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Abstract 

Radio frequency signal dispersion for indoor wireless areas is highly distributed than the outdoor 

one. This makes the reflection, diffraction, and scattering of the RF signal is more complex and 

difficult to predict. So in WLAN and cellular phone networks a small change in the receiver 

position relative to the transmitter may result in wide variation in the signal strength. Indoor 

coverage is also supported by GSM and may be achieved by using an indoor picocell base 

station, or an indoor repeater with distributed indoor antennas fed through power splitters, to 

deliver the radio signals from an antenna outdoors to the separate indoor distributed antenna 

system. These are typically deployed when a lot of call capacity is needed indoors; for example, 

in shopping centers or airports. However, this is not a prerequisite, since indoor coverage is also 

provided by in-building penetration of the radio signals from any nearby cell. The main problem 

that exists for indoor environments is that the signal propagated from the transmitter antenna will 

experience many different signal transformations and paths with a small portion reaching the 

receiver antenna[l]page I.So one of our main attentions of this project is to assist the user to 

understand the radio performance limitations. Not only the radiated power and the 

Transmitter/Receiver separation (transmission rate) but there is also the effect of the surrounding 

physical environment such as room dimension, obstructions, materials, etc. 

Put in mind that indoor propagation is not limited to WLAN or any other local wireless 

network; the indoor coverage is one of the biggest challenges for all cellular network operators. 

From this hint our measurement will be at 900 MHZ used injawwal operator and on 2.4 GHZ 

used in WLAN networks for the college of engineering and technology building (building B). 

The measurement will be compared to the propagation model used for indoor environment. A 

simulation to the indoor radio propagation behavior will be also done by the end of this project. 

Those steps will be done using GSM frequency (900MHZ). the wireless lane for building Bis 

also our goal; a study of the access points of the WLAN will be done and using the netstumbler 

program we will predict the suitable arrangement for the indoor wireless access points such that 

WLAN could coverage most of the building areas. 
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Chapter One 

1 Indoor Propagation Models for 

900MHz and 2.4 GHz frequencies 

1.1 History of Indoor Radio Propagation. 

1.2 Definition of Indoor Radio Propagation. 

1.3 Indoor Radio Wave Vision. 

1.4 Current Indoor Radio Models. 

1.5 Difference between the Indoor and Outdoor Propagation. 

1.6 Previous study of Indoor Radio Propagation. 
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Chapter One 

Overview of Indoor Propagation 

1.1 History of indoor radio propagation 

The initial understanding of radio wave propagation goes back to the pioneering work of James 

Clerk Maxwell, who in 1864 formulated the theory of electromagnetic propagation which 

predicted the existence of radio waves. In 1887, the physical existence of these waves was 

demonstrated by Heinrich Hertz. However, Hertz saw no practical use for radio waves, reasoning 

that since audio frequencies were low, where propagation was poor, and radio waves could never 
carry voice. The work of Maxwell and Hertz initiated the field of radio communications: in 1894 

Oliver Lodge used these principles to build the first wireless communication system, however its 

transmission distance was limited to 150 meters. By 1897 the entrepreneur Guglielmo Marconi 

had managed to send a radio signal from the Isle of Wight to a tugboat 1 8 miles away, and in 

1901 Marconi's wireless system could traverse the Atlantic Ocean. These early systems used 

telegraph signals for communicating information. The first transmission of voice and music was 

done by Reginald Fessenden in 1906 using a form of amplitude modulation, which got around 

the propagation limitations at low frequencies observed by Hertz by translating signals to a 

higher frequency, as is done in all wireless systems today. [1] 

So by any measure, wireless communication is the fastest growing segment in the 

communication industry. Example of the wireless communication is the global system for mobile 

communication (GSM). GSM faced many changes and growing over the last century. One of the 

biggest challenges for the wireless communication mainly for the GSM and WLAN networks is 
the indoor radio propagation. 

2 
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1.2 Definition of Indoor Radio Propagation 

This title consists of two main titles: the indoor environment and the radio propagation. We 

mean by indoor environment the internal building environment (propagation of electromagnetic 

wave inside the building), this environment depends on the building structure. The structure is 

the walls, ceilings, comers, and corridors. The penetration loss in walls is different depending on 

the wall material and width; the built material of the walls is also different, it could be for 

example from brick or concrete. The width of the walls usually varies depending on its material 

for example if its material built from brick the width could be 12 cm if the used brick is 10 cm 

width or 22 cm if the brick width is 20 cm and so on for other types of materials, and so on for 

the ceilings, corridors etc ... The building structure will be discussed widely in the next chapters. 

The second title is the radio propagation, it refers to the wireless signal that propagates from 

the transmitter to the receiver this propagating signal could be a LOS (line of site) or NLOS (non 

line of site). Indoor propagation at NLOS condition faces several obstacles causing it to be 

reflected, diffracted and scattered. The result is that depending on the size of the obstacles and its 

type (the penetration loss) the signal will be attenuated or phase shifted or even it could be at 

some locations disappeared. In LOS condition the signal parameters will be slightly changed 
comparing it to the NLOS condition. 

1.3 Indoor Radio Wave Vision 

Investigators have tried to compute and to determine a radio coverage that will predict a 

suitable antenna spanning for each building characteristics and wireless system requirements. 

There are many models, developed in recent decades, which describe the propagation of signals 

in space. The ability to predict the behavior of signals in indoor environments is crucial. The full 

understanding of these models and their unification to a more applicable one will allow a better 

behavioral prediction and better capabilities in the design of indoor communication networks. 

3 
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The indoor radio propagation environment is specified by many features and characteristics and 

is very complex. Adding all these variables together forms a great problem. Due to this fact, 

dealing with these characteristics and with different propagation models, used to calculate them, 
has to be done efficiently and accurately. Indoor environment is different from one building to 

another depending on the building structure. So to give an accurate answer to the indoor 

propagation using the same model is difficult. Calculating the path loss for indoor environment is 

also difficult because of the variety of the indoor environments distribution (for example the 

rooms, walls and furniture are not uniformly distributed inside the buildings). Finally, those who 

are involved in the wireless discipline whether as a designer or a user must be aware of the 

interiors and exteriors construction materials, and of the obstructions locations of a building to 
best position wireless equipment [2]. 

1.4 Current Indoor Radio Models 

Many models have been discussed for the indoor propagation. The reason is that we couldn't 

find a general model that predicts the signal strength for any type of buildings because as we 

mentioned in the indoor propagation vision the building structure is not a unique one, buildings 

are different since there use is different, for example the school building structure is different 

compared to small home. Those models are divided into two types: empirical and deterministic 
models [3]. 

In this section the models discussed briefly but they will be widely mentioned in the indoor 
propagation chapter 3. 

1.5 Difference between the Indoor and Outdoor Propagation 

The indoor wireless channel differs from the outdoor channel in two main aspects. The 

environment in the former much variable relative to the path length, and the coverage size is 

smaller. The distance between transmitter and receiver is shorter due to high attenuation caused 

4 
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by the internal walls and furniture and often also because of the lower transmitter power. The 

short distance implies shorter delay of echoes and consequently a lower delay spread. The 

temporal variations of the channel are slower compared to the conditions where the mobile 

antenna is mounted on a car. As is the case in outdoor systems, there are several important 

propagation parameters to be predicted. The path loss and the statistical characteristics of the 

received signal envelope are most important for coverage planning applications. The wide-band 

and time variation characteristics are essential for evaluation of the system performance by using 
either hardware or software simulation [3]. 

1.6 Previous study of Indoor Radio Propagation [4] 

Several studies were produced for the indoor radio propagation and many models were used for 

simulation and calculation path loss, spread delay and arrival angel. 

For example a study was done in Prague University. It was done in 2000. Special mobile 

measurement tool was used. The measurement was at 900 MHz (GSM frequency). The system 

consists of special measurement transmitter and special measurement receiver. The parameters 

are mentioned in table [l. l]. The receiver antenna was turned fat 45 grades from vertical 

direction to receive both vertical and horizontal polarization. 

Frequency band 870- 999 MHz, 1 MHZ step 
Frequency stabilization Phase locked loop(PLL) 
Transmitter output power 30 dBm +/- 0.5 dB, ALC loop 
Modulation 1 KHz AM square wave 
Measurement bandwidth o.3 MHz 
Rec. input signal range -30 to -90 dBm 
AID converter 12 bit, parallel output 
Receiver resolution Min. 0.1 dB 

Table [1.1]: Transmitter and receiver parameters 

5 
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Locations: 

The first building (building I) was a modem nine-story building made with concrete skeleton 

and large windows. The partitions are made from concrete and brick, measured corridors are 3 m 
wide. And central heating is integrated into floors. 

