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Abstract

Nowadays, wireless networks are widespread due to their mobility, simplicity and
expandability. However, one of the most challenges that face wireless networks

developers is the propagation loss which limits the coverage of these networks.

From this point, the need of modeling propagation loss of wireless signals shows up,
as it provides a good impression and expectation about the coverage of the field

strength of wireless signals. This was the main motivation for our project.

We are intending to come out with models for indoor propagation at 2.4 GHz and 900
MHz frequency bands by taking many measurements using HF60105 spectrum
analyzer, in a sample of five large buildings, for the indoor penetration loss
experienced by a signal transmitted from an external source. These models are for
multiwall penetration loss and for the general indoor propagation loss. Analysis of

data will enable comparison between the two frequency bands.

In our project, we use an external source instead of indoor access points of 2.4 GHz.
This will enable adequate comparison with propagation loss at 900MHz for outdoor
cellular base station. Additionally, we are intending to use new equipments and
software which will give us new measurements for 900 MHz that will be compared
with previous ones. The new data and analysis at 2.4 GHz will provide guidelines, as

far as coverage is concerned, for cellular operators willing to operate a WiMAX

network in the 2.5 GHz frequency band in the future.
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1.1 Overview

Indoor propagation modeling is one of the main aspects that wireless networks
planners seek to achieve, in order to estimate the coverage area for these networks.
Many models have been developed, but since these models are mostly empirical, in
other words they are based on measurements for specific scenarios and environment,
there is a continuous need of new models due to the wide variations in environment

and buildings structures around the world.

This project aims to come out with two models for indoor propagation loss at
two frequency bands; 900 MHz and 2.4 GHz. To develop these models, a large set of
measurements will be taken, by a spectrum analyzer, in a sample of five large multi-
floored multi-wall buildings. Penetration loss for outer and inner walls will be taken
in consideration, besides the general propagation loss that results from the transmitter

separation and other factors related to wave propagation characteristics.

In this project, we will use an external source instead of indoor access points
of 2.4 GHz. This will enable adequate comparison with propagation loss at 900MHz
for outdoor cellular base station. Additionally, we are intending to use new
equipments and software which will give us new measurements for 900 MHz that will
be compared with previous ones. And for the data of 2.4 GHz, the study will provide
guidelines, as far as coverage is concerned, for cellular operators willing to operate a

WiMAX network in the 2.5 GHz frequency band in the future.

By the end of this project, two models will be developed for indoor
propagation loss at 2.4 GHz and 900 MHz frequency bands. In addition, these two

models will be compared by mathematical correlation.




1.2 Objectives:
e Deriving models for indoor propagation at 2.4 GHz and 900 MHz frequency
bands.

e Deriving models for multiwall penetration loss at 2.4 GHz and 900 MHz
frequency bands.
e Finding the correlation between the various models at the different

frequencies.

1.3 Motivation

As we mentioned, modeling indoor propagation is an essential issue for
wireless networks designers. The main motivation of our project is to come out with
an indoor propagation model for the 2.4 GHz unlicensed frequency band that can give
a good approximation for the characteristics of the 2.5 GHz licensed frequency band
used in WiMAX technology. This model could be an important guidance for either
cellular operators to estimate the coverage area for a WiMAX Network in the case

that these operators tend to go for 3G.

Another motivation for this project is to generalize the obtained models, by the end of

the project, for the investigated buildings on other similar buildings.

1.4 Methodology

At the level of pursuance of our project, we will follow the next procedure:

e Choosing a suitable building near to the sample of buildings in which
measurements will be taken, for deploying the 2.4 GHz base station.

e Using AutoCAD schemes to distribute many points (around 100 points) in
each floor in the buildings.

® Measuring the signal strength from the 2.4 GHz transmitter in all points by the
use of the spectrum analyzer and laptop NIC cards. In each point about 150
readings will be recorded by the spectrum analyzer and saved as a log file on
the laptop. For each point the average signal strength will be deduced and a

plot could be obtained clarifying the signal strength variation with the number
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of walls, after eliminating the effect of transmitter-receiver separation
distance. By this technique we can deduce the relationship between the
number of walls and the penetration loss.

e The previous step will be repeated to measure the signal strength from Al-
Wataniya BTS operating in the 900 MHz frequency band.

e Obtain new models for the two frequency bands relying on the analysis of
measurements.

e Comparing the two obtained models by mathematical correlation.

1.5 Equipment and technologies
In this section, we would like to introduce the equipment and technologies that

we need to fulfill our project:

e Al-Wataniya base stations: The nearest base station to each building is to be
chosen to measure the signal strength for the 900 MHz frequency band.

e Bullet M wireless radio : this is transmitter for the 2.4 GHz frequency band.

® ASA-2416 antenna: This antenna will be mounted on the Bullet M wireless
radio.

® Spectrum Analyzer: this is the receiving tool that will take measurements for
both frequency bands.

e Laptops: We will use laptops as receivers with their NIC cards for the 2.4
GHz, and we will use them also to utilize multiple necessary software.

e MCS Spectrum Analyzer (used with spectrum analyzer) : This software is to
be used in accompany with the spectrum analyzer equipment to record
readings.

e InSSIDer software (used for laptops NIC cards): By this software, the 2.4 GHz
signal strength will be measured on laptops. Additionally, we will need it to
determine on which channel of the 2.4 GHz frequency band, our transmitter

should operate, to eliminate interference with other access points that could be

in neighborhood.

* AutoCAD software: This software will be used to provide us with the essential

schemes for all buildings in which we will take measurements.




1.6 Timeline
Lastly in this chapter, the following table clarifies the time schedule for the

second semester 2012/2013

Table 1 Timeline

Week

Task

1. Collection of references

2. Preparation of proposal

3.Learning to use equipments

and software

4.Start measuring at 2.4 GHz

(at least one floor)

5.For the same floor at 900
MHz

6.Start analysis and develop a

preliminary model

7.Writing report

8.Delivery of report to

supervisor for review

9.Submission of report to

department




1.7 Costs
$0 budget.

We look forward to finishing our project at no cost.




Chapter 2
Literature Review

2.1 Introduction

2.2 Previous Studies




2.1 Introduction

Modeling indoor wave propagation is an essential issue to predict the behavior
of the signal inside buildings, to come out with a suitable prediction of the coverage
area of wireless networks. Many models have been developed to characterize wave

propagation as function of frequency, distance and other environmental conditions.

The existing models can be classified in two classes: Empirical models which
are developed according to measurements, and deterministic models that are based on

electromagnetic wave propagation theory.
We can conclude the empirical models in two popular models: [1]

1- ITU indoor path loss model:
Ltotal = 20 lOglof + N 10g10 d+ Lf(n) —28 €q. (2.1)

Where

N is the distance power loss coefficient
fis the frequency in MHz

d is the distance in meters (d >1m)

Lf (n) is the floor penetration loss factor

n is the number of floors between the transmitter and the receiver

2- Log-distance path loss model: which describes the path loss of a signal inside

a building over distance, as follows:

Ltotal = PL(d0) + Nlogyo—+Xs  eq.(2.2)
do

Where

PL (d0) is the path loss at the reference distance, usually taken as (theoretical) free
space loss at Im

N/10 is the path loss distance exponent

X is a Gaussian random variable with zero mean and standard deviation

Of s dB




A popular example of deterministic models is ray tracing which is based on the

geometrical optics principles. Using this method, reflection and diffraction and the
penetration for each ray can be calculated using electromagnetic theory. Although the

accuracy of these models, they require heavy computational algorithms and they need a

lot of time for processing.

2.1 Previous studies

We aim by the end of our project to develop a simple model describing indoor
propagation at two different frequency bands, which are 900 MHz and 2.4 GHz.
Our first step was to make a literature research for previous studies and works about
the topic concerned. And we came out with many papers that we are introducing in

this chapter.

Study to characterize the indoor channel for 802.11 wireless local area
networks at 2.4 GHz frequency was discussed. Extensive field strength measurements
were carried out inside different buildings. Then, path loss exponents from Log-
distance Path loss Model and standard deviations from Log-Normal Shadowing,
which statistically described the path loss models for different Transmitter Receiver
separations and scenarios, were determined. The Chi-square test statistic values for
each access point were calculated to prove that the observed fading is a normal
distribution at 5% significance level. Two access points were used and measurements
were taken by a laptop with a wireless client adapter and NetStumbler software. Four
different scenarios were considered for measurements: a closed corridor, an open

corridor, a class-room and a computer lab. [2]

This study is useful in our project, since we can study the analytical method
used to determine the equations that described the path loss for each scenario. The
analysis of data was done in a number of steps; calculating the mean signal levels,
calculating curve fitting using least squares method by the help of MATLAB curve
fitting tool, evaluating path loss exponent 'n' by curve fitting, verifying normal

distribution for the variation of loss, finding standard deviation, calculating chi square
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goodness-of-fit test and finally a comparison of the measured data with the two ray

model. The results obtained for each scenario was as follows:

Table 2 Robert Akl and Dinesh Tummalas' study results

' Scenario/Parameter Pathloss | Standard Chi-square test
| exponent n deviation statistic X°
AP1 AP1 AP2
| AP2 AP1 AP2
Closed Corridor | 1.572  1.58 3.9849  4.022 16.152
| 20.3699
Open Corridor 1.688 1.63 | 3.5773 20.0012
3.2642 27.6687
Classroom 11.258 3.7606  4.053  19.6687
| 1.263 20.1618
Computer LAB ~ 1.447 37049 3.846  15.7022
1.428 18.1544
Table 2.1

The values of Chi-square were considered acceptable to prove that the

observed fading is a normal distribution of 5% significance level.

In one of scientific papers related to our project titled was made to predict
propagation models for wireless access point signals at 2.4 Ghz and with 100 mW
power in two different buildings of Siddhant College of Engineering (Polytechnic
Institute building and E &T/C floor) with two different numbers of floors in each.
Results had to be recorded by wireless client adapter and one of: Netstumbler,
Wirelessmon, and inSSIDer softwares installed on Toshiba laptop. Prediction on these
models was based on Log- Distance, ITU Path Loss and AFC Models. Different
results were found in the two buildings due to the construction materials and inner
shape of them. Measurements which were taken were compared with the three existed
models. And results showed that AFC model was the most accurate for such

environment. [*]




The hand of help for our project which this study provides is the suitable way

of creating new propagation models in respect to previous ones.

Another paper related to indoor propagation modeling at 2.4GHz has relied on
several models which are the International Telecommunication Union (ITU) and the
log-distance path loss model to find his own model.

The transmitter (AP) and receiver were in the same building, both on the same
floor or on different floors. Practical measurements were taken by using a laptop
equipped with the NETSTUMBLER 0.40 software to see the impression of walls and
doors.

Several effects caused the attenuation in the wireless signal which has been

taken into account in this paper, such as: path loss, shadowing and multipath. [4]

According to this paper, floor loss factor, in one floor scenario, is zero.
Applying this value to the ITU-model, the path loss and received power is represented

as:
L =39.6+ Nlogiod eq. (2.3)
Pr =—=3.6 — Nlog,pd eq. (2.4)

For multi floor scenario, the floor penetration loss factor is 15+4(n-1). So the path loss

equation becomes:

L=396+Nlogod+15+4(n—1) eq. (2.5

In the case of studying the shadowing deviation effects scenario based on Log-
distance path model, the free space loss PL (do) for 2.4GHz system is 40 dB, so the path

loss equation becomes:
L=40+Nlog (d) + Xs

In a study to characterize the indoor path loss at 914 MHz frequency was
made [°], measurements were taken in different buildings, the path loss was

determined by using log-distance model and the standard deviation and mean for the

all




log normal fading. The transmitter is an AP with Omni-directional antenna that was
located inside the building, and the receiver is laptop with adapter card.
The path loss in a multi-floor environment was predicted by a mean path loss

exponent that was function of the number of the floor between the transmitter and the

receiver.
d
PL(d)[dB] = PL(d0)[dB] + 10 loglod—o + FAF[dB] eq.(2.6)

Where:
PL (d0): is path loss at 1 m reference

FAF: is the floor attenuation factor which is function of the number of floors and

building type.
n: is path loss exponent

The results have shown that in an open plan building the path loss exponent is
close to 2, and for buildings including many more obstruction between transmitter and
receiver the path loss exponent is higher. In addition, the attenuation factors for cloth-
covered plastic partitions was found to be equal to 1.39 dB/partition, while it was

equal to 2.38 dB/wall for concrete partitions.

Results has shown that the error between measured and predicted path loss
using simple path loss models is about 9 dB. Moreover, the results show that site-
specific information can be used to predict path loss in buildings with many different
obstructions separating the transmitter and receiver with a standard deviation of 5.8

dB.

Another study, by Dr. Eng Osama Ata and a research group at Palestine Polytechnic
University [6], that discussed indoor propagation for two frequency bands 900 MHz and 2.4
GHz, in order to come out with a specific model based on ITU models. To accomplish their
work, they made measurements in Palestine Polytechnic University buildings in addition to
Al-Ahli Hospital building. Measurements were recorded by Laptops using NIC cards for the
2.4 GHz frequency band, where transmitters were located inside the specified buildings.
Whereas, the used TEMs tools to record signal strength from Jawwal BTS operating in 900
MHz frequency band. The new presented model is an ITU modified model named "AMATA"

model which has the following formula:




L = 20Logof (MHz) + 10nLogiod + Loyter + Xo — 28 eq. (2.7)

IL : Path loss in dB units

I : The frequency in MHz

d : The distance in meters

Loyter : Penetration loss of outer wall

The multi wall signal attenuation y, can be described as:

Xa (dB) = 0.0075 K*- .018 K* + 1.1 K*+ 2.9 K (for 900 MHz frequency band) eq. (2.8)

X (dB) =0.0032 K*~0.086 K* — 0.17 K> + 9.3 K (for 2.4 GHz frequency band) eq. (2.9)
K = number of separated walls.

