Fresnel zone break point (R=d)
Transmit antenna height
Receive antenna height
Frequency

velocity of light

=

(@ W= = i o
0o

Since R is proportional to the frequency and antenna height, and a Microcell needs
to be smaller than a Macrocell, a lower operating frequency is required. For these
reasons, use of frequencies lower than 1.9 GHz and appropriate antenna height, are
recommended, yielding cell radii: R<1 km.
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7.4.3  Picocell Deployment

In-building coverage is given by a three-ray model, where the antenna is located
within the building having ground reflections as well as reflections from the ceiling.
This is shown in Fig. 7.7. The break point is given by the following equation [5, 8]:

4(H-h,)h. f
R=d, = 4(H-ho)hf (7.13)
c
Where
R=d  Cell radius
H Ceiling height
h, Receive antenna height
f Frequency
c Velocity of light

We also notice that the Picocell radius R is proportional to the frequency, and a Picocell
needs to be smaller than a Microcell. Therefore a lower operating frequency could be
used to design a Pico cell. For these reasons, use of frequencies lower than 1.9 GHz,
such as 900 MHz, is recommended, yielding cell radii: R<0.5 km. Note that using a
higher frequency guarantees a free space propagation in an indoor environment.

7.4.4 Femtocell Deployment

In tunnels and subways, there exists a Fresnel Zone break point, where the direct
path and the reflected path are exactly 180° out of phase. RF signals within this dis-
tance are in-phase and do not cancel each other out. On the other hand, RF signals
beyond this point are out of phase and suffer from multipath cancellations. There-
fore, by knowing the frequency, the transmit antenna can be properly positioned to
create a free-space propagation in tunnels and subways as shown in Fig. 7.8.

The cell radius is given by the following equation:

_4(D—hl)(D—h2)f

R=d, = (7.14)
c

Where,

D Diameter of the tunnel

h, Transmit antenna height

h, Receive antenna height

R=d_ Cell radius
f frequency
c Velocity of light
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Therefore, the cell radius in tunnels and subways is also proportional to the fre-
quency. Since a Femto cell is smaller than Pico cell [9], a lower operating frequency
could be used to design a Femto cell. For these reasons, use of frequencies lower
than 900 MHz, such as 700 MHz, is recommended, yielding cell radii: R (micro)
<0.2 km. Note that using a higher frequency guarantees a free space propagation in
tunnels and subways.

7.5 Conclusions

We have discussed Global RF & CO, Pollution connected to wireless communi-
cations.

The classical Electron Spin Resonance (ESR) is presented to show that there is a
possible

public health issues due to RF absorption.

It has also been argued that cell phone technology may contribute to global CO,
pollution, expected to rise due to high speed data communication.

With this in mind, we have presented a technique to design energy efficient green
cellular technology, comprising Micro, Pico and Femto cells.
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