The second four-story building (building II) is the older one, made with high ceilings and wide 
corridors. 

There are offices, laboratories and lecture rooms in both buildings. Situations: Empty interior 
and Filled corridor with people were studied. 

The used model was the multi-floor model. And the transmitter located inside the building. As 
shown at figure [1.1] below. 

Two models of multi-floor were used the first one equation is: 

LKd)= L, +10n log .d + kF (1) 

Where: 

L(d) is the path loss of the electromagnetic wave at a distanced from the transmitter. 

Lo: the attenuation in reference distance 

n: path loss exponent 

K: number of floors between the transmitter and the receiver 

Fl: single-floor propagation attenuation 

6 
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a]j g =5EH== 
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Fig. [1.1] Building I structure with measurement paths of the receiver antenna in each floor 

The second model is: 

La)= L, +10nlogd +F, (2) 

F : represents the propagation attenuation through K floors between transmitter and receiver 

antennas. So it differs from Fl since Fl is for only one floor separation but Fk for multifloor 
separation 

The first model parameters and the standard deviations are on table [1.2]: 

Location n F, standard deviation 
Building I 1.8 7.4 5.2 
Building II 0.9 11.7 4.3 

Table [1.2) The first model parameters and the standard deviations. 

7 



[INDOOR PROPAGATION MODELS FOR 900MHZ AND 2.4 GHZ 
FREQUENCIES} 

The second model parameters are also mentioned at table [1.3]: 

I r r, F, F rF F, standard deviation Location , n 
I 

14.6 30.9 35.6 41.2 5.0 Building I I 1.8 4.5 23.5 J 
Building 11 i 0.9 12.3 25.8 33.2 4.1 

Table [1.3]: Model two parameters and standard deviations. 

These parameters are obtained by applying the resultant measurements using the 

measurement tools to the first and second models equations. 

The measurement is compared to the used models, this was done at this work as shown at figure . 
[1.2] bellow: 

8 
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Fig. [1.2]: Comparison between the measurement and the model I and model II 

From figure [1.2] as readers we could notice the variability of the signal strength of the measurement with 

respect to the distance. This graph gives us good indication about the difficulty of having a model that 

approximately closed to the indoor measurements with its values. 

In this study we see that the second model has a less standard deviation and it is more accurate than the 

first model, this difference is due to third component of each model equation because the first model 

consider the same attenuation value for all the floors and the total attenuation equals the attenuation of 

9 
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single floor multiplied by the number of floors ,while the second model takes the total attenuation for all 
the floors. 

10 
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Chapter Two 

Indoor Propagation Factors 

2.1 Introduction 

The outdoor propagated electromagnetic signal is considered as LOS (line of site) if it does 

not face any obstacle during its transmission to the proper receiver. In the absence of a LOS path, 

diffraction, refraction, scattering, and/or multipath reflections are the dominant propagation 

modes. These modes produce a NLOS path (non-line of site). The LOS signal will have only one 

path to propagate, so it will not be affected to multipath problems. The total path loss due to the 

distance between the transmitter and the receiver is the most affecting factor here. Comparing it 

to the NLOS the situation is so different; the propagated signal here faces extra propagation 

factors that cause increased path loss. The multipath, fading, reflection, refraction, scattering and 

diffraction modes attenuates, phase shifts and polarizes electromagnetic signal. In indoor 

environment the situation is even worse. The signal propagating inside the building is a NLOS. 

Ceilings, furniture, people and walls etc. are common obstacles affecting the path of the signal. 

2.2 Path Loss and Shadowing 

Path loss is a variation in the received signal power over distance. Path loss is caused by 

dissipation of the power radiated by the transmitter as well as effects of the propagation channel. 

Shadowing is caused by obstacles between the transmitter and receiver that attenuate signal 

power through absorption, refraction, reflection, scattering and diffraction. Figure (2.1) [5] 

shows path loss, shadowing and multipath affect over distance. When the attenuation is very 
strong, the signal is blocked. 

12 
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K (dB) 

P r 
(dB) 
R t 

0 

a, Path Lass Alone 
mnna Shadowing and Path Loss 
------%.. Multipath, Shadowing, and Path Loss 

log (d) 

Fig. [2.1]: Path loss, Shadowing and Multipath over distance 

2.3 Propagation Mechanisms 

Any NLOS propagated signal faces obstacles during its journey. The propagated signal 

faces four mechanisms [6], reflection, diffraction refraction and scattering. The received signal at 

the mobile station will be attenuated (its amplitude is reduced) and delayed in time (phase 

shifted). The three propagation mechanisms are mentioned bellow: 

Reflection occurs when a propagating electromagnetic wave impinges upon an object 

which has very large dimensions when compared to the wavelength of the propagating wave 

Reflections occur from the surface of floors, ceilings, walls and furniture. 

Diffraction occurs when the radio path between the transmitter and receiver is obstructed 

by a surface that has sharp irregularities (edges). The secondary waves resulting from the 

obstructing surface are present throughout the space and even behind the obstacle, giving rise to 

a bending of waves around the obstacle, even when a line-of-sight path does not exist between 

transmitter and receiver. At high frequencies, diffraction, like reflection, depends on the 

geometry of the object, as well as the amplitude, phase, and polarization of the incident wave at 
the point of diffraction. 

13 
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Scattering occurs when the medium through which the wave travels consists of objects 

with small dimensions compared to the wavelength, and where the number of obstacles per unit 

volume is large. Scattered waves are produced by rough surfaces, small objects, or by other 

irregularities in the channel. In practice, comers and furniture causes scattering of the propagated 
signal. 

Refraction occurs when the direction of an electromagnetic wave changes as it moves 

from an area of one refractive index to another. The angle of incidence and the angle of 
refraction are linked by Snell's Law that states: 

n1 sin (O1)=nz sin (Oz)= n1 sin (O3) (1) 

Where: 

O1: angle between the ray and the vertical line in the first medium 

O: angle between the ray and the vertical line in the second medium 

Figure (2.2) shows an electromagnetic wave refracted when hits a wall, due to refraction 
the signal will lose some of its energy. 

AA 
Figure [2.2]: Snell's law 
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This causes the direction of the signal to bend rather than undergo an immediate change in 
direction inside the wall. 

2.4 Multipath and fading 

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

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

and Doppler frequency associated with it. The phenomenon of reflection, diffraction and 

scattering all give rise to additional radio propagation paths beyond the direct optical "line of 

sight" path between the radio transmitter and receiver. These paths add up constructively or 
destructively, resulting in a phenomenon called fading. 

Signal fading refers to the rapid change in received signal strength over a small travel 

distance or time interval. This occurs because in a multipath propagation environment, the signal 

received by the mobile at any point in space may consist of a large number of plane waves 

having randomly distributed amplitudes, phases, delays and angles of arrival. These In other 
words, when multiple signal propagation paths exist, caused by whatever phenomenon, the 
actual received signal level is vector sum of all the 

signals incident from any direction or angle of arrival. Some signals will aid the direct path, 

while other signals will subtract ( or tend to vector cancel) from the direct signal path. The total 

composite phenomenon is thus called multipath. If the objects in a radio channel are stationary, 

and channel variations are considered to be only due to the motion of the mobile, then signal 

fading is a purely spatial phenomenon. A receiver moving at high speed may traverse through 

several fades in a short period of time. If the mobile moves at low speed, or is stationary, then the 

receiver may experience a deep fade for an extended period of time. Reliable communication can 

then be very difficult because of the very low signal-to-noise ratio (SNR) at points of deep fades. 

Fading is divided into two types the small scale fading and large scale fading. 

The indoor radio propagation at some areas may be very bad causing phenomena called 

"Dead Spots" [7] where the signal is virtually non-existent. The dead spot region may increase 

depending on the inside building structure which increase the number of available multipath that 
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caused by the three propagation mechanisms (reflection, scattering and diffraction). The dead 
spot is three dimensional spot and a small movement of the mobile station may change the signal 
strength from no signal to full signal. 

2.4.1 Mitigating the Multipath Problem 

The multipath problem can be solved through several strategies [6]: 

I . Radio system design. 