Our project will be mainly based on this study, since we are intending to deal
mostly with the same sample of buildings, for which measurements were taken. We
aim to develop an extended AMATA model for indoor propagation, because we are
going to use different transmitter fo the 2.4 GHz frequency band which is the "Bullet"
base station instead of access points. And the transmitter in our case will be externally
located. In addition, we are going to use a spectrum analyzer as a receiver for both

frequency bands, which are 2.4 GHz and 900 MHz. Moreover, we can depend on the

analysis method applied in their study to develop our own models.




Chapter 3 Technologies and
Methodology

3.1 Introduction

3.2 Technologies

3.3 Methodology




3.1 Introduction

Modeling Indoor propagation is different from modeling outdoor propagation,
since the environment inside buildings varies widely from one scenario to another. In
addition, indoor environment has more harsh and unexpected effects on signals, due
to the variety of buildings layouts, buildings structures, the inner partitions, furniture,

and even people existence inside buildings.

For our scenario, a sample of five large multi-floored buildings, which are
categorized as institutional buildings, will be investigated to come out with empirical
models to describe indoor propagation in these buildings and these models can be

generalized over wide range of buildings with approximate type and conditions.

In this chapter we are going to introduce the equipments and software we are
intending to use in our project, and we are going to describe the methodology that we
will follow in collecting measurements and analyzing these measurements to come

out with results that will pave the way for developing the new models for indoor

propagation for two frequency bands, which are 2.4 GHz unlicensed frequency band

and GSM 900 MHz frequency band.




3.2 Technologies:

In this section we are going to introduce the equipments and software needed

to fulfill our project. The equipments are as mentioned below:

1. Bullet M wireless radio:

Bullet M is the latest version of the popular Ubiquity Bullet. It is a wireless radio for
the frequency 2.4GHz, with an integrated Type N RF connector that can be directly

plugged into any Antenna, to create a powerful and robust outdoor Access Point.

The amount of power that could be supplied to the antenna can reach up to 600mW.
The Bullet M is ideal for long-distance links, capable of 100Mbps over multi-km

distances.

Bullet M eliminates the need to use RF cables and requires no special antenna or tools

to install.

There is a special software used for Bullet M wireless radio called "air OS", it is an
intuitive, versatile and highly developed technology. It is exceptionally intuitive and was

designed to require no training to operate.That enables hi-performance outdoor multipoint

networking.
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2. ASA-2416 Antenna:

ASA-2416 is the antenna that we use in our project, which is designed for the 2.4GHz
ISM bands. It provides superb performance in IEEE 802.11b, 802.11g, 802.11n Wireless
LAN, Bluetooth, and Wireless Video Systems.

Important features of ASA-2416 Antenna

e High performance.

e Light weight.

o Operate in all weather conditions

e In accordance with customer needs to change the color or features.

Specifications:

e VSWR is less than or equal 1.5

e Gain13-16dB

e Beam width: H: 45-120°

e Polarization vertical.

e Power handing 50 watt.

e Impedance 50 ohms.

e Connectors N- female.

e Dimension: (500 x110) mmx mm.

o Weight 2.03 kg.

.
-

Figure 2 ASA -2416 Antenna




3. Spectrum Analyzer "Spectran HW V4 / FW BETA41":

This type of spectrum analyzer is a high-frequency measurement tool used to take
measurements of the wireless signal in dBm that is generated from the base station. We
use it in our project to measure a wireless signal from the base station on 900MHz and

2.4GHz frequency band.

The range of Frequencies that are supported by the Spectrum Analyzer are from
30MHz to 9GHz. It supports three types of demodulation: amplitude modulation (AM),
frequency modulation (FM), and phase modulation (PM).

There are two ways to manually set the frequency range: the center frequency that Gives
us the frequency at which the signal has the maximum power, and the frequency range
width (span) which adjusts the width of the sweep. We can operate the spectrum analyzer

either with the optionally available Omni LOG antenna or with the professional Hyper LOG

antenna.

This device contains :

1- Hyper LOG measurement antenna

2- SMA cable Im

3- Battery charger / power supply with 4 adapters
4- SMA tool

5- SMA adapter

6- Registration card




MCS Spectrum Analyzer (used with spectrum analyzer): This software installed to a

laptop to be used to transfer and record the measurements on the laptop as log files.

Figure 3 Spectrum Analyzer

4. InSSIDer software:

It’s a Wi-Fi network scanner software for Microsoft Windows and Apple Macintosh
from MetaGeek, LLC["].It received a 2008 Infoworld Bossie Award for "Best of open

source software in networking".[8]

The purpose of using this software in our project is scanning 2.4 GHz frequency band
channels in order to see available channels and Wi-Fi networks on them. Since our ASA
Antenna is operating at 2.4 GHz and our model will be based on 2.4 GHz measurements,

an empty channel is needed to make our antenna operating on.

5. AutoCAD software:

A software application for computer-aided design (CAD) and drafting. The software
supports both 2D and 3D formats. The software is developed and sold by Autodesk,

Inc[9].

This software will be used to provide us with the essential schemes for all buildings

in which we will take measurements. It will be also used to calculate the distance between

outside source ( base station ) and specific points where measurements will be taken.




3.3 Methodology:

The procedure of this project is divided into two main parts:

I-

Taking Measurements:

Taking measurements in the sample of buildings by the following procedure:

II-

Specify one Base Station of Al-Wataniya Cellular Operator as a transmitter in
the 900MHz frequency band, and determine the frequency on which this BS
operates, its coordinates by Google Earth and its transmitting power.

Deploy the “Bullet M” Base station , which operates in the 2.4 GHz frequency
band, on a suitable location, near to the investigated buildings and at a known
distance. In order to avoid interference from other access points operating in
the same frequency band, we need to specify one suitable channel of eleven
Wi-Fi channels. This can be done by using the inSSIDer software which
shows all networks and channels they operate on. Before the go, the
transmitting power should be determined by programming the base station.
For each building to be investigated, we should have the AutoCAD charts for
each floor, in order to determine points in which measurements will be taken.

We will need about 100 points in each floor to have more accurate results.

In each point, we will use the HF60105 spectrum analyzer to measure the
signal power. A sum of 150 readings will be taken in each point and saved into

a log file on the laptop.

Measurements Analysis:

After recording measurements for the whole sample of buildings, and finding

the average signal power from the recorded data for each point, all points will be

classified according to the number of walls separation between the transmitter and the

receiver.




Based on the ITU indoor path loss model, which is expressed in the formula
3.1, we can develop a new model for indoor propagation taking in consideration the

penetration loss of inner walls.
L = 201log(f) + Nlog(d) + Pr(n) — 28 eq. (3.1)

Where:

L = the total path loss in dB decibel (dB).

f'=Frequency of transmission. Unit: megahertz (MHz).

d = Distance in meters

N = the distance power loss coefficient.

n = Number of floors between the transmitter and receiver.

Pi(n) = the floor loss penetration factor.

Note: The distance power loss coefficient denoted by N is equal to 10n, where n is

path loss exponent and equals 2 in free space.

In our scenario the floor loss is zero, since the transmitters are outside the
buildings, and the wave is considered to be a plane wave on the building. Next, we
have to compute the path loss exponent n, since it is different than in free space
environment. We can achieve this, first by eliminating the effect of frequency and
average penetration loss of the outer wall (Lout). The remaining loss is due to the

distance power loss coefficient (10nlog d) and penetration loss through inner walls.

For the points with no wall separation between the transmitter and receiver,

the loss is due to environment with zero loss due to inner walls.
Loss =Pt —Pr
Then for this point, L= 10 n log d = Pt —Pr

By using the best fit tool in MATLAB or other software, we can obtain the
curve of Power loss versus 10 n log d. Then simply the path loss exponent is the slope

of this curve.

For the rest of points with different number of walls separation, and varying
distance, the distance from the transmitter to each point can be found using

AutoCAD, depending on the coordinates of the transmitter. And by substituting the
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value of path loss exponent, we can develop the relationship between the number of

walls and the penetration loss through walls, denoted L-walls, by using curve fitting

with MATLAB or other software.

This analysis will be followed to develop two different models for both
frequency bands, 2.4 GHz and 900 MHz frequency bands, since the expected loss due

to inner walls, could be distinct somehow as the frequency of the signal is different.
The two models we are intending to develop will have the following formula:
L = 20logyo f + 10nlog,, d + Lout + Lwalls — 28 eq. (3.2)

Lastly, we can deduce the variance between measured values and the values

we obtain from the obtained models.

A mathematical correlation is to be made, for both models, that will help to

develop models in other scenarios and different environmental conditions.
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Preliminary Measurements
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4.2 Measurements and analysis
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4.1 Introduction

After the comprehension of the way of analyzing data to develop the wanted
models, we were to take a sample of measurements for initial analysis. The initial
analysis is for 900 MHz frequency band will give us an idea for the future work for

the next semester.

4.2 Measurements and analysis

For a preliminary analysis, a sample of 39 measurements distributed in the
fifth floor of the building B in PPU. For each point of 39, measurements were taken
for the received power at the center frequency 944.784 MHz, by the use of HF60105
spectrum analyzer, and recorded in a log file on a laptop. From the log file for each
point, about 150 readings was averaged to give us the average received power in each
point.

Points are determined on an AutoCAD chart of the concerned floor, and after
determining the coordinates of the Base station operating at a center frequency

944.784 MHz, we were able to find the transmitter receiver separation distance for

each point.

The figure (4.1) shows AutoCAD chart with 70 points from which we chose a sample

of 39 points.
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Figure 4 Building B- Fifth floor AutoCAD chart




Our initial analysis aims to find the path loss exponent factor n described in
the ITU model which is given in eq (3.1) . To achieve this, we used excel software to
draw the relationship of received power with 10 n log(d) , and from the best fit line

tool we can find y which is simply equal to the slope of the line.
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Figure 5 Power to 10logd scattering

Since the size of the chosen sample is not large enough, the obtained best fit

line’s slope was greater than expected.

Another method to find the exponent factor is done by calculation, based on
the ITU model. The path loss exponent factor can be given by the following formula:
n=(L—20log,, f +28)/10logiod eq. (4.1)

We calculated n for each point, and then the average value was found to be equal to

2.124304829.




4.3 Conclusion

The analysis described previously was applied on a small sample of
measurements. The found result for the path loss factor (n) is not as accurate as we

expect. For the whole sample of 5 buildings, more accurate results will be obtained.

This is what we aim to achieve by the end of our project.
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5.1 Introduction

As a continuation for the work that we started in the previous semester, we

were to continue from the point we ended up with. In the previous chapter we

presented a preliminary work with some measurements and we started to analyze the

data we got in the fifth floor of building B, which is one of the sample of five

buildings to be investigated.

In this chapter we will describe the procedure that we followed for collecting

measurements in order to come up with the models we are intending to develop based

on the analysis of these measurements.

The procedure of taking measurements is described for the two frequency

bands in details in this chapter, and the results and analysis will be described and

explained in the following chapters.

5.2Measurement Procedure at 900 MHz:

e Buildings sample:

1-

B building: We have measured the received power values among five of its

floors.

B+ building: The received power was measured in four floors of the

building.

C building: we recorded the received power values in the first and second

floors of this building.

A building: we have measured the values of received power in three floors

of this building.

We had to exclude Al-Ahli hospital building from the sample of

buildings because a number of 900 MHz repeaters were deployed throughout

the building.




A sample of one floor AutoCAD drawing for each building is attached
to the report in appendix A.

Locating the base station:
For each building to be investigated, we had to choose the nearest cellular base

station.

For buildings B and B+ we have chosen the base station located near to these

buildings with the following parameters:-

1-
2-
3-

The coordinates: latitude: 31°30°9.37”N, longitude: 35° 5°31.00”E
The transmitting power was 47 dBm

The frequency was 945 MHz

And for buildings A and C we chose the base station with the following parameters:

The coordinates: latitude: 31°30°33.06 N, longitude: 35° 5°29.46”E
The frequency was 947 MHz

The transmitting power was 57 dBm

Technical Procedure:

To measure the received power from the appropriate base station using the

spectrum analyzer we followed the method described below:

- Set up the spectrum analyzer with the appropriate parameters to start
recording measurements.

- The spectrum analyzer’s parameters that we had to specify were the
central frequency which was 945 MHz in buildings B and B+ case and 947
MHz in buildings C and A.

Another important parameter was the frequency span that we chose to be

200 KHz which is the bandwidth of the channel in the GSM system.

In each point of measurement, we held the spectrum analyzer with an

angle of 45 degrees to receive the maximum power and we directed it
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towards the base station. A sum of 150 readings were taken in 1 minute

and saved to a log file, and the average of these readings was found.

e Qutdoor Measurement:

- Before taking measurements inside buildings, we had to determine the
outdoor path loss exponent by taking measurements outside the buildings.
This required going outside the university to record readings at certain
distances from the base stations.

Since the field nature wasn’t favorable to take a large number of points, a
few but sufficient points of measurement were taken on the top of some
buildings around the university at different distances from the base stations
near the four buildings (A, B, B+ and C).
The results and analysis will be shown in the next chapter alongside the
indoor measurement results and analysis.

- In addition, for each building of the previously mentioned buildings, the
signal strength was measured in several points on the outer side of the
outer walls and on the opposite side from the inner side to determine the

average penetration loss in these walls.

e Indoor Measurement:

After the completion of the previous steps, we started taking
measurements inside buildings, where the number of points in each floor
was about A0 to 100 points, except in few floors where the access to some

offices and room was not available.

The results and analysis for the sample of four buildings will be explained

in the next chapter.




5.3Measurement Procedure at 2.4 GHz:

e Sample of buildings:

1:

B building: Because of the low location that we deployed the transmitter,
power measurements couldn’t be taken in the same floors of 900 MHz
work, so we have measured the values of received power among four
floors of the building.

C building: For this building, the same two floors of 900 MHz
measurements.

A building: Three floors of this building are tested, and power
measurements were taken across those floors.

Al-Ahli building: power readings were measured in the three floors of the

building.

B+ building was excluded from the sample of buildings since we

couldn’t find a suitable and near location to deploy the transmitter.

e Technical Procedure:

The “Bullet M” wireless radio, which is the transmitter at 2.4 GHz
frequency band, was programmed with the suitable parameters to work
with before being mounted on the ASA-2416 antenna.

The wireless radio parameters that we had to specify are the followings:

1- The channel among the fourteen 802.11 channels, and we chose

channel 8

2- The transmitting power which was set to maximum value of 20 dBm
The base station consisted of the wireless radio and the antenna was
mounted at a near distance from each building, and at a suitable height to

cover most of floors in each building. In some cases, tilting was necessary

to cover higher floors.




e Indoor Measurement:

- Since it was impossible to use the spectrum analyzer for measurement at
2.4 GHz, we used laptops to receive the Wi-Fij signal, and with the
Vistumbler software we recorded the received power in log files.

- We took measurements in the same points appointed for measurement at
900 MHz

- In each point of measurement, a sum of 150 readings was taken and

averaged.

The results and analysis for 2.4GHz measurement will be described in chapter 7
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6.1 Introduction:

In the previous chapter, we described the procedure of taking measurements at
900 MHz frequency band in the sample of five buildings. By following this
procedure, we collected the necessary data outdoor and indoor in four buildings which
are the PPU buildings (A,B,B+ and C) where it was quite impossible to measure in
Al-Ahli hospital at 900 MHz, since there were a large number of repeaters distributed
inside the building, so this building was excluded from measurement.

Now we are going to introduce the results and analysis for 900 MHz
frequency band, and later we will finalize with the intended models for this band,
which are the multiwall penetration loss model and the indoor propagation model.

6.2 Outdoor Measurement:

As a first step, we started collecting outdoor measurements around the
investigated buildings. This was necessary to determine the outdoor path loss
exponent (n) in the surrounding environment for each building. The calculation of the
outdoor path loss exponent was needed for further analysis for the indoor analysis.

We had two outdoor scenarios, buildings B and B+ scenario and buildings A and C
scenario. This was because each two buildings in each scenario had a common base
station and were in the same direction of the corresponding base station.

1. Buildings B and B+:

The following scatter plot clarifies the measurements taken for buildings B
and B+. A number of measurements were taken at different distances from the base
station, and we plotted the received power in dBm versus 10log (d) where d is the
distance from the base station to the receiver in meters. The slope of the best fit linear

line presents the value of the path loss exponent of the ITU model
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Figure 6: Outdoor measurements scatter for B and B+ buildings

From this figure, we can note that the slope of the linear best fit is about 1.5,
which is the value of the path loss exponent. However, it’s known that the free space
path loss exponent equals two.

We can conclude that this decrease of the path loss exponent value below that
one of the free space was due to some tunneling effect caused by the surrounding
buildings which form some kind of corridor in which those two buildings are located.

This led us to investigate the path loss exponent in another path far away from
these two buildings. The results were different, and the value of n increased
significantly. The scatter below shows the measurements obtained for the second
path, and shows the value of n which increased from 1.479 to 2.376.




0 [ : Gk
1_‘5 23 25 27 29

-5
£
$ -10 |
& g

-15 y =-2.3750x + 42>

0O
-20
-25 O Measured Data Measured Data)) ha

10log(d)

Figure 7: Outdoor measurements scatter for B and B+ buildings at the main beam path

For the indoor analysis in buildings B and B+, we were to use the calculated
outdoor path loss exponent with the value of about 1.5, since we were concerned in
the path in which these two buildings are located.

2. Buildings A and C:

Similarly to the work done for buildings B and B+, a set of measurements
were taken for buildings A and C. The case here were distinct, where we got a value
of n near to the known value for free space. The scatter plot below shows the
measurements taken at different distances to acquire the needed results.

The slope of the best fit line equals 1.98 which is the corresponding value of
the path loss exponent for the outdoor environment around A and C buildings.
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Figure 8: Outdoor measurements scatter for A and C buildings

6.3 Outer Wall Penetration Loss:

Before starting the indoor analysis, another important issue in which we were
concerned was the penetration loss of the outer walls of all buildings. The procedure
involved taking measurements on both sides of the outer wall of each building and
calculating the average penetration loss to be used in the development of the
multiwall penetration model at 900 MHz frequency band.

The average penetration loss of the outer wall for each building is shown in
the following table:

Table 3 Outer wall penetration loss results

_ Building | Outer Wall Penetration Loss(dB)

AV O BTN e

B | 11.88 7 00 s
Bt .. 1200 o , e
GRS

6.4 Indoor Propagation:

In this section, we are going to describe the indoor analysis done for the
sample of four buildings. The analysis described in this section includes the
calculation of the indoor path loss exponent by two different methods. The overall

scatter plots for each building were attached in appendix e.
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The first method involves the ITU model which is described as follows:

L =201log(f) + 10nlog(d) — 28 eq.(6.1)

and by finding an error function from which we calculate the minimum mean square
error (MMSE) to find the value of the path loss exponent.

The error function is described by the following formula:

N
F(n) = Z(Li(model) e Li(measured))2 eq. (6-2)
i=1

Where:

Limoder) is the path loss in dB calculated from the ITU model
Li(measured) 1S the measured path loss in dB

N is the number of measurement points in each floor

When applying the ITU model to find Ligmoder,the path loss exponent n is
unknown and needed to be found, but all other parameters are known. Whereas the
measured path loss is calculated simply by subtracting the measured received power
at a given point from the transmitted power of the corresponding BTS.

The second method of finding the indoor path loss exponent n is to plot a
scatter of the received power at the measurement points versus 10log (dy), where dj in
the scattered plots is a reduced distance of the whole distance separation between the
transmitter and receiver. This reduction of distance was taken in consideration since
the behavior of the electromagnetic signal can’t be considered stable in the near field.
The reduction in distance was done in such a way to get the value of the slope of the
mean line near to the value of the path loss exponent n derived by the MMSE method
described earlier. This reduction of distance is considering an equivalent source to the
original source with a new distance and new transmitting power. To verify this
analysis, we calculated the received power (Pi(scatter)) from the equation of the best
fit line of the scatter. Then we calculated the new transmitting power at the reduced

distance dy as follows:




P, = B.(scatter) + 201log(f) + 10nlog(dy) — 28  eq. (6.3)

Where n in the above equation is the value of the slope of the best fit line.
From the new transmitting power we could calculate the received power by applying

the ITU model but with substituting d, instead of the whole distance. Then
we plotted the calculated values for the ITU at the whole set of points
side to side with the scatter of measured received power.

By this method we were able to calculate the indoor path loss exponent in all
buildings, and now, let us describe and discuss the results obtained for each building
separately.

1- Building B:

In this building, we measured the received power in five floors. For each floor
we plotted the received power measured in dBm versus 10log (do). Here in this
building, do represents the distance to the equivalent source located at about 10 meters
out of the building. The new calculated equivalent transmitting power was about 25
dBm.

The scatters of all floors are shown below, and from each scatter we found the
equation that describes the received power and the slope of the best fit line that
represents the measured indoor path loss exponent.

The following figure represents the scatter of readings measured in the first
floor. We can note that the value of the slope of the linear line is about 2.36 which

corresponds to the value of n in this floor.
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Figure 9: Scatter plot for the first floor of B building

The received power can be calculated through the linear equation shown on
the figure, and which is described as:

P. = —2.3608 » 10log(dy) — 8.5552  eq.(6.4)

When calculating the path loss exponent using MMSE method, we found that n=2.23.

The following figure shows the plots for both the measured data with the best
fit line, and the ITU model when substituting the corresponding dy and the equivalent
transmitted power:
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Figure 10: ITU and measured data plot at 900 MHz
The similar plots for all floors for the whole sample of building are attached in
appendix B.

The same procedure was repeated for the rest of floors in this building, and the
results are shown in the following figures, and the calculated values of n by the
MMSE method are mentioned in the end of this section in table 6.2

Figure 11 shows the scatter plot for measurements of the 2™ floor.
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Figure 11: Scatter plot for the second floor of B building

For this floor the linear best fit equation is described as follows:

P, = —=2.1589 * 10logd — 7.5344 eq.6.4
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Figure 12: Scatter plot for the third floor of B building

The above figure shows the scattering of measurements taken in the 3™ floor,
where the received power could be found through the following equation:
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B. = —2.1401 x 10logd — 7.8874 eq.(6.5)

h g ;
The 4™ floor scatter plot is shown in the following figure from which we
found that the received power equation is described as:

P. = —2.2659 * 10logd — 6.8132 eq. (6.6)
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Figure 13: Scatter plot for the fourth floor of B building

The scatter plot for the final floor of this building is shown in figure 6.8.The
linear best fit equation that describes the measured received power is given by:

P. = —2.3423 * 101logd — 7.1355 eq. (6.7)
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Figure 14: Scatter plot for the fifth floor of B building

The values of the indoor path loss exponent for each floor and which were
calculated from the error function and from the scatter plots are shown in table 6.2 .

Table 4 Indoor path loss exponent results for B building

| Floornumber

2- Building B+:

n from scatter ~ nfrom error function
2.36 2.23

PALG oy T S ln s Slnste e e ORI TR 7
2.14 2.1

2.27 2.08

2.34 2:12

2.254 2.134

In this building we measured the received power in four different floors which
are the 3 4" 5t and 6™ floor. The transmitter in this case is the same for building B
which is Wataniya BTS operating at 945 MHz and with a transmitting power of 47

dBm.

The scatter plots for all floors are shown below, and the values computed from

the error functions are listed in table 6.3.
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Figure 15: Scatter plot for the third floor of B+ building
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Figure 16: Scatter plot for the fourth floor of B+ building
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Figure 17: Scatter plot for the sixth floor of B+ building
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Figure 18: Scatter plot for the fifth floor of B+ building
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o8 5 o receiyed Power using the equations shown on the scatter

plots, the Substltute.d distance d, is referred to the transmitter to be located at 50
meters from the building,

and the corresponding equivalen itti
t transmitting power was
about 28 dBm. extq gp

The following table summarizes the values of path loss exponent calculated by
the two methods

Table 5 Indoor path loss exponent results JSor B+ building

_ Floor number n from scatter | n from error function
o . 12761 2.231
U Y S 2066 - ; 2.209
|5 L 2,152 o 2.182
6 g T 20139 e 2 2.145
| Averagen 2.297 . s ooags

3- Building C:

In Building C, we have measured the received power of the second base
station located near to buildings A and C, which operates at 947 MHz and the =
transmitting power was 57 dBm. The measurement included two floors; the 1 floor |
and the 2™ floor, and similarly to the previous buildings, we plotted the relationship
between the received power in dBm and the distance dy which is referred to an
equivalent transmitter located at about 45 meters from the building with an equivalent
transmitting power of about 43 dBm.

The scatter plots for the two floors are shown below:
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Figure 19: Scatter plot for the first floor of C building

48




Second Floor

0 ;
1:6 16.5 17 17.5 18 18.5 19 19.5
10 |
-20 |
‘ o} 0.
o e 8 o
-30 Qo AR e B
, B SO, Q9P o 0
5 o e —o—80 H&5
-40 (0] ot
o © B > )
@) (CP‘ ©
-50 e
Pr=-2.6843*10log (d) + 11.863
-60 !

O Measured Data

Measured Data)) s

Figure 20: Scatter plot for the second floor of C building

In the following table, the values of the path loss exponent from both methods
are shown:

Table 6 Indoor path loss exponent results for C building

| Floor number ‘n from scatter n from error function (ITU)
1 28 0 e
W D5s 2.536

Yo DD L2501

4- Building A:

The last building investigated: for the GSM 900 analysis was building A, for
which we measured the received power transmitted from the base station which
operates at 947 MHz. Three floors were investigated, for each floor we plotted the
received power and distance relationship to get the appropriate equations. The
reduced distance d, was referred to an equivalent transmitter considered to be located
at 25 meters far from the building with an equivalent transmitting power of 44 dBm.