2. Antenna system design. 

3. Signal / waveform design. 

4. Building / environment design. 

Many wireless systems demand "robust" and error free radio communications, since the overall 

system fails if the radio system fails. The major features that each subsystem design will have are 
outlined below: 

1. Radio system design redundant paths for each receiver, if at all possible 

2. Antenna system design dual diversity antennas used at each receiver, as a minimum 

3. Signal / waveform design Spread Spectrum radio design with the highest feasible 
chip rate 

4. Building/ environment design it is very difficult to design an "RF friendly'' building 
that is free from multipath reflections, diffraction around sharp comers or scattering from 

wall, ceiling, or floor surfaces (let alone operate perfectly in a randomly chosen building 

location). The closest one could probably get to an "RF friendly" building would be an all 

wooden or all fiber glass structure, but even this must have a structurally solid floor of 

some kind and this more ideal RF building will still have reflections, multipath and other 

16 



B'[=;1...,.·=· ....... .',_,_·•'~=u:.....:.;c;__[I_N_D_o_o_R_P_R_O_PA_G_A_T_IO_N_FA_CT_O_R_S_J _ 

radio propagation disturbances which will prove to be less than ideal. Not much can be 

done in this area, unless new "RF Friendly" buildings are constructed. 

2.4.2 Small-Scale Fading 

An important parameter that describes the multipath fading is the channel coherence 

bandwidth [8], which is inversely proportional to the delay spread. The coherence bandwidth of 

the channel is the range of frequencies over which the channel is relatively flat. If the coherence 

bandwidth of the channel is smaller than the signal bandwidth ( or the delay spread is greater than 

the symbol duration), then the signal is said to undergo frequency selective fading, giving rise to 

inter-symbol interference (ISI). However, if the coherence bandwidth is greater than the signal 

bandwidth, then the signal is said to undergo flat (or frequency non-selective) fading. Flat fading 
typically has a Rayleigh distribution. 

If the channel coherence time is less than the symbol duration of the signal ( or the Doppler 

shift is greater than the signal bandwidth), then the signal is said to undergo fast fading. 

However, if the coherence time is greater than the symbol duration, then the signal is said to 
undergo slow fading 

As shown in Figure (2.3) the small scale fading is divided into two types based on 

multipath time delay spread, flat fading, and frequency selective fading. 

In flat fading the bandwidth of the signal should be less than the bandwidth of channel and 
the delay spread is also less than the symbol period. 

In frequency selective fading the bandwidth of signal should be greater than the bandwidth 

of channel, and delay spread also should be greater than symbol period. 

17 
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Small-scale Fading 
(Based on Multipath Time .Delay 

Spread) 

Flat Fading Frequency Selective Fading 

BW Signal < BW of Channel 
Delay Spread < Symbol Period 

BW Signal > Bw of Channel 
Delay Spread > Symbol Period 

Figure [2.3] Types of small scale fading (based on multipath time delay spread) 

In Figure (2.4) small scale fading is divided into two types based on Doppler spread, fast 
fading and slow fading. 

Small-scale Fading 
(Based on Doppler Spread) 

Fast Fading 

"High Doppler Spread 
Coherence Time < Symbol Period 
•channel variations faster than baseband 
signal variations 

Slow Fading 

Low Doppler Spread 
•coherence Time > Symbol Period 
Channel variations smaller than baseband 
signal variations 

Figure [2.4] Type of small scale fading (based on Doppler spread) 

18 



I#I] [INDOOR PROPAGATION FACTORS] 
' . 

2.4.2.1 Fast Fading 

Depending on how rapid the transmitted baseband signal changes compared to the rate of 

change of the channel, the channel is classified either as fast fading or slow fading channel. 

In a fast fading channel [8], the channel impulse response changes rapidly within the 
symbol duration. That is, the coherence time of the channel is smaller than the symbol period of 

the transmitted signal. This causes frequency dispersion (also called time selective fading) due to 

Doppler spreading, which leads to signal distortion. Signal distortion due to fast fading increases 

with the increasing Doppler spread relative to the bandwidth of the transmitted signal. Therefore, 
the signal undergoes fast fading if 

Ts> Te 

Where: 

Ts: symbol period of the transmitted signal. 

Tc: coherence time. 

And: 

Bs <Ba 

Where: 

Bs: bandwidth of the transmitted signal. 

Ba: Doppler spread bandwidth. 
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It should be noted that when a channel is specified as fast or slow fading channel, it does 

not specify whether the channel is flat fading or frequency selective in nature. Fast fading only 

deals with the rate of change of the channel due to motion. In the case of the flat fading channel, 
we can approximate the impulse response to be simply a delta function (no time delay). A flat 

fading, fast fading channel is a channel in which the amplitude of the delta function varies faster 

than the rate of change of the transmitted baseband signal. In the case of a frequency selective, 

fast fading channel, the amplitudes, phases, and time delays of any one of the multipath 

components vary faster than the rate of change of the transmitted signal. In practice, fast fading 
only occurs for very low data rates. 

2.4.2.2 Slow Fading 

In a slow fading channel [8], the channel impulse response changes at a rate much slower 

than the transmitted baseband signal s(t). In this case, the channel may be assumed to be static 

over one or several reciprocal bandwidth intervals. In the frequency domain, this implies that the 

Doppler spread of the channel is much less than the bandwidth of the baseband signals. 
Therefore, the signal undergoes slow fading if: 

Ts <<Te 

Where: 

Ts: symbol period of the transmitted signal. 

Tc: coherence time. 

And: 

Bs >> Ba 

Where: 
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Bs: bandwidth of the transmitted signal. 

Bd: Doppler spread bandwidth. 

It should be clear that the velocity of the mobile ( or velocity of objects in the channel) and 

the baseband signaling determines whether a signal undergoes fast fading or slow fading. 

2.4.3 Large-Scale Fading 

Large-scale fading [9] represents the average power attenuation or the path loss due to 

motion over large areas. This phenomenon is affected by prominent terrain contours ( e.g. hills, 

forests, billboards, clumps of buildings, etc) between the transmitter and receiver, so we can 
neglect it here in the case of indoor propagation. 

2.5 Doppler spread and Doppler shifts 

Relative motion between the transmitter and receiver imparts a Doppler shift on the 

signal, where the entire signal spectrum is shifted in frequency. When multipath is combined 

with relative motion, the electromagnetic wave may experience both positive and negative 

Doppler shifts, smearing and spreading the signal in frequency. This effect is called Doppler 
spread. 

When a signal of frequency fc is transmitted, the received signal spectrum, called the Doppler 

spectrum, will have components fc- fd to fc + fd, where fd is the Doppler shift. 

Doppler spread takes into account the relative motion between mobile and base station, or by 

movements of objects in the channel. It describes the time varying nature of the channel in a 
small scale region [8]. 

2.6 Wave Polarization 
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Polarization is defined as the orientation of the plane that contains the electric Field 

component of the radiated waveform. A vertical antenna generates and receives vertical 

polarization; a horizontal antenna also generates and receives horizontal polarization Figure 

(2.5). In our measurements the TEMS handset should be adjusted to 45 degree upon the horizon 
to receive either the vertical or the horizontal polarization [1 OJ. 

Figure [2.5]: Vertical and horizontal polarization 

\ 
[ S 

The plane of polarization of a radio wave is the plane in which the E-field propagates 
with respect to the Earth. 

• If the E-field component of the radiated wave travels in a plane perpendicular to the 

Earth's surface (vertical), the radiation is said to be vertically polarized. 

• If the E-field propagates in a plane parallel to the Earth's surface (horizontal), the 
radiation is said to be horizontally polarized. 

• Circular polarization produces an electric field that rotates as it travels. Circular 

polarization falls into two categories, depending on the direction of rotation, right-hand 

circular' and 'left-hand circular'. The polarization of a radio wave can rotate as it 
propagates. 

• One advantage of Circular polarization is that rotation does not affect it: it remains 

circular. For this reason, circular polarization is commonly used in links to geostationary 
satellites at frequencies below 10 GHz. 
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Chapter Three 

Indoor Propagation Models for 900MHz and 2.4 GHz frequencies 

3.1 General 

Predicting the propagation characteristics between inside a building is important especially for 

the design of cordless telephones and WLANs (Wireless local area networks).The design of 

cellular systems with indoor base stations involves the use of an indoor propagation model. 