The scattered plots for the three floors are shown below, and the equation
representing the received power of each floor is shown on the corresponding figure:
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Figure 21: Scatter plot for the first floor of A building
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Figure 22: Scatter plot for the second floor of A building

The path loss exponent derived from the error function of the ITU is listed below
besides the values of the slopes for the scattered plots:
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Figure 23: Scatter plot for the third floor of A building

Table 7 Indoor path loss exponent results for A building

;ﬁvlfvl—cior number n from scatter n from error fuﬁction“(ITU)'
S e 5

2 AS00L o e e

3 2.985 2.955

| Average n Ll L2060 e e - SI0BR.

6.5SMultiwall Model:

6.5.1 Methodology:

In this section we are going to discuss the analysis of the indoor propagation
from another perspective, where we would like to evaluate the effect of the inner
walls to come out with a multiwall penetration model that describes the penetration
loss in respect to the number of walls separation between the' transmitter and receiver.
After developing the intended model which will be an extension of thfa ITU mc.)del, we
will compare the developed model with the basic I.TU n?odel for Wl.l]Ch we cl-lscussed
and derived the path loss exponent for all buildings in the previous section. The
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comparison will include the degree of jm
model will introduce to the basic ITU model

provement that the penetrated multiwall

First, .We had to categorize all measurement points according to the number of
walls separa%tlon between transmitter and receiver. Then, we had to eliminate all other
loss effects in order to isolate the effect of internal walls.

Based on the ITU model described as bellow:
L = 201log(f) + 10nlog(d) — 28 eq.(6.8)

We can eliminate the effect of free space loss by subtracting the term 10n,,log
(d) to the received power measured by the spectrum analyzer. The values of ny are
those found at the beginning of this chapter for outdoor environment, taking in
consideration the corresponding value to each building.

Next, we eliminate the effect of frequency (20log (f)) and finally by adding
28, then the residual loss represents the indoor loss which is a composition of inner
walls penetration loss and environmental loss. The environmental loss is consequent
of the indoor environment that affects the signal in a way that is more severe and
harsh than the outdoor environment. This indoor loss depends on the building
structure, layout, partition, etc.

To separate the multiwall penetration loss from the environmental loss, we
were to calculate the loss at points on which there were no inner walls separation.
Since these points are not separated from the transmitter by any inner wall, then the
inner walls penetration loss equals zero, and the residual loss after eliminating all
other losses represents the indoor environmental effect. For the rest of points which
were categorized depending on the number of inner walls standing between the
transmitter and receiver, we had to subtract the environmental effect to come out with

the multiwall penetration loss.

When coming out with the multiwall model penetration loss, we can process
the data in a backward way by eliminating the effect of internal walls and to calculate
a new path loss exponent other than no used in the previous analysis. The calculation
of the new path loss exponent, called ng, will introduce an improvement for the
developed model since it represents the environmental effect separated from the walls
effect. A set of samples of measurements taken in all buildings is attached in appendix

C.
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6.5.2 Multiwall Penetration Loss Results:

- By.following'th‘e previously discussed methodology, we obtained results from
the investigated buildings. These results will be introduced for each building

separately before showing the overall average multiwall penetration loss at 900 MHz

1- Building B:

The results of this building are shown in the table below, where we calculated
the average multiwall penetration for each number of walls in five floors.

Table 8 walls penetration loss results for B building

Floor/walls I Twall 2 walls 3 walls 4 walls 5 walls
1 307945676 | 7.987584 | 12.91618 1808005 |-
2 4.706525872  9.322028 | 12.49919 - .
I3 3.177220261  8.373357 | 15.00554 | - i
4 5409357288 9.945564 | 17.81963  21.68638 | -
5 4516888366 1176772  16.08996 2028964 -

' Avg. Loss(dB) | 4.452497947 9.852168  15.35358  20.01876 | -

2- Building B+:

The analysis of the measurement of this building led to the results shown in
the table below. The average multiwall penetration loss was calculated for a number
of walls up to five walls which occurred in the third floor of this building.

Table 9 walls penetration loss results for B+ building

' Floor/walls 1 wall 2 walls 3 walls 4 walls 5 walls

3 4713532 | 8.456675 13.68331  19.64394  24.06015
la - 14748507 | 8.40895 | 14.99771  18.17018 - :
|5 43308908 | 9.026231  13.7778  18.93105 -

6 4795452 |9.532027 | 1446532 |- |-
Avg. Loss(dB) | 4.647097  8.856196 14.23104 1891506  24.06015
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3- Building C:

.For building C, the analysis involyeq two floors with a maximum wall
separation of four walls in the second floor. Multi

wall penetration loss was calculated
for each floor and averaged as follows:

Table 10 walls penetration loss results Jor C building

Floor/walls L l _wal] 2 walls 3 walls 4 walls 5 walls
T by ¢ | 5.839088 8.819164 | 15.28548 - 5
) | 5.248818  7.22852 | 13.81936 ' 18.30929 -

| Avg. Loss(dB) 475.543953 8.023842 | 14.55242  18.30929 -

4- Building A:

The last building of the sample of investigation at the 900 MHz frequency
band. Three walls were investigated and a maximum number of six walls was found
in the first floor. The values for each floor and the average values are shown in the
following table:

Table 11 walls penetration loss results for A building

| Floor/walls 1 wall 2walls | 3walls 4walls Swalls | 6walls
Firstfloor | 4927102 8.264867 15.52634 19.48623 24.71808 32.50626
' 2nd floor | 4.337263 10.78858  14.67766 18.49949 -
Brdfioor |5.166541 | 9.04243 | 14:82801 | 19.18514 | - &

| Avg. Loss(dB) | 4.810302 9.665294 15.01067 19.05695 24.71808 | 32.50626

5- Average penetration loss for inner walls for the whole sample of buildings:

After calculating the multiwall penetration loss in each building and for each
floor, and averaging the results for each building, we could find the overall average
for the penetration loss through internal walls. The overall average for a number of

walls going up to six walls is shown in table 12




Table 12 Average penetration loss Jor inner walls Jor all buildings

T TR (el oty Sval Sl
Jéjg*)rage OfAVES. | 4.863462 | 9.099375 | 1478693 | 19,07501 | 2438912 | 32.50626

After averaging the multiwall penetration loss, we calculated the variance
about the average curve for each number of walls, and the results are shown in table
13

Table 13 variance about the average curve for each number of walls

, Number of walls | 1 wall 2 walls 3 walls 4 walls 5 walls 6 walls
 Variance(dB) 02272 | 0.700956 | 0.245055  0.500967  0.216433 -

It is noticed that the maximum variance about the average curve occurs at a
number of walls separation of two walls, whereas the minimum variance occurs at one
wall. For the case of six walls we didn’t calculate any variance since this value is
obtained by averaging the penetration loss in one floor.

Moreover, for a given number of walls, we calculated the maximum difference
between the overall average penetration loss and the obtained averages in different
buildings, and we are showing the results in the table below:

Table 14 The values of maximum difference b/w average ang buildings results

- Number of walls Twall | 2walls 3walls d4walls S5walls | Gwalls

Difference (dB) 0.68049  1.07553  0.56665 0.94374  0.32896 -

The table above shows the maximum differences calculated around the
average curve, where the maximum differences at one wall and two walls were found
in building C, at three and four walls in building B, whereas the difference at five
walls is the same in both buildings A and B+ because the average at five walls was

found only for those two buildings.

These results show that the measured values are within the measuring error of

the spectrum analyzer which is about 1 dB.




The following figure shows the
of walls and the loss due to the walls
curve of the average penetration loss d

plots of the relationship between the number
penetration for each building, in addition to the
ue to internal walls:
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Figure 24: Average multiwall penetration loss for all buildings at 900 MHz

Now with these results of small variances, which confirms the similarity
between the results obtained from the whole sample of buildings, we could find the
best fit curve which gives us the equation that relates the multiwall penetration loss to
the number of walls. However, since the value of penetration loss at six walls is
deduced from few number of points and only in the first floor in building A, we
ignored this value in the calculation of the multiwall penetration loss model, so it was
more convenient to develop the model with a maximum number of 5 walls.

The average curve and the corresponding best fit curve are shown in the following figure:
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Figure 25: Overall average multiwall penetration loss and best fit at 900 MHz

From the best fit curve, we came out with an equation of 4™ degree which is described
as below:

Lyaus = 0.0064x* — 0.0644x3 + 0.2416x2 + 4.4766x  eq.(6.9)

where x is the number of inner walls.

Now, the total path loss can be described by the following formula:

Liotar = 201log(f) + 10nlog(d) + Loyt + Lyaus — 28 eq. (6.10)
Where:
Ltotar: Total path loss in dB
f: Frequency in MHz
n: Path loss exponent
d: Distance in meters
Lout: Outer wall penetration loss in dB

Lyaiis: Multiwall penetration loss in dB
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6.5.3 Comparison with Previous studies:

Now after developing the multiwall model at 900 MHz, we would like to
compare our results with a previously developed model by a group of students who
have developed a multiwall mode] at the same frequency band. Their model, which
was called AMATA model, was developed after taking measurements in a sample of
buildings consisting of PPU buildings which are A, B and Abu Rumman buildings, in
addition to Al-Ahli hospital building. Whereas our sample of buildings for the 900

MHz analysis didn’t include Al-Ahlj hospital or Abu Rumman buildings, and we
investigated instead the buildings B+ and C in PPU.

It’s also necessary to mention that their measurements taken in building A
were for a different base station than the one we have dealt with.

Another important difference between their work and ours, was the equipment
used for reception the 900 MHz signal. While we used a spectrum analyzer for
measurement, they used TEMs measurement tool from Jawwal.

Despite these differences in developing our model and AMATA model, we
have made a comparison for a number of walls up to 5 walls.

AMATA multiwall model is described by the formula below:
Xa (dB) = 0.0075K4 — 0.18K3 + 1.1K2 + 29K eq.(6.11)

Where K is the number of walls

This model is compared with our multiwall model derived in the previous
section and described by the following formula:

Lyqus = 0.0064x* — 0.0644x3 + 0.2416x> + 4.4766x  eq.(6.12)

Where x here is the number of walls separation.

We calculated the values obtained from both models for a number of walls up

to 5 walls and we compared these values by finding the difference between the

calculated value on each number of walls. The calculated values and the comparison

are listed in the following table:
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Table 15 Comparison between AMATA and SRAB models

Number of Lyans from AMATA Lyans from our model Difference (dB)
Sewalls L (dB) (dB)
. _,; _,_3,_;;8235 iy T Theban 0.83294
2 _,;,,,,.,_,_,,,‘,1,43475 e 9.51064 0.63064
Y R g o 14.40324 0.05574
4 19.6 19.35024 0.24976
5 24.1875 24.523 0.3355

From the previous table, we can note the great similarity between our
multiwall model and AMATA model despite the use of different equipment for
measuring the signal strength.

6.6 SRAB Model:

As we mentioned in the section of methodology, we would like to derive n,
for the new model after eliminating the effect of walls at each point of measurement.
This new path loss exponent represents the indoor loss without the internal walls
effect.

After deriving ng in each floor we will represent the new extension of ITU model that
takes in consideration, besides the indoor propagation, the multiwall penetration loss.
And we will show the improvement that this new model, that we called SRAB model,

will introduce to the basic ITU model.

1- Building B:

For this building, the next figures show the measured values side to side the
modeled values of the received power. After the list of figures, we will show the
values of ny for each floor beside the values of n derived for the ITU model. The

improvement introduced by SRAB model is calculated as below:

(c1TU-0SRAB) 0
Improvement Percentage = —_ 05— * 100% eq.(6.13)
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Figure 26: Measured and modeled data for building B first floor
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Figure 27: Measured and modeled data for building B second floor
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Figure 28: Measured and modeled data for building B third floor
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Figure 29: Measured and modeled data for building B fourth floor
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Figure 30: Measured and modeled data for building B fifth floor

Now we are going to show the results of standard deviation for both models,
the basic ITU model and the extension of the ITU, which is SRAB model. The
standard deviation is an indication about the accuracy of the calculated results to the
measured values, and it could be calculated as follows:

k
1
EZ[Pmeasured(di) o Pmodel(di)]2 eq' (614)
i=1

The table below shows the calculated standard deviation of the models and the

improvement percentage:

Table ' 7 Standard deviation and Improvment percentage of the models for Bbuilding

' Floor Nty Std.(ITU) ng Std.(SRAB) Impr?;rement
; (1]
T 1223334 | 7.12566 | 1.88752 | 5459582 | 23.38138
2 |2.13515 | 5.961138 |1.8871 4.679828  21.49439
! 90967793 @ 4.637548 1.9151784 2.732818  41.07192
4 20798719 = 5.529243 2.0798719 | 1.946926 | 64.78856
5 71247405 6316538  1.9656416  6.276071 18.60132

We can note that SRAB model achieved about 65% of improvement in the 4" floor of
building B




2- Building B+:
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Figure 31: Measured and modeled data for building B+ third floor
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Figure 32: Measured and modeled data for building B+ fourth floor
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Figure 33: Measured and modeled data for building B+ fifth floor
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Figure 34: Measured and modeled data for building B+ sixth floor

The comparison between the standard deviation of the ITU and SRAB models
is illustrated in the table below, where we can note the high improvement that SRAB




reached about 76.5%

Table Y Standard deviation of the ITU and SRAB models for B+ building

EEloor Sy  Std.(ITU) no Std.(SRAB) = Improvement
(3 2231294 7476007 1.873663 | 1.761148 | 76.44266
e s 1520194 11361147 1.549833 | 70.32075
or D 00 5726530 | 1.859105 | 2619395 | 5438086
L6 2145272 | 5444801 1821757 | 1.974285 | 63.74001

3- Building C:

For the two floors of building C, we have also plotted the measured data with
the modeled values versus the distance in logarithmic scale, and the figures are as
shown below:

First Floor
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a [ o) " > o 1076)
- .35 | e) 1% =-2.53x+ IT.
a Q 2 y 23Ky
o B o op 00 @000 © @
40 | Q 8 QR N o
3 o) o)
‘ S8 2 o6 oTDO O oggog o)
-45 | 0
1 0 @o o
-50
-55
10*log(d)
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Figure 35: Measured and modeled data for building C first floor
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Figure 36: Measured and modeled data for building C second floor

The calculated standard deviation values for both models are shown in the
table below, and the maximum improvement was found to be about 46.5% in the

sexond floor.
Table ' A Standard deviation of the ITU and SRAB models for C building

i’Fl&dP  nmu | StA.ATU)|  ng Std.(SRAB) | Improvement
|1 2536156 | 6.84805 2255842 6345339  7.340939
(2 2.645636 | 9.477127 2.298786  5.068926 | 46.51411

4- Building A:
Finally, we will present the results of the three floors investigated in building

A. The figures for this building are shown below:
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Figure 37: Measured and modeled data for building A first floor
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Figure 38: Measured and modeled data for building A second floor
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Figure 39: Measured and modeled data for building A third floor
To finalize with the analysis for GSM 900 MHz, the following table
summarizes the values of the path loss exponent for ITU model and for SRAB model

in building A, in addition to the standard deviation for both models and the percentage
of improvement which reached about 63% in the second floor.

Table ! 1 Standard deviation of the ITU and SRAB models for A building

Floor |  ngu | Std.ITU)| ne  Std.(SRAB) Improvement
%
1 1 3.162716 6.28105  2.723415 5.083847 19.06055

12 2995584292 | 4.83739 | 2.635838658 1805694  62.67214
3 2955399849  4.353223  2.630303 4197426  3.578877

6.7 Conclusion:

From the previous analysis of the measurements collected at 900 MHz
i-floor buildings, we could come out with an extension

frequency band infour multi :
model fo}; the standard ITU model. This new model, called SARB model, takes into
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account an important factor that affe :
Cts the signal inside buildi ich i
. . uildings, which is the
m:lllt;vz?;l (ie:vztsre;tllon lokss. The efff:ct of indoor environment apart from the internal
W SO taken in consideration and described by the path | t
of the new model n,. R

We can describe SRAB mode] by the next formula:

Lrotar = 2010g(f) + 10nylog(d) + L,,, + Lyaus — 28  eq.(6.15)

Where Lyajs can be calculated by the following formula:

Lyans = 0.0064x* — 0.0644x3 + 0.2416x2 + 4.4766x eq.(6.16)

The penetration loss due to the number of inner walls inside a building was
found by averaging the penetration loss in a number of floors in different buildings,
where the maximum variance around the average curve was found to be about 0.7 dB
for a number of walls equals 2 walls.

This extension of the ITU model introduced an improvement that reached
about 76% in our sample of buildings. This model that describes the path loss at 900
MHz, and with the verification and validation of measurement and calculation, can be
generalized for buildings and environment similar to the environment of investigation
which led to the development of this model.
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7.1 Introduction:

» B and C buildings, in addition to Al-Ahli hospital

building. The workout of the analysis will lead us to develop mo
frequency band, exactly as for the 900 MHz frequency band. Th
indoor propagation and for multiwal] penetration loss.
be illustrated by the end of the chapter.

dels for the 2.4 GHz
ese models are for
A comparison of models will

7.2 Outer Wall Penetration Loss:

In order to start the analysis of indoor propagation, we had to measure and
calculate the value of outer wall penetration loss. This was done by taking a set of
measurement on both sides of the outer wall of each building, and calculating the
average difference between the outer and inner sides of the wall. The table below
presents the results for the four buildings.

Table 20 Outer wall penetration loss at 2.4 GHz

. Building = Outer Wéljlml"»e'hétrif:érti’oi‘l_ Loss(dB) V

A e B LLTOe
(BL o L1808 i
Al-ARLi | 22.7304 5
HC g . | 153370 .

7.3 Indoor Propagation

In this section, we are going to discuss the indoor propagation at 2.4 GHz in

the sample of buildings. As we derived indoor propagation m.odels at 900 MH.z
he same procedure of analysis to come out with
The calculation of the path loss exponent was

ilding for each investigated floor, by the two

frequency band, we will follow t
indoor propagation models at 2.4 GHz.

worked out for the whole sample of bui
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different methods described in cha
pter 6. Th s
was attached in appendix e, € overall scatter plots for each building

Now let us introduce the resy] i
: ts obtained for ea ildi .
to come out with the corresponding models, e iempuraiely order

1- Building B:

To take measurements in this building, the transmitter was deployed at
about 25m away from the nearest wall of the building. After recording

received power readings among four floors of this building, the value of
indoor path loss exponent is calculated by MMSE method. Then a scatter plot
was drawn between the received power measurements and 10log (d). Signal
strength was detected and measured at the first four floors of the building. The
values of path loss exponent derived from the error function were considered
as reference, so we had to use a reduced distance in plotting the scattered plots
for the measured power. In building B case, the equivalent transmitter was
chosen to be at dy which equals 20m away from the building in the direction of
900MHz source.

Reducing the distance between the 2.4 GHz source and the building led
to a change in the equivalent transmitted power. It had to change from 30 dBm
at 25m to 27.6 at 20m. The results for the tested floors of this building are
shown below:

First Floor
_4512.5 13.5 14.5 15.5 16.5 17.5. 18.5
| (o]
® o)
55 8 o y =-3.8976x - 9.048
£ -65
T
=
-75
-85
2 10*log(d)

O measured power

Figure 40: Recived power Vs logarithmic distance building B first floor 2.4 GHz
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Figure 41: ITU and measured data plot at 2.4 GHz

The similar plots, that represent the ITU and the measured data for the rest of
floors for the whole sample of buildings are attached in appendix B.

Below, these are the scattered plots for the measured data for the 28 9% and
4™ floors of building B:
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Figure 42: Recived power vs logarithmic distance building B second floor 2.4 GHz

Third Floor

12 13 14 15 16 17 18

y =-4.1591x - 10.682

Pr (dBm)
N
o

£ 10*l0g(d)

O measured power

Figure 43: Recived power Vs logarithmic distance SRR S R
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Fourth Floor
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Figure 44: Recived power vs logarithmic distance building B fourth floor 2.4 GHz

The values of the path loss exponent calculated by the two methods for
the four floors are summarized in the following table:

Table 21 Path loss exponent values for B building 2.4GHz

| Floor number n from scatter n from error function

i | 3.8976 3.72244983

12 R 4.0808 3.8522895
s A 4.00773402

4 | 3.8699 87980566 -
Averagen. . 3944724 @ 390226011 00 @

2- Building C:
g antenna was deployed at the about 50m to

the north of the building. Both floors analyzed at 900 MHz were also investigated at
2.4 GHz. The same two ways of finding the value of indoor path loss ex-pone-nt :
(MMSE and the scatter plot of measured power) Were worked out for this building.
Here, the equivalent distance for the transmitter was reduced to be 23m and the

equivalent transmitted power was 26.5 dBm. o _ ;
The results for the two floors of this building are shown in the following

figures and the values of the path loss exponent aré Jisted in table 7.3

For this building, the transmittin
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Figure 45: Recived power vs logarithmic distance building C first floor 2.4 GHz

Second Floor
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Figure 46: Recived power Vs logarithmic distance building C second floor 2.4 GHz

The calculated values of the path loss exponent for this building are

listed in the table below:
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Table 22 Path loss €xXponent values for ¢ building 2.4GHy

. Floor number __n from scatter

n fi .
; 3.5624 r0m3egr 105r3f;mct|on
Average n | 33'781657075 3.714245
' : 3.614798

3- Building A:

As a continue to our work in analyzing indoor propagation, received power
measurement in building A were recorded after deploying the transmitter at 35m
from the building. The change on distance was to make the equivalent location of
source about 10m which led to have an equivalent transmitted power about

18dbm.

The following figures and table show the results for building A floors:

First Floor
10.5 11.5 12.5 13.5 14.5 15.5 16.5 17.5
55 |
60 |
o @
=65 y = -4.0073 - 19.504
A 0
e -70 |
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& 75 |
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-85 Q
0008 s
-90
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Figure 47: Recived power vs logarithmic distance building A first o
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Figure 49: Recived power v§ logarithmic dis
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The table below contains the vayes of n for building A:

Table 23 Path loss exponent valyes JforA building 2.4GHy

F]oor number O, n frbrr,i S_catter: ' n from error function
IR e SRR . e
12 140032 2 Tao0ii4s

B L 42367 : ' 4.225617

4- Al-Ahli Hospital Building

In the case of this building, we have deployed the 2.4 GHz transmitter at 15
meters away. We have taken measurements in two floors; the 2™ floor and the 3™
floor. The reduced distance for the equivalent transmitter was about 2 meters from

the building with an equivalent transmitted power of 17 dBm.

The scattered plots for this building are shown below:

Second Floor

) 4 6 8 10 12 14 16

y =-4.6793x - 22.726

Pr (dBm)

-100 10*log(d)

O measured power

Figure 50: Recived power vs logarithmic distance building Al-Ahli second floor 2.4 GHz
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Figure 51: Recived power vs logarithmic distance building Al-Ahli third floor 2.4 GHz

We listed the path exponent values for Al-Ahli building in the following table:

Table 24 Path loss exponent values for Al-Ahli building 2.4GHz

Ebléoif__ﬁurhber . | nfrom scatter n from error function
e 4.6793 4.65585267
e ' 4.6958 4635278465
' Averagen ' 4.68755 4.645565568
7.4 Multiwall Model:

In this section, we are going to derive a multiwall penetration loss model at 2.4

GHz frequency band. The collected data for the sample of buildings was processed in
a similar method that we used for the analysis for the 900 MHz frequency band. Thus,

we were able to find the effect of internal walls and their resultant .penetration. loss at
2.4 GHz. A set of samples of measurements taken in all buildings is attached in

appendix D.
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7.4.1 Multiwall Penetration Loss Results:

After eliminating the free space loss ang th
could find the effective loss resultant from interna
transmitter and receiver. For each building,
the investigated floors, and then we average

¢ indoor environmental effect, we
I'walls separation between the

we found the multiwall penetration loss in
d the results to get the intended model.

1- Building A:

After measuring the received power in the three floors, the 1%, 2" and 3™
floors, we have analyzed the collected data and we came out with the following
results:

Table 25 inner walls loss for A building 2.4 GHz

' Floor/walls 1 wall 2 walls 3 walls 4 walls 5 walls
L : 8.506185246 | 13.56483413 | 19.36332675 | 23.07296073 -
17k | 9.461210224 | 14.14616342 | 18.94024335 | 22.04255853  25.56209
e 1 8.563032565  14.74035932 | 19.53063052 | 22.82954158  25.40352
| Avg.Loss(dB) | 8.843476012  14.15045229 | 19.27807 22.64835 25.4828

2- Building B:

As we mentioned earlier in this chapter, we measured the signal strength in
four floors of building B, which are the 1%, 2" 3" and fourth floors. The following
table shows the results for the internal walls penetration loss:

Table 26 inner walls loss for B building 2.4 GHz

'Floor/walls | S e 4 walls
_ll’loor/_walls : ';'.?;;1802072 1515737147 | 2032661264  22.19303124
2 8607258445 | 1336442837 1774474281 2332623408
9350270175 | 1373641007 20.30462535 22.23052;:;
¢ 060988 | 15.14340347_| 19.22888537 21.05098
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[Avg Loss(dB) | 926210017 | 14.3504033
‘ Al 4 1940122 '
: 2220019

3- Building C:

For building C, the 1* and 2™ floor i
3 S were investigated i
internal walls. The obtained results are listed in the table ﬁelzwt‘o § e

Table 27 inner walls loss for C building 2.4 GH7

Floorwalls | Twall | 2walls R
b | 8.886299722 14.94858684  21.22891353
9 | 9.321318983 15.3690818 | 22.2505281

“Avg Loss(dB) | 9.103809353 | 1515883432 2173972

4- Al-Ahli:

The last building of this investigated sample at 2.4 GHz, was Al-Ahli hospital
building. We measured the received power in two floors; the 2" floor and the 3™
floor. The maximum number of walls separation between the transmitter and receiver
was 5 walls, since the signal couldn’t be detected after 5 walls.