There are several important propagation parameters to be predicted. The path loss and the 

statistical characteristics of the received signal envelope are vital for coverage planning 

applications. The wide-band and time variation characteristics are essential for evaluation of the 

system performance by using either hardware or software simulation. 

The considered propagation models are divided into four groups: empirical narrow-band models, 

empirical wide-band models, models for time variations and deterministic models. Empirical 

narrow-band models are expressed in a form of simple mathematical equations which give the 

path loss as the output. The equations are obtained by fitting the model to measurement results. 

Empirical wide-band models are expressed in a form of a table listing average delay spread 

values and typical power delay profile (PDP) shapes. Models for time variations are used for 

example to estimate the Doppler spectrum of the received signal. Deterministic models are 

calculation methods which physically simulate the propagation of radio waves. These models 

yield both narrow-band and wide-band information of the channel [11]. 
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3.2 Empirical Narrow-Band Models: 

Empirical indoor models [ 11 ].fall under several types. The one slope model (1SM) assumes a 
linear dependence between the path loss (dB) and the logarithmic distance 

L =Lo+ 10n. Log (d) (1) 

Where: 

Lo = the path loss at 1 meter distance, 

n = power decay index, 

d = distance between transmitter and receiver in meters. 

This model is easy to use, because only the distance between transmitter and Receiver appears as 

an input parameter. However, the dependence of these Parameters on environment category has 

to be taken into account. 

The multi-wall model gives the path loss as the free space loss added with losses introduced by 

the walls and floors penetrated by the direct path between the transmitter and the receiver. It has 

been observed [11].that the total floor loss is a non-linear function of the number of penetrated 

floors. This characteristic is taken into account by introducing an empirical factor b. The multi­ 

wall model (MWM) can then be expressed in the form: 

Where 
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LFS: free space loss between transmitter and receiver, 

Le : constant loss, derived from measurement values. 

Kwi: number of penetrated walls of type I, 

kf= number of penetrated floors, 

Lwi= loss of wall type i, 

Lf= loss between adjacent floors, 

b = empirical parameter, 

I = number of wall types. 

The constant loss in equation (2) is a term which results when wall losses are determined from 

measurement results by using the multiple linear regressions. Normally it is close to zero. The 

third term expresses the total wall loss as a sum of the walls between transmitter and receiver. 

For practical reasons the number of different wall types must be kept low. Otherwise, the 

difference between the wall types is small and their significance in the model becomes unclear. 

It is important to notice that the loss factors in equation (2) are not physical wall losses but model 

coefficients which are optimized along with the measured path loss data. Consequently, the loss 

factors implicitly include the effect of furniture as well as the effect of signal paths guided 

through corridors as seen in table (3 .1 ): 

Wall type Description 

Light wall (Ly;) ·· A wall that is not bearing load: e.g. plasterboard, particle board or thin 
I (<10cm), light concert wall. ±.--° 
A load-besrne wa or other ihick (>i0 cm) waif, made ore.e. concrete or 
brick. 

Table f3.l]. Wall types for the multi-wall model. 
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The third considered propagation model is the 1,, 1e mear attenuation model (LAM),[ 11]. which 
assumes that the excess path loss (dB) is linearl d 

. . Y ependent on the distance (m), where a ( dB/m) 
js the attenuation coefficient: 

L-=LFs + ad (3) 

In some studies wall loss terms are added to the linear d 1 hi h • mo e w c improves the performance to 
some extent since degrees of freedom is increased in the fioll · th LAM · d · h owing e is use in tlie 
simple form of equation (3). 

3.3 Empirical wide-band models 

Empirical wide-band model is considered as a means for evaluation of either the delay spread or 

the average power delay profile (PDP). Factors together with Doppler characteristics are 

typically required as an input to system simulations. 

Example: 

The overall results of wide-band measurements are listed in Table (3.2); the delay spread has 
lowest values in dense environment and larger values in open and large environments. The 
dependency of the delay spread on the dimensions of the environment can even be utilized in 
prediction as shown bellow. 

Table [3.2]: Delay spread and PDP shape in different environments.(VTT, TUW, ETH are university buildings) 

Environment Average rms delay spread 
[ns] 

Variability of rms delay 
spread[ns] 

Typical profile shape 

Power /exponential 
Exponential ·- s 

Power 
Exponential 

Exponential 
Exponential 

Average · . : . . • · · 67 .4 · · · ,. · · · 

1) 2) d rd deviation of delay spread local averages 
peak-to-peak delay spread r stan. .a 

3) k Of delay spread local averages , peak-to-pea 
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Although instantaneous values and local averages of the PDP may include a lot of environment 

dependent details, the overall average PDP has quite regular shape. As seen in Table (3.2), the 

PDP in dense environment has been observed to follow either power function (the decay is 

logarithmic in dB scale) or exponent function (the decay is linear in dB scale). In open 

environment the PDP follows best the power function, because of the strong effect of the direct 

path. Typical averaged power delay profiles in Line- of-sight, (LOS), Non-line-of-sight (NLOS), 

and Obstructed-line-of-sight (OLOS) conditions are shown in Figure (3.1) OLOS means a 

condition where the direct path is blocked only by an obstacle, e.g. apiece of furniture[ 11]. 

>·0LOS 
····-·-NF(OS 
gene! 

. . h el essentially result from the following three T. . d radio c ann 
1me variations of the m oor h the spatial fluctuations of the 

·vino antenna c anges, 
mechanisms: As the location of the recei O 

• espondina time variations. Time 
. . tor are translated mto corr o 

electric field along the receiver traject } hanaes due to its usually non- 
. . of the antenna Ci ·i>' ' . . . . h the onentat1on ~ . 

1 Variability also arises when ;% obiects such as persons or furniture also 
. : vements of scattering o ~ isotropic field pattern. Finally, mov - 
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contribute to make the channel system fun . . 
ctions time-variant. Ti, ...., 

hannel have been studied alm :t all . · ime-vanations of the mobile 
c os attention has focu d . . . se on the time variability resulting from 
receiver movements with constant velocity. H 

. . . owever, the consideration of such receiver 
displacements in the mdoor environment · . 

. . . 1s questionable since they are not realistic for 
describing human motion. Moreover, they force t . . . . 

. . 0 restnct the investigations of the spatial field 
dependency to one specific direction determined b th . . Y e recerver velocity vector. Finally, such 
movements do not allow taking the Doppler r t · 

> 'a e, 1.e., the change of Doppler frequency, into 
account. 

A stochastic model [l l].is proposed which reproduces a succession of realistic typical human 

movements performed in a random manner. The model derivation relies on deterministic models 
which have been empirically derived from free arm movements. 

3.5 Deterministic models 

Deterministic models [11].are used to simulate physically the propagation of radio waves. 

Therefore the effect of the environment on the propagation parameters can be taken into account 

more accurately than in empirical models. Another advantage is that deterministic models make 

it possible to predict several propagation parameters. For example, the path 199s, impulse 

response and angle-of-arrival can be predicted at the same time. Several deterministic techniques 

for propagation modeling can be identified. For indoor applications, especially, the Finite 

Difference Time Domain (FDTD) technique and the geometrical optics (GO) technique has been 

studied. In COST 231 the main effort is on the geometrical optics which is more computer 

efficient than the FDTD. There are two basic approaches in the geometrical optics technique. 

The ray launching approach and the image approach. 

3.5.1 Ray launching model (RLM) 

Th 1 hin h [ 11] lil. volves a number of rays launched at the transmit e ray aunc g approac • 
ante · . . • F h ray its intersection with a wall is determined and the nna in specified directions. ·or eac 
incide :. s:.:, % vall etrating ray and a reflected ray; each of them is traced to its ent ray is divided into a w% penetatily 
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next intersection and so on. A ray is terminated h . . . 
When its amplitude falls below a specified 

threshold, or a chosen maximum number of ray-wall• t . 
interactions are succeeded. 

3.5.2 Image approach method (IAM): 

The image approach [ ll].makes use of the images of the transmit antenna location 

relative to all the surfaces of the environment. The coordinates of all the images is calculated and 
I::, 

then rays are traced towards these images. 

3.5.3 Building information 

Deterministic models require detailed building information, i.e. location and material 

parameters of walls, floors and even furniture. Usually, accurate information of materials and 

internal structures of walls and floors is not available and somewhat approximate values have to 

be adopted [11]. 

3.5.4 Suggested Propagation Values 

Some of the suggested values for the Path loss exponent model [12], that we could 

use for the simulation are tabulated at table (3.3). 
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Building Freq (MHz) o dB Retail Stores n 
Grocery Stores 914 2.2 8.7 
Office, Hard Partitions 914 1.8 5.2 
Office, Soft Partitions 1500 3.0 7.0 

Office, Soft Partitions 
900 2.4 9.6 

Factory LOS 
1900 2.6 14.1 

Textile/Chemical 1300 2.0 3.0 Textile/Chemical 
Paper/cereals 4000 2.1 7.0 

1300 1.8 6.0 Metalworking 1300 1.6 5.8 
Suburban home 
Indoor to street 900 3.0 7.0 
Factory OBS 
Textile/chemical 4000 2.1 9.7 
Metalworking 1300 3,3 6.8 

Table [3.3]: Suggested Propagation Values 

It is noted that n falls between 1.8 and 3, with standard deviation 5 and 10 in the 900 MHz, 

depending on the in building environment structure. 

3.5.5. ITU Model for Indoor Attenuation (Used model in our study for 900MHz) 

There are two Indoor propagation modeling methods: site general [13] and site specific 

[14). Since its flexibility in dealing with internal content of the building such as furniture, space 

distribution and materials used in construction, site general is the adopted method on this project 

that is the ITU indoor path loss related to. Reasons for using ITU model can be summarized that 

it is simple and easy to deal with, , and its power decay index can be calculated. 

It should be noticed that ITU doesn't have terms that describes wall type and its 

penetration loss, but by finding the power decay index from the measurements that 

characteristics are found implicitly. 

The ITU Indoor Propagation Model, also known as ITU Model for Indoor Attenuation, is 

a radio propagation model that estimates the path loss inside a room or a closed area inside a 

building delimited by walls of any form. Suitable for appliances designed for indoor use, this 
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model approximates the total path loss an ind link . 
. oor may experience. And it is applicable to only 

the indoor environments. 

The ITU model for site-general indoor propagati: ath, , agat1on pat loss prediction [13] is. 

Lssr = 20log10 (f)+ Nlog10(@)+Lf (n) - 28dB (4) 
Where 

N: is the distance power loss coefficient 
' Where 

N=lOn. (n: power decay index). 
f: is the frequency in MHz, 
d: is the distance in meters (d > Im), 
Lf(n): is the floor penetration loss factor, 
n : is the number of floors between the transmitter and the receiver. 

Since the transmitter in GSM case is outside the building ,So there is no floor penetration loss 
factor an fit is equals zero, consequently equation ( 4) becomes: 

Ltotal = 20 log10 (f) + N log10 (d) - 28 dB 
It is known that the frequency in GSM is equal to 900MHz thus 

Ltotal = 20 log1O (900MHz) + N log10 (d)- 28 dB 

Ltota = 59 + N log (d)-28 dB 
Finally and after rearranging terms, the total path loss is characterized as follows: 

Ltotal = 31 + Nlog10 (d) 

(5) 

(6) 

(8) 

(7) 

Th · d · al to -36 dBm so the power received is equal to the power e transrrutte power 1s equ - , 
transmitted subtracted the total path loss from · 

Pr(dBm) = 36dBm) - Ltotal(dB) 

36- 31 - N log10 (d) Pr (dBm) = 

(9) 

(10) 

- Therefore the total received power is given by: 
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Pr (dBm)= 5 

Pr (dBm) = 
(12) 

Since the serving microcell located outside the 4.. 
into account the penetration loss of the ,,,_' @lding, this means that we must take 

So the total received power is given by: er wall and It IS equals 20.14 dB 

5 10n log10 (d). 

Pr (dBm) = -15.14 ­ 

N log10 (d) 

10n log10 (d) (13) 

The penetration loss through this external wall was d b measure y the group who work on the 
outdoor model, they are concentrate their work on calculating tr·ti 1 ~ all penet ration toss for wall types 

3.6 Comparison between empirical and deterministic models 

(11) 

In the empirical models [11].All environmental influences are implicitly taken into account 

regardless of whether they can be separately recognized. This is the main advantage of these 

models. Because deterministic models are based on the principles of physics they may be applied 

to different environments without affecting the accuracy. In practice, their implementation 

usually requires a huge database of environmental characteristics,· which is sometimes either 

impractical or impossible to obtain. The algorithms used by deterministic models are usually 

very complex and lack computational efficiency. For that reason, the implementation of the 

deterministic models is commonly restricted to smaller areas of microcell or indoor 

environments. 

Both theoretical (11].and measurement based propagation models indicate that average received 

signal power decreases logarithmically with distance. Empirical models help in reducing 

computational complexity as well as increasing the accuracy of the predictions. 
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3.7 Indoor Propagation Models (WLAN 2.4 GHz) 

One of the main objectives of this proiect · t h . 
J is O c aractenze the indoor channel for 802.11 

wireless local area networks at 2.4 GHz frequency Th; k 
· is wor presents a channel model based on 

measurements conducted in commonly found scenario i> bvildi» 
os 1n uii lings. These scenarios include 

closed corridor, open corridor, classroom. and computer lab p th 1 • d • d · « at toss equations are tetermine 
using log-distance path loss model and lognormal shadowing Th Chi t t ta ti J . e -square es s tis 1c va ues 
for each access point are calculated to prove that the observed fading is a normal distribution at 

5% significance level. A numerical analysis of measurements in each scenario was conducted 

and the study determined equations that describe path loss for each scenario. 

Indoor channels are highly dependent upon the placement of walls and partitions within the 

building, as placement of these walls and partitions dictate the signal path inside a building. In 

such cases, a model of the environment is a useful design tool in constructing a layout that leads 

to efficient communication strategies. To achieve this aim, a channel model of an indoor 
environment must be applied to various layout plans of offices which will lead to the 

characterization of design methodologies. 

A channel model is useful in determining the mechanism by which propagation in the indoor 

environment occurs, which in turn is useful in the development of a communication system. By 

examining the details of how a signal is propagated from the transmitter to the receiver for a 

number of experimental locations, a generic model may be developed that highlights the 

important characteristics of a given indoor environment. Generic models of indoor 

communications can then be applied to specific situations to describe the operation of a radio 

system, and may also be used to generate designs that are particularly suited to supporting radio 

communication systems. 

· ta1 and theoretical studies of indoor In the literature [ 11]. There are numerous expenmen 
art· 1 characteristic like temporal fading or propagation. These models tend to focus on a p: ticuuar 

· . d · indoor propagation model from measurements Inter-floor losses. This study aims to studying an 
. · t and client adapters. taken using 802.11 (2.4GHZ) compliant access poIn 
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3,7.1 Log-distance Path Loss Model 

In both indoor and outdoor environments the 
average large-scale path loss for an arbitrary 

Transmitter-Receiver (T-R) separation is expressed as a functi f d' . 
cuon of iistance by using a path loss 

xponent n [6]. This value of n depends on th ·fi . 
ex 1e specific propagation environment, i.e., type of 
construction material, architecture. and location within' a b ldi» Lo • h al f · u tng. wermg t e v ue o n 
lowers the signal loss. The values of n ranges from 1.2 (Waveguide effect) to 8. For example, in 

free space, n is equal to 2, and when obstructions are present, n will have a larger value 

3.7.2 Log-Normal Shadowing 

Random shadowing effects occur over a large number of measurement locations which have the 

same T-R separation, but different levels of clutter on the propagation path [6]. This 

phenomenon is referred to as log-normal shadowing. Hence, Variations in environmental clutter 

at different locations having the same T-R separation is not accounted for by the log distance 

path loss model alone. This leads to measured signals which are vastly different than the average 
value predicted by using the log-distance path loss model. To account for these variations, the 

average path loss PL( d) for a transmitter and receiver with separation d thus becomes . 

PL(dB) PL(a,) + 10nlog(;)+ X,s» (14) 

Wh X · G ' distributed random variable with standard deviation o the ere o is a zero-mean aussran 1 

1 · · d h th loss exponent n and the standard deviation o, close-in reference distance o, t e pa ' 
· · d 1 :fi arbitrary location having a specific T-R statistically describes the path loss mo e or an 

· t simulation to provide received power levels for separation. This model can be used in computer 

d . . t m design and analysis. ran om locations in commurucat10n sys e 
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3,7.3 Two-Ray Model 

The ray-tracing approach approximates the scattering of electromagnetic waves by simple 

reflection and refraction. The degree of transmission and reflection of a signal through and off an 

obstacle is related to the complex permittivity's of the obstacle. One of the propagation models 

based on ray-optic theory is the Two-Ray model. i.e., we have a direct path and reflected path. It 

is used for modeling of Line of Sight radio channel as shown in Figure 3.2 the transmitting 

antenna of height hl and the receiving antenna of height h2 are placed at distanced from each 

other. 