The results of penetration loss on each number of walls are shown in the following
table:

Table 28 inner walls loss for Al-Ahli building 2.4 GHz

iv Floor/walls | 1 wall 2 walls | 3 walls | 4 walls 5 walls
|2 911422034 | 1543397789 | 21.24399813 | 2427910031 | 2730187
3 T0.054213618 | 1652449197 | 2196182451 | 24.21949112 | 28.85512

| Avg Loss(dB) | 8482817826 | 1597923493 | 21.60291 242093 2807849

5- Average multiwall penetration loss in all buildings:
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After finding the multiwal] penetration Jogs j
averaged the results to find the overa]| i lm all fl
multiwall penetration loss at each number ofg:v alolss. 10

s ar

Table 29 5-  Average multiwall penetration, loss in all builg;
ings

 Number ofwalls ' Iwall 2 walls Shallss o 1T .

e SRR s s R W - 4 walls 5walls

f Overall average } 8.74746961 1521124815 20419 == RN R (N S

' Joss (dB) 41917413 | 23.34267289 | 26.78065

From the resulted shown in the table above, we were able to plot the curve of

average multiwall penetration loss at 2.4 GH ,
following figure: z. The average curve is shown in the

Average Multiwall penetration loss at 2.4
GHz

30
25 ecncssosnm st s noe s oo sttt e ettt it 0 i et i e ems b =
20

15

Loss(dB)

10

0 1 2 3 4 5 6
Number of walls

Figure 52: Average multiwall penetration loss at 2.4 GHz

We had also to calculate the variance about the average curve and the
maximum difference between the overall average and the values found in each floor.
The table below shows the values of calculated variance about the average curve. We
notice that the maximum variance occurred at three walls separation with a value of

about 2 dB.

Table 30 variance about the average curve 2.4GHz

Number of walls | Lwall ____ 2WEE 00— 910015885 | 1110032588 2652153104

Variance(dB)  0.300041947 0.907523868
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Difference (dB)

When CalCUlatmg‘the difference between the average loss at each b
walls and the corresponding value in each floor we found that the maxi REron
difference were as shown in the following table: Pt

Table 31 differance from average walls loss for each Sloor 2.4 GH7

| 3 walls 4dwalls

| | | o | 5 walls
1.014600377 | 1.846819785 | 2.674431318

2.291689026  2.074466319

The maximum difference at one wall was found to be about 1 dB in the fourth
floor of building B. In the second floor of the same building occurred the maximum
difference at two and three walls, with about 1.85 dB and 2.67 dB respectively. At 4
walls separation, the maximum difference was found also in the fourth floor of the
same building. Whereas the maximum difference for 5 walls was found in Al-Ahli
hospital and exactly in the second floor.

These results confirm the similarity of the obtained results for the multiwall
penetration loss in the sample of buildings. Thus, we were find a relationship between
the number of walls and the resultant penetration loss. To do this, we had plotted the
best fit curve for the overall average curve, and we could find the formula that
describes that relationship.

The figure below shows the average curve and the corresponding best fit

curve:
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Multiwall Model 2.4 GHz
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Figure 53: Average multiwall model at 2.4 GHz

From the above figure we found the relationship that relates the number of
walls separation and the penetration loss. This relationship is described by the
following formula:

Lyaus = 0.0364x* — 0.262x% — 0.3762x% + 9.2321x eq. (7.1)

where x in this formula is the number of walls.

7.4.2 Comparison with AMATA model:

penetration model at 2.4 GHz, we

the multiwall
Afier the development of the model for 2.4 GHz frequency band.

would like to compare this model with AMATA
ped for measurement taken for internal
d buildings. While we measured the
nd. The following formula

AMATA model at 2.4 GHz was develo
Wi-Fi transmitters located inside the investigate
received power of an external source at this frequency ba
describes AMATA multiwall model for 2.4 GHz:
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Xa (dB) = 0.0032 K4 - 0,08
086 K3 - 0.17 k2
: + 93K .
4 (Z£2)

where K is the number of walls separation between the interna] i
receiver. rnal transmitter and the

This formula is compared with SRAB mode] for .

2.4 GHz which is described by the formula beloy: ultiwall penetration loss at

= A 3
Lyqus = 0.0364x* — 0.262x* — 0.3762x2 + 9.2321x eq. (7.3)

The results of loss values computed from both formulas, for a number of walls
up to 5 walls, are shown in the following table:

Table 32 Multiwall comparison b/w AMATA and SRAB 2.4 GHz

Number of Lyans from AMATA Lyans from SRAB model  Difference (dB)
walls  (dB) @B)

e 9.0472 8.6303 04169

12 1 17.2832 15.4458 1.8374

'3 243072 20.1849 41223

4 29.7952 e s 63356

5 T T e

We notice that the difference between the two models can reach up to about
6.75 dB at 5 walls separation. We can say that this high difference is due to the use of
an external transmitter instead of internal one for the measurement of our model.

7.5 SRAB Model:

In this section, results of calculating values of n0 after eliminating tﬁe internal
walls effect and the extended ITU model for each floor of the sample buildings are

shown with necessary tables and plots.

1- Building B:
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The next figures show the measured valyeg vers
eived power for this building,. The value of no is sh
rec
gcatters.

es the modeled values of the
own then after the lest of
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Figure 54: Measured and modeled values for building B first floor 2.4 GHz
igure 54:
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Figure 55: Measured and modeled values for building B second floor 2.4 GHz
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Figure 56: Measured and modeled values for building B third floor 2.4 GHz
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Figure 57: Measured and modeled values for building B fourth floor 2.4 GHz

The table below shows the calculated standard deviation of the models and the

improvement percentage:

Table Y Measured and modeled data for building B at 2.4 GHz

' Floor | myyy Std.(ITU) | mng ' Std.(SRAB) Improvement %
1 3.72244983 | 7.288532 2.97174 5.968035  18.11746

12 14.0808 7.867904 3.032919 | 5.608175 28.72086

'3 400773402 | 6.997081308 3.360232 | 5.692611 18.64306616
4 37980566  6.768426 | 3.145123 | 4.631623 31.57015

We can note that SRAB mo

floor of building B

2- Building Al-Ahli:

We have plotted the modeled values and the mea
figure below show the obtained results:

89

del achieved about 31% of improvement in the 4™

sured data in two floors. The
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Figure 58: Measured and modeled values for building Al-Ahli second floor 2.4 GHz
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Figure 59: Measured and modeled values for puilding Al-Ahli third floor
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The table below, where a 19.629570,, im

: ;
he 2" floor, shows the comparison between the

: [
e - e TU model and SRAB model using

Table ' Measured and modeled data for building Al-Ani; at 2.4 G
2 . z

o 46sSEEET | 1500560 [Tt [ iovmy ot %
(3 14635278465 | 1443704 |3.446038 | 1208721 |1 4.8351)32

3- Building C:

For the same two floors of building C, plots of measured and modeled data
verses logarithm distance are shown below:

First Floor

11. 12.5 435 14.5 15.5 16.5 17.5 18.5
|
|
|
l
|
[
|

-65

Pr (dBm)

702 -3.5624x - 13.324

75 | 80 6

80 | D o

% o - @ %o
-85 |
g0 ¢ 10l0g(d)

O measured data O SRAB

Figure 60: Measured and modeled values for building C first floor 2.4 GHz
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-90

10*log(d)
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Figure 61: Measured and modeled values for building C second floor 2.4 GHz

The calculated standard deviation values for both models are shown in the
table below, and the maximum improvement was found to be about 21.59% in the
first floor.

Table *® Measured and modeled data for building Cat 2.4 GHz

‘Floor | npy | Std.(ITU) m _ Std.(SRAB) | Improvement%
o e .A_._J_ 41052286 2. 2 9329& A -5_89,9849__1_%? 21.599451
(2 .| 3714p45 * | 652014 |30d2mmor i5.7as21t | 1191215

4- Building A:

This is the last building of buildings sample in 2.4 GHz me
this building are shown below:

asurements.Results for

92
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10*log(d)

Omeasured data OSRAB

Fig .
o VA

Second Floor

Pr (dBm)

Figure 63: Measured and

18

10*log(d)

O measured data O SRAB

modeled values for building A second floor 2.4 GHz
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third Floor
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10*log(d)
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Figure 64: Measured and modeled values for building A third floor 2.4 GHz
As we did for previous building, the values of standard deviation for both
measured and modeled data is shown in the next table in addition to improvement
percentage where the maximum value of improvement was in the first floor which
was about 17.75%.
Table " Measured and modeled data for building A at 2.4 GHz

' Floor | nyyy TS@rD,. b "Std.(SRAB) Improvement %

I | 3932063 | 5320640434 | 3.153148 4377568 17.75569769

2 [4.001143 | 6.5511791 | 3.022587 5444737 16.88921273

T3 4225617 | 5163709352 | 3233604 | 4573672 | 11.4266144

7.6 Conclusion:

: 24
In this chapter we have discussed the analysis of the measurement for the

i1di i i deto
GHz frequency band taken in four different buildings. Thl.S analys.ls waz crlnlerl1 :ection .
develop models for the indoor propagation at 2.4 GHz as it was discuss
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r the indoor propagation models we haye derived the valyeg of the path loss
l:Opom:nt n by two different methods,
ex

Then, we have introduced the new extended ITU
odel takes into consideration the multiwal| penetr.
e dard ITU model, we have shown that SRAR mo
thicséirtlage of improvement that reached 31,579,
pe

model at 2.4 GHz, where the
ation loss. When compared to
del had introduced a

The equation below describes the total loss according to SRAB model:
L =20 log(f) ity 1077'0 loy(d) T Lout S Lwalls ~28 €q. (7-4)
total —
Where Luyans at 2.4 GHz is calculated throughout the following formula:
€ré Liwalls c

2 +92321x  eq.(7.5)
4 — 0.262x3 — 0.3762x + 9.
Lyaus = 0.0364x
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R

8.1 Introduction:

So far in this thesi E
i ignals at tw esis, we have introduced an analysis for ind
el ess S1gna s aviwo frequency bands, which are oo indoor propagation of
bands. Th.e ana1y51s' was \.Norked out for measurements taker? .and.2,4 GHz f.requency
pPU and in Al-Ahli hospital building in Hebron, T in different buildings in

: : his analysis |
of indoor propagation models and penetrated multiwall szde;i to the development
bands. els at both frequency

An extension of the ITU model w ;
- i as carried out, by taking i : 3
effect of the internal partition walls made of bricks. HencZ tah:r;i\l: ;Zzslld.erftlc;n th;
) el introduce

an improvement to the standard ITU model and thus i >
: sith
predicting the signal strength. as increased the accuracy of

b The samp}e of buildings consisted of different multi-floor multi-wall
buildings, for which the structure and layout is widely common in our country
Therefore, these models can be applied for buildings with similar structure anci
construction.

8.2 SRAB model:

The multiwall penetration model developed for both frequency bands can be
described by the following formula:

Borar = 2008(f) + 10nylog(d) + Lout + Lwaus — 28 eq. (8.1)

where Luyans is the penetration loss due to internal partition walls that can be
calculated by two different formulas according the frequency of operation of the
transmitter. The two formulas are listed below For 2.4 GHz and 900 MHz :

Lyaus = 0.0364x* — 0.262x°> — 0.3762x% + 9.2321x eq. (8.2)

Lyans = 0.0064x* — 0.0644x> + 0.2416x2 + 4.4766x eq. (8.3)

since it has taken into account the effect of

This extension of the ITU model,
he standard ITU model.

inner walls, it has introduced and improvement to t
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8.3 Indoor Propagation Correlation:

Earlier in the previous chapters, we have derived

: ind -
floor by f.loor, by finding the path loss exponent for the ITUOOr g o e
the equations for scattered plots. model and also finding

Here in this section, we are going to show the plots for the buildings A, B and

c for the measurements at the two frequency bands. For each buildi
containing the set of measurements at the two frequency band is plotted };‘f’
3 €

pelow show the collected data for these buildings:

Building A

0 ¢ - e —

5 10
i 15 20

20 y =-3.0988x + 14.63
-30 |
-40

-50

Pr (dBm)

-60 |

80 |
z y=-3.8358¢- 26329 @
90 |

-100
10l0g(d)

Figure 65: measure
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Measurements)

d data at 900 MHz and 2.4 GHz for building A



Building B

0 I . R e
0 5 | s
: 10
i 15 20
-20
., @
i)
| ® 900 MHz
'g { y =-2.2982x - 6.8035 ® o s
g o . @ 24GHz
2 measrements
4 ......... MHz 4++) Jha
| measurements)
| y=-3.918x - 11.32,
e. ......... GHz Y. i) ‘;LA
g ( 4 measrements)
-120 %

Pr(dBm)

10log(d)

Figure 66: measured data at 900 MHz and 2.4 GHz for building B

Building C
0 ; !
0 5 10 15 20
-10
-20
-30 @ 900 MHz
| y =-2.6168x + 11.868 measurements
-40 @ 24GHz
measurements
......... MHz %+°) gin
-50
measurements)
......... GHz Y.§) oba
-60 measurements)
-70 y =-3.6058x - 14.645
-80
-90 10log(d)

ke
Figure 67: measured data at 900 MHz and 2.4 GHz for building

99




hese three buildi : :
il : . dings were investigated at the two f;
the analysis for the indoor propagation 0 Irequency bands, so from

: W€ ca ¢
Jovelope st G e frequency band: find the correlation between the

However, the correlation was to be made op]
n

building B was not covered by the same base station oy for buildings A and C, since

ks f the two previous buildings.
For buildings A and C, we have the followin

models at 900 MHz described as follows : & general indoor propagation

P=-3.6058*10log(d) — 14.645

pr = —3.09881log,, d0 + 14.62 eq. (8.4) for building A

Pr = —2.6168 * 10log;o d0 + 11.868  ¢q. (8.5) for building C

Similarly, the models of of indoor propagation at 2.4 GHz were as follows:
Pr = —3.8358 * 101log;( d0 — 26.329  eq. (8.6) for building A

Pr = —3.6058 * 10log1o d0 — 14.645  eq. (8.7) for building C

The correlation is found by dividing the coefficients of each model for each
building then averaging the results to get a relationship between the coefficients of the
900 MHz models and 2.4 GHz models

The resultant models from dividing the coefficients for each building were as
follows:

Pr(2.4GHz) = —1.38n900 * 10logyo d0 — 1.27 x b eq. (8.8) for building C

Pr(2.4GHz) = —1.24n900 * 10log;o d0 — 1.79 * b eq. (8.9) for building A

Where:
nggo is the path loss exponent at 900 MHz for the corresponding building

b is the constant term in the model of the 900 MHz for the corresponding
building P,(2.4GHz) = -1.31 nogo*10log(do) — 1.53%b

Then we average the coefficients of the new models shown above, o get the

relationship between the models for the two frequency band:

Pr(2.4GHz) = —1.31n900 * 1010830 40 — 1.53 b £ Y

for both buildings A and C
culated values when substituting the distance

The following plot shows the cal
b of the measured data for 2.4 GHz

do and ngqy of the building A side to side
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Building A

10 12 1 ———
y =-3.0988 isl - 20
-20 4.63
@
-40
@ 900 MHz
E measurements
$-60 ® 2.4GH:
= Measurements
©  Correlation line
-80
-100

-120 !
10log(d)

Figure 68: measured data at 900 MHz and 2.4 GHz and calculated 2.4 GHz data for
building A

Similarly we have plotted the calculated values for building C, and the figure
below shows a the line parallel to the best fit line of the measured data at 2.4 GHz,
which confirms the validation of correlation between the two frequency bands.