Figure [3.2.): Tow ray model 

b • d b umming the contribution from each The received signal Pr for isotropic antennas, 0 tame y s 

ray, can be expressed as [15]: 

P.= P,(©)(-- e-@0+ rco]-elk@h? 
r I Ar, T; 2 

. fr the transmitter to the receiver, rz is the 1 is the direct distance om 
Where Pt is the transmitted power, r . ffi • t depending on the angle of 

d T(a) is the reflection coe 1c1en distance through reflection on the ground, an . . b 
. . . : ·flection coefficient is given y incidence _ and the polarization. The re 

r ( a) 
/' 3a?o cos O-a,',-SI' ,,, 

cos O+a/s,-sin'- O 

(15) 

(16) 
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Where = 90-aand a = Ile or 1 for vertical or ho . 1 . . . 
:. :. rizontal polarization, respectively. r is a 

relative dielectric constant of the reflected surfac T, -: 
ce. e signal strengths from theoretical and 

empirical models are compared in this study. 

3.7.4.ITU Model for Indoor Attenuation 

There are two Indoor propagation modeling methods: site general [13] and site specific [14]. 
Since its flexibility in dealing with internal content of the building such as furniture, space 

distribution and materials used in construction, site general is the adopted method on this project 

that is the ITU indoor path loss related to. Reasons for using ITU model can be summarized that 

it is simple and easy to deal with, and it is able to be numerically tuned, and its power decay 
index can be calculated. 

It should be noticed that ITU doesn't have terms that describes wall type and its penetration loss, 

but by finding the power decay index from the measurements that characteristics are found 

implicitly. 

The ITU Indoor Propagation Model, also known as ITU Model for Indoor Attenuation, is a radio 

propagation model that estimates the path loss inside a room or a closed area inside a building 

delimited by walls of any form. Suitable for appliances designed for indoor use, this model 

approximates the total path loss an indoor link may experience. 

This model is applicable to only the indoor environments. Typically, such appliances use the 

lower microwave bands around 2.4 GHz. 

. itic path loss prediction [16] is: The ITU model for site-general mdoor propaga rnn 

Ltotal = 20 log10 (f) + N log10 (d) +Lf (n) - 28 dB (17) 

Where 

- 
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N: is the distance power loss coefficient 
' 

Where: 

N=10n. (n: power decay index). 

f: is the frequency in MHz, 

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

Lf(n): is the floor penetration loss factor, 

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

3.7.4.1. Same floor measurements 

It makes sense that the floor penetration loss factor is zero in the case of the same floor 

propagation, consequently equation (17) becomes: 

Ltotal = 20 log10 (f) + N log10 (d)-- 28 dB 

It is known that the frequency in WLAN is equal to 2.4GHz thus 

(18) 

Ltotal = 20 log10 (2400MHz) + N log10 (d)- 28 dB (19) 

= 67. 6 + N log (d)-28 dB (20) 

Finally and after rearranging terms, the total path loss is characterized as follows: 

Ltotal = 39. 6 + NloglO (d) (21) 

Th th ower received is equal to the power e transmitted power is equal to -17dBm, so e P 

transmitted subtracted the total path loss from. 

Pr(dBm) = 17dBm) Ltotal(dB). (22) - 
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Pr (dBm)= 17 - 39.6 

N log10 (d), (23) 
Therefore the total received power • . b is given vy: 

Pr (dBm) = -23 

Pr (dBm) = -23 

N log10 (d), 

10n log10 (d). 

(24) 

(25) 

And then, the unknown parameter remain · th · · s m e equation is the direct distance which is 
determined utilizing from AutoCADTM, And n can be calculated. 

3.7.4.2. Multi-floor measurements 

The general form of the ITU model, equation (25): 

Ltotal = 20 Iog10 (f) + N log10 (d) + Lf (n)- 28 dB (26) 

Where N is the power decay index between floors that separate the distance between transmitter 

and receiver can be calculated from the measured values, and the floor loss coefficient Lf (n) can 

be obtained by numerical tuning for the model with respect to the measured values. 
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CHAPTER4 

4 Measurements and data analysis for 2.4GHzfrequency 

4.1 Introduction 

4.2 Building Location and Structure 

4.3 Measurement Plan 

4.4 

4.5 
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Model Calculations 

4.6 

4.7 

IBWave™ Simulation 

d Modeled and Simulated Values Comparison between Measure, 
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CHAPTER 4 

Measurements and Data Analysis for 2.4GHz Frequency 

4.1 Introduction 

This chapter presents a site-specific validation of the ITU indoor path loss model at 2.4 GHz. 

Based on measurements acquired in a recent experiment for a WLAN indoor office environment, 

we are able to accomplish a numerical adjustment of the Site-general ITU model to the specific 

measured data that reflect the intrinsic characteristics of the complex indoor topology, thus 

validating the Site-Specific ITU model at 2.4 GHz. For the first time, we are in position to 

provide values for the model's parameters that concern specifically this frequency band, which is 

of utmost importance for wireless networks, mostly for WLAN channels. 

4.2 Building Location and Structure 

First of all a study of the building location and structure was done, measurement also 

done at the college of engineering and technology (building B), The building location is at Wadi 

Al-Haria in Hebron. It's a five storey-building with ground floor, a sketch of each floor is shown 

in the appendix A . 

4.3 Measurement Plan 
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When we start talking about the measurement process , The first thing we would like to 

make clear is the software that we used During the measurements process this software is called 
Netstumbler Version 0.4.0. 

NetStumbler is a tool for Windows that allows us to detect Wireless Local Area Networks 
(WLANs) using 802.1 1b, 802.11a and 802.1 lg Fig [4.1]. It has many uses: 

• 
• 

• 
• 
• 
• 

Verify that your network is set up the way you intended . 
Determining the signal strength and Find locations of poor coverage in your 
WLAN. 

Detect other networks that might be causing interference with your network. 
Detect unauthorized "rogue" access points in your workplace . 
Help aim directional antennas for long-haul WLAN links . 
Use it recreationally for War Driving . 

Here we are only interested in measuring the signal level of WLANs : . 

a=ET # " Channel , 
;:;:, • .,& SSID: @ 0024D2664A4A www.injaz.ps_Snene 11 10 ·89 ·100 
- 2568703720 11 -90 ·100 10 ;t lr Filers @ OOOCE363E057 maherO 11 -90 -100 10 

@ 021FC64694.99 059900211 , -89 ·100 11 
O002127FF7961 ST@RT 9 87 100 13 

[@ 00116810C05C Wveless 3 9 ·88 ·100 12 
0 002127000301 TP-LINK_D0D301 6 -89 -100 11 
@O'.l11681C846C LevelOne :- ·89 ·100 11 
0 002127"-A67Q6. :ziad 

11 14 -82 -100 18 
O 002369COC411 inksys 89 ·100 11 
O 002586B04DC1 ST@RT 7 &5 -100 14 
O002719FD8854 sT@RT " .gu 100 16 
Ooo1po=capes1 aad 'C .as 10o 1s 
O 00026F5A0727 Jinan 3 -70 •100 30 
O 0018250CF880 Coonet•Hotspot 2 -84 -100 16 
9 001168£03672 Jinan 1 25 66 100 34 
@ 0Oc£ 365£844 only #20# NIS CALL.. Pl 

Fig [4.1]: The Netstumbler Software. 

t of a signal inside the building, with . th rocess of measuremen 
The first stage did was e P d d fifth floors 

. di tributed in the secon an the presence of two Access Point is 
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In the beginning, Center locations have been located for each classroom , laboratory, 

offices and corridors on each floor of the building using AutoCAD software(sketches where the 

centers has been located shown in appendix B) , and then data were recorded at all points in a 
two cases: 

Case one : Values of signal strength in each center in all the five floors were recorded with 
respect to the access point located in second floor. 

Case two: Values of signal strength in each center in all the five floors were recorded with 
respect to the access point located in fifth floor. 