Building C

R b e, e e

10 12 14 16 18 20

Pr(dBm)

-60

-70

-80

-90 10log(d) y = -3.4296x - 18.158

@ 900 MHz measurements

at 900 MHz and 2.4 GHz and calculated 2.4 GHz data for

Figure 68: measured data
building C
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8.4 Conclusion:

In this thesis, we have come oyt with new
bands which are 900 MHz and 2.4 GHg. These
penetration loss models and indoor propagation

odels has been illustrated throughout the previous chapters to check the
m
accuracy of the different models.

models for two frequency
models included multiwa]|
models. A comparison of

In addition, we have found the correlation between' the ind?or

tion models developed at the two frequency bands. This correlatfon
pmpa:ga he prediction of signal strength at 2.4 GHz if the indoor propagation
s 2 T)(I)) MHz is already known. Thus, this correlation may be a guideline
o it tor that would like to extend the models at 900 MHz to get
o OPiE‘L 2.4 GHz frequency band, thus to estimate the coverage of any
1'1:1?::;:; o\?I\./LAN.2.4 network or WiMAX network at 2.5 GHz.
i
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Appendix A

The following charts are shows the sample of one floor AutoCAD drawi
rawing for

each building:

- P e et =
—+ e sz sobd
4 P }
= -~ i W = S——
e = ECOR & S |
e ..7_'7

AutoCAD chart for A building third floor

AutoCAD chart for B building third floor
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AutoCAD chart for C building second floor
» _?':' = ;‘— = g ‘
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o
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AutoCAD chart for B+ building sixth floor
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Appendix B

The following figures shows the comparison between G
the ITU model: n GSM 900MHz, 2.4GHZ with

GSM 900MHz:

Building A

First Floor
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0 o -(:\:\ 70. b
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S o
E | *8e-....qme
= | y=-3.1627x + 10.655 *9-Q....qp
Ses | (6) "Poen.. 16)
TS I o e S (5} ‘@e.qy..
SRR ST G e *06egg....,
iy g gt bRt e il ¥ Y SRR RS oo 0} .-...
| y=-2.8153x + 11.675 .v ............. 9,., _________ e ® o
.50 g o %0 P o
f6) 0
. o)
i ®
-55 {
10*log(d)

© Measured Data @ ITU model received power @ measured power + stdev
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puilding B+
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— ..‘Q'C)g ®
£ ... o % .4 y =-3.8699x - 11.945
T -60 I . ® > ®e.
~: . ve )ee L "'Q
o ® l. o .
® "2:::9. .....
-70 Q@ °
(0]
0]
-80 (¢} [6) O
g 10*log(d)
] asured power+stdev
@measured data  @ITU model received power @me
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Pr (dBm)

—hirstiElogny

14 ——
... 15 I e
‘\ ® 18
'::::.. -------- M (0]
ey, "“Bgg ¥=-3.56240- 12324
3 W s
--._::::" ... .‘. (0}
.. T y 2-95154
e o .#.,,.’. PR %g 13.324
® @ et e \gr -3.5624x - 13
] o). .324
‘ @ . e O “Oge
| (6) 20
S/ 5iat ® ® R
. ° 0
-80 3.
° )
3 ® ops°
i
-90 '
10*log(d)
@measured data @ ITU model received power @ measured power+stdev
Second Floor
11.5 12.5 13.5 14.5 15.5 16.5 17.5 185
|
‘ ® y =-3.8677x- 7.4098
| -0 ®e 5] 3.7142x - 12.095
| ‘o @®.. =-3, X-12.
| 8. o B o® !
; '-u'-...:‘ -‘. '\\1-.\ >
[T, o A A e (K B B g 2O = :
i TR RS- ’. — o y = -3.8677x-12.095
...,....'. D
. ——%=s o
1 )
| s ®
i 1<)
i . '
10*log(d)

@ measured data @ ITU model received power
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yL-Ahli Building

4 Second Floor

6 —— T T—
10 | 1 5 R L
20 | > -
20 | o\ Y =-4.6793x - 22.726
30 | o
40 " Y =-4.6793x - 10,895

g0

T y=-4.67

.60 | 6793 - 22.726
70 |

:
80 |
-90 E
100 |
10*log(d)
© measured data ©ITU model received power  © measured power+stdev
Third Floor
-40 r...\wm_,.,..,.w...,w-w.' = i AN s
i 8 9 10 11 12 13 14 15 16
-50
t ... y = -4.642x - 15.267
-60 O,
%.g% S y = 46353 - 22.501
—_ ‘9. 920 @,
T -0 . “e ® et y = -4.6958x - 21.824
a g ° e
-80 \"-\J»\)'
% 2 o
) %,
-90 =19 VR
-100 |
10*log(d)

dev
: & measured power+st
@ measured data @ ITU model received power 2
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Appendix ¢

sample of measurement and calculatiop at 900 M
HZ

730408 | 12.449
39.259 | 6.541 |
| -39.259 |
39.190 | 4.772

[
EEE

-42.463 146.411 | 61411

-43.304 144.750 | 59.750

Building A first floor
—t | measured distance | reduced |
P | power distance (d0) wmm
e ey | R e P T ——todel) _ | modef)
3078 | 122344 | 373u i3 | 31282
& | 37173 129.731 44.731 1 20,057 {551 381
— | -39.300 | 130.686 45.686 I 211,363 136734
— | 42919 | 133612 48612 > '21'463 =0.821
50085 | 144394 | 59394 e
7 [ 46669 | 144090 | 590 B
e[ 40677 | 148.134 | 63134 e
B 44707 | 150719 | 65019 | 5 |
0 | -53.812 | 141.938 56.938 4 22598 | 52426
Building A second floor
point | measured distance | reduced number | pr (ITU | pr(SRAB
power distance (d0) | of walls | model) model)
-31.130 118.858 | 33.858 0 36.695 | 3.641
-29.430 116.642 | 31.642 0 :36.450 | 0.180
-30.878 111.762 | 26.762 1 35.804 | 5.284
-31.654 110.680 | 25.680 1 35.767 | 1.992
-39.097 137.980 | 52.980 2 3Bi636E Qi |
-38.161 140.476 | 55.476 4 -38.869 | 6.153
it g
Bz
s S

I
2
3
4
5
6
i
8
9 [-48.521 143,983 | 58983
10 |-48.855 145.182 | 60.182 |

Vﬁ
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|ding A third floor

Bui

__—Teasured | Distance | reduced |

pomt mower i m or (TG
51872 | 120.061 [35.161 & ME&TL
o [-33.729 121.460 | 36.460 5 TR
iy | ZC R RO ) ES602 [ Semen |
34,047 [ 123.532 |38.5%) = TRRET O]
5o | 127062 |42.062 1 S0 g
37670 | 127509 | 42.509 3 32& 34529
i |35 130.978 | 45.978 > :37-3‘;6 44293
[ 35147 | 135.749 | 50.749 1 _37-542 -39.723
7 SRR 136.560 | 51.560 2 o -23%85
10 13438 | 138.950 | 53.950 2 -37.848 -40'333

Building C first floor
W measured | distance | reduced number | pr(ITU | pr(SRAB
power distance (d0) | of walls | model) model)

-42.549 220.240 | 65.240
-43.073 219.503 | 64.503
-41.525 214.546 | 59.546
-33.851 215.329 | 60.329
-31.906 215.585 | 60.585

1 36520 | -36.886
2

3

4

5

6 |-37.948 |215.864 | 60.864

7

8

9

1

-36.482 -36.853
-36.219 -36.629
-36.261 -27.158
-36.275 -36.677
-36.289 -31.843
-36.577 -36.935
-36.704 -32.196
-36.718 -32.208

36980 | -42.155

-33.946 221.338 | 66.338
-38.284 223.801 | 68.801
-41.759 224.071 | 69.071
0 -50.568 229.240 | 74.240

\UJ\'—'—‘N—-‘I\)OI\)I\)N

119




Buildi“g ¢ second floor

)

measured | distance ;emmﬁ
wer iSt pr ITU
; 219.441 ance (d0) | of walls | o Pr(SRAE |

int

g =1
(=)

29.787 A0 B B8
; 1
30332_| 219912 | 64912 3390 | 3055

o ——
& -28.370
-33.583 | 32710
T rr—— 719
-33.563 | -28.041 1
| -4.148 | 3323

36266 _| 213.160 |  58.160
o U
36,635 | 224.388 | 69.388
36,641 | 223.677 | 68.677
36311 | 223.014 | 68.014

EAA

i

37326 | 227.641 72.641 :34.081 | 33170 |

37729 | 226.881 71.881 gjg% 33375

38.640 | 226.374 , s -33.342

B Ay -34.245 | 33320
Building B+ third floor

point measured | distance reduced | number pr (ITU | pr(SRAB

power distance (d0) | of walls model) model)

1| -32.241] 379.058 54.058 0 42,047 -32.825

2| -30.447 | 381.895 56.895 0 42119 | -32.886

3| -32.545| 384.210 59.210 0 42178 | -32.935

4| -36.661 | 381.357 56.357 1 42,106 | -37.534

5| -30.731 | 383.938 58.938 0 42171 -32.929

6| -38.962 | 383.483 58.483 1 42,160 | -37.580

7] -35.685 | 386.242 61.242 1 42229 | -37.638

8| -33.439 | 388.743 63.743 0 -42.% _%%g_

9| -42.973 | 386.738 61.738 2 42242 | 42500 ]

L 10| -44.564 | 389.920 64.920 S| 42321 | -42.562
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jilding B+ fourth floor

jer)

‘ distance
el measured redmm

ower distance (do m
57675 | 383.152 531500 Lof walls [ PIGRAB |

/ %mOdel
|_138530 | 380.913 | 55913 B

EHESTSTE it
237050 | 379.008 | 54.008 41516 37500
i/_37,437 381.565 | 56.565 el 468 STl
157006 | 383456 | 58456
/’
6/
==

A5 ar

- R ge
30.096 | 385.681 | 60.681 -41.580 137256
37733 | 387.937 | 62.937

e
41,636 " #oao |
3 -38.671 385.726 | 60.726

=007 Tre
41692 [-37349

T

-41. Erown
o .| -39.955 383.845 | 58.845 ﬁ%
BT R 4129 |3
32358
puilding B+ fifth floor
m measured | distance | reduced number of | pr ITU | pr(SRAB
ower distance (d0) | walls model) model)
1 |-34.137 372.860 | 47.860 0 -40.613 [ -32317
5 | 36495 | 370.589"° | 45589 1 40554 | 36927
B | 34280 [372.127 | 47127 1 20595 | -36.961
4 |-34.681 |373.776 | 48.776 1 -40.637 | -36.997
5 | 34161 |374.167 | 49.167 1 -40.646 | -37.005
6 |-34.679 |[376.008 |51.008 1 240693 | -37.045
7 | 45322 | 378999 |53.99% 3 40768 | -46.832
3§ |-45.710 |380.763 | 55.763 3 40812 | -46.870
9 |-38229 |384.819 |59.819 2 40912 | -42.079
10 |-39.113 |386.995 |61.995 2 240966 | -42.124
Building B+ sixth floor
e SRAB
point | measured distance | reduced m pr (cIiTlU E
power distan@&_@/% 16,032
I [-49277 386.904 | 61.904 e
2 |-49.698  [388.193 | 63.193 B S
3 |-42579 391.069 | 66.069 (sl st g
3 39045 | 45999
4 1-49.906 383.820 | 58.820 B = = syrn
5 3 39000 vieme
5 | -47.685 382.151 | 57.151 B = e
6 [-45.663  [379.272 | 54272 Bl e Heed
;\-50.109 381.302 | 56.302 ,33,/—/—_—35@2?’ 45,968 |
| 47.664 383.774 | 58.774 s | 001 741,126
1 -41.894 385.475 _6317_5,/7/_&919,,_‘},@29//
E&% 386.764 | 61.764 o
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Building B first floor
it meaSUred distance reduced HUmbem
P power distance walls pr(I\TU] pr(SRAB
(d0) model) | model)