The method of measurement is clarified in figure (4.2) 

-{ Locate the : Measurement Point 
(use the meter) 

l 
Adjust the . Laptop High to 

120 cr 

l 
Wait until the 
signal strength 

stood at a 
specific value • Start Logfile 
Recording 

l 
Rotate the 
laptop 360 
degree 

l 
Stop The 
Logfile 

Recording 

l 
J l I 

Go To The 
Next Point 

t Procedures. Fig(4.2): Measuremen 
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From the previous chart it's obvious that th fi . 
:. : et1rst step is the locating of points(centers) at 

which the signal strength is measured, and this is what h be 
a as een done using AutoCAD software 

then adjusting the laptop height to 120 cm in the direct" f h . ' 
1on o1 the access point (_we have selected 

this height because in natural situation the building is full of tables, offices and desktop 

computers ,Therefore by choosing this height, we have avoided the effe 5f< ch 56s 5; , 1 e e e ects o sue o stac es 
then waiting for the stability of the signal due to the normal fluctuations of the electromagnetic 
waves, then start recording the logfile. 

At the beginning of recording every logfile, Netstumbler records two values every 

second, and the duration of recording each logfile is 30 second, thus each logfile contains 15 

readings per point, then we took the average of these readings which represents the signal 

strength at this point . 

During recording of logfiles, and As mentioned above the recording time of each logfile 

was 30 second, the first 15 seconds of the measurement process takes place while the Laptop 

was installed in normal position, and the other 15 second the process of recording the logfile 

take place while rotating the laptop 360 degrees around it's vertical axis because of the 

wireless transceiver unit of the Laptop, so all the signals coming from the transmitter antenna 

were recorded, thus the measurement on that point is done, and same procedure is done with the 

next. 

It should be noted here that all measurements were made in the case that no human 

interruption in the building so measurements were taken in free times, to get rid of the signal 

fluctuations that happens as a result of pedestrian movement within the building. 

4.4 Data Analysis 

M tak ·th espect to the signal coming from the access point on the easurements were en Wl r o 

second floor in all the floors., as shown in appendix c 

• • fl f th Access Point in the second floor shown in Table Readings in the second oor or e 

(4 d d al it, so the same thing will applied to the 5 floor . . 1 ), here we took the 2° floor an an yze 1 , 0 
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"?TE: 18.8 -55 
WH-B-Floor 2 14.06 -57 
WH-B-Floor 2 8 -55 
WH-B-Floor 2 13.7 -60 
WH-B-Floor 2 13.37 -57 
WH-B-Floor 2 17.06 -65 
WH-B-Floor 2 5.95 -60 
WH-B-Floor 2 3.22 -43 

WH-B-Floor 2 5.69 -42 

WH-B-Floor 2 10.89 -58 

WH-B-Floor 2 17.84 -60 

WH-B-Floor 2 14.22 -52 

WH-B-Floor 2 11.68 -47 

WH-B-Floor 2 9.19 -45 

WH-B-Floor 2 6.75 -40 

WH-B-Floor 2 4.46 -37 

WH-B-Floor 2 2.79 -33 

WH-B-Floor 2 2.99 -34 

WH-B-Floor 2 5.47 -47 

WH-B-Floor 2 9.82 -46 

WH-B-Floor 2 10.13 -59 

WH-B-Floor 2 11.27 -62 

WH-B-Floor 2 7.86 -63 

Table (4.1): signal strength with respect to the slope distance 

The relationship between the logarithm of the distance and the signal strength shown in the 

following graph: 

46 



·-~ [Measurements and Data . Analysis for 2.4GHz Frequency] 

7O­ 

60­ 

50­ I I 
I • l I 

b0 I r 40­ I 
qo I 
» I I 

I 
l# I ; 
U I I I 

6 30­ I I I 
I r I I , 

0 I I 

G 20­ 

10­ ' ' I ' I I I I I 
I I I 

I I I I I 

0 
0 2 4 6 8 10 log distance 

I 
I I 

I 
I 

I I 

I 
I 
I 
I I 

12 14 

Fig (4.3) :The relationship between the logarithm of the distance and the signal strength (2nd to 2nd). 

It is clear from the graph above that the signal strength associated with the distance 

between the transmitter and receiver and indicates that average received signal power decreases 

logarithmically with distance, Because The primary causes of attenuation are distance, 

penetration losses through walls, floors and multipath propagation. 

Also from the graph shown above it could be noticed that the path loss exponent factor 

( n ) can be calculated by the slope of the line which represent the arithmetic mean value of the 

readings ,so( n ) for the following table equals 2.96 .This value of( n) depends on the specific 

propagation environment, i.e., type of construction materials, architectural design and location 

within a building. Lowering the value of( n) lowers the signal loss. The values of (n) range from 

1.2 (Waveguide effect) to 8 [17]. For example, in free space, (n) is equal to 2, and when 

obstructions are present, n will have a larger value. Table (4.2) and table (4.3) below show the 

values of (n) between the second and fifth floor with other floors : 
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Fig (4.3) :The relationship between the logarithm of the distance and the signal strength (2nd to 2nd). 

It is clear from the graph above that the signal strength associated with the distance 

between the transmitter and receiver and indicates that average received signal power decreases 

logarithmically with distance, Because The primary causes of attenuation are distance, 

penetration losses through walls, floors and multipath propagation. 

Also from the graph shown above it could be noticed that the path loss exponent factor 

( n ) can be calculated by the slope of the line which represent the arithmetic mean value of the 

readings ,so( n ) for the following table equals 2.96 .This value of( n) depends on the specific 

propagation environment, i.e., type of construction materials, architectural design and location 

within a building. Lowering the value of( n) lowers the signal loss. The values of (n) range from 

1.2 (Waveguide effect) to 8 [17]. For example, in free space, (n) is equal to 2, and when 

obstructions are present, n will have a larger value. Table (4.2) and table (4.3) below show the 

values of (n) between the second and fifth floor with other floors : 
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20 to 1s 
n ( Calculated) 

4 
2nd to 2nd 

. ·-znd ti:) 3rd 
2nd to 4th 

2.96 
3.45 
2.49 

Table (4.2) : Floor separation between the 2nd floor d th h 
an e ot er floor versus the calculated path loss 

exponent n. 

Floor separation n (Calculated) 

4 
5th to 4th 2.96 
5@ to 3rd 3.45 

Table ( 4.3) : Floor separation between the 5th floor and the other floor versus the calculated path loss 

exponent n. 

The points in the y-axis linked to other points on the x-axis, and all of these points is 

restricted in a particular area, it is necessary to find the mean value of these points by summing 

all points and dividing it by the number of points as shown in the following equation : 

I data point 
Arithmetic mean = 

number of data points (N) 
(1) 

Here is also essential to find the value of standard deviation of all points with respect to 

its mean. 

The standard deviation equation is: - as] 
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N 

S6­ 0-= _i=_I _ 

N 
(2) 

where: 

N : number of points, 

Xi : measured value, 

µ: mean value of all points . 

After applying the previous equation and fi di th In ng e value of standard deviation as shown in 
table(4.4), the result was o= 9.75 (only fi 2nd nd . or to 2' measurement), this standard deviation 
with respect to the measurement is illustrated t fi at tigure(4.4). 

i 

' ' -20 I I 

-•: I i I I I i 
! l l 

0 iog distance ° 15 

Fig(4.4) The relationship between the logarithm of the distance and the signal strength (2nd to 2nd). 

Form the graph shown above it is observed that most of the measured values are confined 

within the area of sigma with few readings outside Sigma's range. 

The rest of the values of the standard deviation between the readings recorded in the 

second floor and the readings recorded in the rest floors shown in the following Table: 
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Floor 
se aration 
2@ to 1s 

µ 

-71.48 
Standard deviation (G) 

8.61 
2@ to 2@ -51.17 9.75 
2@ to 3rd -77.09 5.50 

2¢ to 4b -91.13 5.06 

Table ( 4.4): values of the standard deviation 

4.5 Model Calculations 

Many path loss models have been developed in order to calculate the average path loss 

(in dBm) and therefore, by knowledge of the transmitted power, the average received power at a 

certain distance, for the given frequency of the operating system, Path loss models [ 18] can be 

distinguished in two basic categories: 

Fig(4.5): Path Loss Models Classifications. 

so 
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The fundamental path loss model is the Free Space Model that predicts an inverse square 

dependence of the average received power versus distance between transmitter and receiver 
,extensive research has developed a significant number of modified power-law models that try to 
take into account the complex nature of real life wireless channels. 