1 29.161 360.498 | 23.498 0
2 -29.654 362.206 | 25.206 0 -111.613 -32.771
e 373377 | 36377 ] :41-359 -32.809
e ORI T I 2 AT
: ~47.087 352.356 15.356 2 _41-39% 37655
S gas 3588 1688 |2 S EE
7 44573 369397 | 32397 3 e 42126
| —grat7__|371065 34065 |3 e
—[SL0M0 363275 126275 4 T e
0| -55:499 365.176 | 28.176 4 |-41:738 :52'16§
Building B second floor
point measured | distance re.duced number of | pr ITU | pr(SRAB

power ?é%t)ance walls model) | model)
1 -46.996 375.035 38.035 4 39.469 |-52.373
2 48462 | 376.638 | 39.638 3 39.508 | -47.503
3 29289 | 357.239 | 20.239 0 239.018
4 30566 | 356.070 | 19.070 0
5 3134 | 361.556 | 24.556 1
6 [-39.952 |359.178 22.178 1
|7 38980 | 354.041 | 17.041 2
8 38476 | 359.569 | 22.569 2
9 28601 | 364999 | 27.999 3
0 [47300 | 368.310 31310 EgsEL D
Building B third floor
point | measured | distance

power distance

(d0)

1 135069 [356.479
2 35057 | 351.160
3 41456 | 368.432
‘; 42917 | 371.061
- 38087 . | 32196

38018 | 370.852
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360.800 |

360.060

5059595

362.726

Building B fourth floor

m me;zt:red distance E?S&zeccl r‘:vt;rlr;ber of | pr ITU [ pr(SRAB

0 S

p (d0) model) | model)
e BT 849932~ [F125732 0 37415 | 3127
o | -31.132 352.928 15.928 0 -37.497 | -31.349
3 |-37.090 366.471 29.471 1 -37.837 |-36.309
7 | -35.830 364.491 27.491 1 -37.788 | -36.266
5 |-39.410 357270 .| 20271 2 -37.608 | -40.953
5 | 40592 354414 [17414 2 -37.535 | -40.889
7 | -43.674 370.991 33.991 3 -37.948 | -46.131
g | -45.064 368.860 | 31.860 3 -37.896 | -46.085
9 -50.122 375.333 | 38.333 4 -38.053 | -51.129
10 -50.079 376.843 | 39.843 4 -38.089 | -51.161
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Y

puilding B fifth floor

_ measured | distance | re:duced mmm
poit power Eicli%tance walls model) | model)
L —134.997  [349.506 | 12.506 W e
TRl | G MOk 381655 [steal
277367 | 354383 | 17383 1 -38.678 [ -39282
> 132015 |353470 | 16470 s
e -42.670 356.862 | 19.862 2 -38.743 | -44.188
P i IS Gl 338.870 |-44306
67 (361007 (30707 T3 39019 [ 49321
56788 (36959 3259 13 -39.066 | -49.365
065 (372552 | 3555 4 -39.140 | -54.338
?/o"t‘iﬁos 376597 | 39.597 g -39.239 | -54.430
e

124




Appendix D

The following tables shows sample of measurements ang calculati
puildings (B, C and A) at 2.4GHz: ons for each floor in

g puilding ~ First Floor:

MW distance | reduced distance (d0) | # of internal walls ((ITU

i [ oo | SLIE2 46.182 : BT e eS|
| 49500 61.225 56.225 5 -75'12 -60.787

B [ cose0 | 3128 46.285 1 — -62.343

4/ /_zoigo__ 55.003 50.003 ] -74'389 -69.434

5/ _;7,3.'3_53— 56.952 51.952 2 _74-952 -;0.042

5 | 72500 | 53.970 48.970 2 -74:083 -72':60

— | 81245 | 49.003 44.003 3 = :80-1:

/T: 77474 | 46.615 41.615 3 -72.522 80.594

M .83.259 | 51.602 46.602 4 -73.357 84.317

fo .82.000 | 53.078 48.078 4 -73.813 _84.562

point | avg.power | distance reduced distance (d0) | # of internal walls pr(ITU model) | pr(SRAB model)
1 | -63.000 | 44.497 39.497 0 -73.103 -59.571

2 | -59.500 | 36.020 31.020 0 -69.567 -57.735

3 -66.000 | 40.108 35.108 1 -71.365 -67.299

4 -75.000 | 37.967 32.967 1 -70.447 -66.823

5 -72.467 | 35.645 30.645 2 -69.392 -73.090

6 | -68.500 | 33.873 28.873 2 -68.538 -72.647

7 | -81.143 | 35.682 30.682 s o -69.409 -78.966

8 | -80.000 | 32.884 27.884 e e -68.043 -78.478

9 | -86.000 | 54.542 49.542 /L/J&_—,.ﬂlgi——
0 | 81578 | 53.814 48.814 L’L/Lﬂi——wg’—

Second Floor:
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Third Floor:
W\@ distance | reduced distance (d0) | # of internal wall
| osee | 57703 50.703 — pr (ITU model) | pr(SRAB model)
k- /_17_,0’00__ 25.257 18.257 : -80.188 -62.828
;| 61259 30.663 73.663 - -65.808 -56.568
L 58259 | 34.629 e - -69.184 -65.749
— | 74959 43.849 36.849 > 22200 -64.174
e oore | ahact 37.266 > L B
— | -80.500 | 40.608 33.608 3 '32'574 il
—5 | 82500 | 45316 38.316 3 7522 e
;[ eso00 | 58045 51,045 2 = 222;:
™ -24,537 || 55952 48.952 4 -79.652 -86.020
Fourth Floor:
point | avg.power | distance reduced distance (d0) # of internal walls pr(ITU model) pr(SRAB model)
| -55.259 | 28.333 21.333 0 -64.763 -55.650
2 -64.565 | 44.211 37.211 0 720103 -59.515
3 -57.475 | 30.304 23.304 il -65.872 -64.864
4 | 59359 | 32.379 25.379 1 -66.965 -65.440
5 | -69.000 | 51.868 44.868 2 74.737 -76.348
6 | -75.000 | 41.953 34.953 EEe -71.238 74,505
L 7 | -82.000 | 52.943 45.943 (R Seee -75.076 -81.265
2\ 81578 | 53.814 26,814 ’/3___,,_,_23_42———_.,_%%;———
* JETRTIIE 51,183 _”_’L/__Jﬁﬁiif—_,i—/
| -84.000 | 55.458 48.458 L_’/i/—M
C building First Floor:
# of internal walls | pr(ITV model) pr(SRAB model

avg.power | distance | reduced distance (d0) 1268 61.045
-65.810 | 56.770 43.770 0 '
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: s 0 72403 e
i i oo ] 0 -72.686 -62.124
: ( 1 -73.371 70473
il -73.507 -70.584
2 -69.153 74.394
2 -69.963 75572
3 -72.601 -82.116
3 -73.009 -81.558
1 -77.092 -73.522
) -77.508 -80.678
A building  First Floor
Je.power | distance | reduced distance (dO) | # of internal wals | pr(ITUmodel) | priSRAB model)
-50.6762 | 43.919 16.919 0 7419435195 | -62.38464278
-66.118 | 46.8924 19.8924 il -75.31302455 _733_3_7@%
50.8274 | 49.8258 22.8258 1 W—%
-65.1923 | 47.4434 20.4434 __’_1’,,,_.'75"51-2—5—1—162— J%ggg;ﬁr
-69.6364 | 48.6754 21.6754 _,.__E—/M W
-77.6667 45 658 18.658 2 ——7485’—7@37’"7’"7
' : ' e [ 761211320820 -85.8185830
743421 | 49.4306 22.4306 _,,,_?_-——— 8276902379 ~85.11220564
-72.8593 | 72.5643 45.5643 __,_,_4—/- __'7_@5—0133112’ -90.8205892
| -77.6053 | 51.3109 24.31(;2 "’_7/1-,7%;193191‘4’ -91.36338778
| _-79.25 | 55.2153 28.2 il B e
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<

ﬂeo/j/wf 56.435 43.435 E%
L 152028 | 52109 39.109 ; i N et
3/%0/‘ 51.357 38.357 1\ -69.960 W
s 717 44.444 31.444 - -69.738 i
T 65816 40.762 27.762 5 -67.531 e
6/ 32.890 | 43.960 30.960 . -66.210 -73.536
7/ g5.143 | 68.108 55.108 5 '32.363 77.973
2/ 51000 | 64.922 bl.012 2 :73'(1’35; -2733.549
6.927 : : s
ﬁﬂl’o‘é’& == - -73.781 71772

second Floor

(ﬂm@ distance | reduced distance (d0) | # of internalwalls | pr(ITU model) | pr(SRAB model
60135 | 49.062 36.062 s el
g 0 -72.403 -61.948
2/ -59.584 49.931 36.931 0 -72.686 62.124
/ 3 % 2
3/ 69.500 | 52.098 39.098 1 -73.371 -70.473
4/ ’_70/1(&_ 52.557 39.537 1 -73.507 -70.584
5/’—_13—@-__ 40.111 27.111 2 -69.153 74394
— | 67.000 | 42.176 29.176 2 -69.963 -75.572
— | 74137 | 49.669 36.669 3 -72.601 -82.116
3 | -84.000 | 50.941 37.941 3 -73.009 -81.558
—y | -73.160 | 65.616 52.616 1 -77.092 73.522
1 | -80230 67.328 54.328 2 -77.508 -80.678

A building First Floor

wint | avg.power | distance | reduced distance (d0) | # of internal wals | pr(ITU model) | pr(SRAB model)
t | -506762 | 43.919 16.919 0 7419435195 | -62.38464278
? | -66.118 | 46.8924 19.8924 1 7531302455 | -73.37690737
3 | -69.8274 | 49.8258 22.8258 1 7634919466 -73.574:2;?5
4| 651923 | 47.4434 20.4434 1 75.51251162 -7;.22335416
5 | -69.6364 | 48.6754 21.6754 P ek w,._/”g-m%%s
6| -77.6667 | 45.658 18.658 ’}MW
T 743421 | 49.4306 22.4306 ’/L,,wm—
| Tag03 | 72.5643 45.5643 R LD 82782331212 =
| -77.6053 | 513109 24.3109 e -76. e
| 7995 (| 55215] 28.2153 e S
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Appendix E

overall scae T for each building at 900MHz

A Building

_15 b e T T, T SO [ i e TS o
135 14.5 15.5 16.5 17.5 18.5 15 5
-20 |
3 y =-3.0988 + 14.63
[5)
...... oo OO

5 -
= °Q fo‘&*@* ®* e
€ (6] &2 .~
S .35 “‘. S B
AR SRR SRR i o (] ®
= . . RLTYS
< % VyPem ®

.40 > &%

.. (53]
-45 . > :
o)
()
50 :
i
-55 10*log(d)

©® measured power
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B Building

8!5 9.5 10.5 11.5 12.5 135 T A e o O
-19 G S
-24 o ¥ =-2.2982x - 6,8035
-29
E-34
&=
a.-39
-44
-49
-54
-59
10*log(d)
@ measured power
B+ Building
-10 T k| T 1] ] 1
16.2 16.7 172 177 182 18.7 19.2
-20 y =-2.2598x - 0.8806
)
. e (5]
et T Sl
£ o e0®q 0. % H@ 8
ol aes o=,.5. 2. 00N : )
T 40 © .‘ a0
a <@ O.‘ .‘{ ®
o @ o, © 2% y JLIN
-50 g (e} $ ‘
® o
)
)
-60 >
-70 10*log(d)
©® measured power
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e s aCBUding
ey 17.2 N

16.2 182 5
15 i 18.7 i
20 ‘ Y =-2.6168x + 11.868
i ) u )
95 i & '.. @ o .w: .. .~
~ i (6] e © ® ‘
5_30 | . ............. .Q'f‘" PO 0 o P
%35 .“ ’:.... ..... :. .............. ) ."r ‘.
[ : (6] -~ 3 ‘O..-ﬂ..’_,.
40
(¢} o ::0‘0
45 ’ ". ¢} .s
-50 ® °
o 10*l0g(d)
@ measured power
overall scae rfor each building at 2.4GHz
A Building
.40 - SSEs > . ' ‘ ‘ 1
9,5 10.5 14,5 12.5 13.5 14.5 15.5 16.5 17.5
-50
o) y = -3.8358x - 26.329
= (0] o
£ e el °8 o Beles
% -70 --.-.‘ ..... ? .. e o @ @0 O¢
: ..o'ﬁ @
-80 ‘}, & oofne o o
i - Q e®eo a..%
-90
-10
; 10*log(d)

@ measured power
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Pr (dBm)

Pr (dBm)

B Building

T

15

10*log(d)

@ measured power

C Building

13

14 15 16 17 18

y = -3.6058x - 14.645

ey
........
veq

10*log(d)

@ measured power
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: Pr (‘d‘Bm\‘ |

220 J
-30
-40
-50
-60
-70

-80

AL-Ahli Building

3 10

10*log(d)

@ measured power

188

12 14

y = -4.6408x - 22.825
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