As mentioned above , the indoor propagation channel is a much more complex case than 

the outdoor environment, due to the increased number of obstacles, whose dimensions are close 

to the wavelength of the propagated electromagnetic wave, where the presence of multiple types 

of walls and floors add to the complexity of the calculations. As a result, various path loss 

models have been developed to describe the indoor channel and its multiplicative effects that 
cause the attenuation of a transmitted signal [19]. 

4.5.1 Same Floor Measurements 

As we mentioned in chapter three, ITU is our adopted model in the two cases ,same floor 

and multiple floors measurements . 
In the same floor measurements ,ITU model is: 

P,(as= -23 - 10nlogo(d) (3) 

(2 d t 2 d and 5th to 5th ) and After applying this equation to our measurements n o n 
knowing the values of (n) the result was : 
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-56 -55 

P3 
P4 

PS 

p6 

P7 

P8 

pg 

PlO 

Pll 

P12 

P13. 

P14 

PlS 

P16 

P17 

P18 

P19 

P20 

P21 

P22 

p23 

-59 -57 

-50 -55 
-59 -60 

-57 -57 
-62 -65 

-54 -60 

-46 -43 
-51 -42 

-55 -58 

-57 -60 

-51.,. -52 

-49 -47 
-37 -45 
-36 - -40 
-36 -37 

-37 -33 
-39 -34 

-49 -47 

-57 -46 

-58 -59 

-60 -62 

-56 -60 

% error 

-55.39 -60.75 
-50.11 -57.01 
-44.74 ' -49.76 
-53.00 -56.68 
-54.77 -56.37 
-57.90 -59.50 
-49.20 -45.95 
-46.22 -38.05 
-47.36 ,-45.37 - 
-51.52 -53.73 
-56.08 60.08 
-52.58 -57.16 
-50.11 -54.63 
-47.03 -51.54 

_.--43.01 -47.57 
-37.68 -42.24 

.. • -33.86' -36.20 
-38.15 -37.09 
-46.17 44.87 
-51.15 -52.40 
-52.58 ·-52.80 
-54.09 -54.17 

-57 -49.53 

Table(4.5) Same floor measurement and modeling. 

As it can be seen, the ITU model with the varying power decay index corresponds rather 

well as compared to the measured data. The total of the 23 measurements provide an average 

error of7.92 % for the fifth floor and 9.99% for the second floor measurements . As it can be 

seen, the ITU model with the varying power decay index corresponds rather well as compared to 

the measured data. 

4.5.2. Multi-floor measurements 

As mentioned The general form of the ITU model, equation (4 ) 
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Loar= 20 logo (f )+ N logo (d) +Lf (n) - 28 aB 

so in multi-floor the power received is 

Prus= -23 - 10nlogs,» (d) +Lf(n) 
(5) 

After precise numerical tuning based on our measurements for floor loss coefficient Lf (n) 
we got: 

Number of Floor 
se aration 

Lf(n) 

Sn . 

2 18(n+1) 

Table(4.6): Floor loss coefficient. 

So ITU-1 model becomes: 

P, (en)= -23 - 10n log,o (d) -Sn 

And ITU-2 model becomes : 

-23 - 10n log10 (d) -lB(n+l) P, (er= 

(6) 

(7) 

(4) 

{One floor separation ) 

{Two floor separation) 

d the relative error was calculated in each case as . d measurements an These equation applle to our 
shown in the following table : 
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'"."78 . , -66.1 - 
..• ;:.7-7. ,'-7.4·.2 - 

· ;69 '-73.9. - 
· -90 -77 .. 8 

.. ·-68 -=62.3 
-59 -56.6 
-,64 -.61.:.8 

:• .... ' -74_ ~-,. ,: . -70.o/ 
-86 -78.6 
=z7.]-74.8 
ss ® -71.7 • + 

•. r '.-.'!'" 
%error· · · · 

tion measurement and modeling Table(4. 7): one floor separa 
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ITU-2 model applied to the floors that have two floor separation and the result shown in 
~ ' ' ' table (4.8) . 

%error 

ent and modeling. ration measurem Table( 4.8): Two floor sepa 
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Ls IBWave'F' Simulation 

iBwave Design is an in-building design tool that lets . 
. wireless network operators system 

integrators and equipment manufacturers bring strong r bl · ' 
. . . · re Ia e wireless communications indoors, 

y automating network design and eliminating guesswork, 
Because of its unavailability of the software fo tud 

r sI ients and researchers locally, a 
consultant was asked from Jawwal Mobile Company to have a si...,.., 1 t· Jc: h 

IIlulaton for the two antennas 
installed in field, so we joined a private training classes to figure out the tasks of working on 

such software, consequently, simulation could be available after giving hand from the stuff of 

planning engineers in the section of planning in Hebron branch, because there were insufficient 

configuration that the software support for the 2.4GHz. 

A prediction of the signal strength on the field is simulated in three cases, first with the 

presence of the access point in the second floor only, secondly with the access point on the fifth 

floor only, and the last one is with the effect of the both access points in two floors. The detailed . 
charts for the simulation is found in the appendix(D). 

4.7 Comparison between measured, modeled and simulated values 

For each point in the field, a three values of signal strength is gained, which are the 

measured by Netstumbler™, the model and from the lb Wave™ simulation, thus there is an 

opportunity to check and compare each value with the others, but it is must be known that the 

lb Wave™ values is gained by a prediction indicated by color-wise scale so there is an 

) · harts and to (±5dBm) in others. uncertainty that reach to a value of (±2.5dBm, in some c , 

4.7.1 Same Floor Comparison: 

ts 2°to 2° and 5 to 5 with the The first thing we compared is the same floor measurement , 
. the relative error for each method was ITU-I model and the Approximate values of ibwave , 

calculated, 
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second to second data comparison: 

P3 , WH-_B-Floor 2 

·• P4 · · ·< /WH'~.BaFloor_t· •· · -49 

PS WH-B-Floor 2 ;-56 
-56 

. P7. . . ,WH-B-Floor ~ J _ 5.95 . _ .. ·. j · ~EiO - · · _
45 s [wwoora[rr]9 Vs.i 

P9 WH-B-Floor2 5.69'-45 
-45 

. P13 . ·. WH~B-,Floor • .. 

WHsrtoc 9.a! 

?:::--·--· 
-52 

. -52 

. ul t d and modeled values Table (4.9): 2nd to 2nd measured, sun a e 
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llow shows the measured, simulated, and modeled values related to the 2° to 2"' floor: figure be The ! 

0r.....'Tl.,,\ 
simulatin 
·4.model 

.35 ~: .. --: .. ; ··\····~----·(---·--··•--( :·····•• ; . 

. ""i• ; '-.- .. - .. -., .. - -.- - _:-:··-•-- - .. 7. 

-4O 

·60 

-6S 

L--~--~--~-~,-~--~-11-1i12-~ i:13 ~70 4 5 6 7. 8 ~ 10 11 
loci distance 

signal strength versus log distance (m). Fig.( 4.6): 2nd to 2nd ~ 

,] 
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Fifth to fifth: 

Distance /Hs-Floors] 16.6 
P2 WH-B-Floors7 io.sa 
P3 ' WH-B-Floor 5 6.61 
pP4 WH-B-Floor 5 13.56 

PS WH-B-Floor 5 15.81 

p6 I WH-B-Floor 5 20.74 ·.I 

P7 WH-B-Floor 5 9.74 
I - P8 'i WH-B-Floor 5 7.52 I 
I I 

pg WH-B-Floor 5 I 8.3 I 
PlO I WH-B-Floor 5 ! 11.92 ·> 4 ... ~ 
Pll WH-B-Floor 5 i 17.71 

P12 .:;I, WH-B-Floor 5 13.07 

P13 WH-B-Floor 5 10.54 
... P14 · WH-B-Floor .5 8.07 

PlS WH-B-Floor 5 5.69 
; 

P16 ' WH-B-Floor 5 I · 3.58 [ 
P17 WH-B-Floor 5 2.57 

i 
P18 ·. , WH-B-Floor 5 3.73 

I 

P19 I WH-B-Floor 5 7.49 
: 

P20 . I WH-B-Floor 5 I .11.54 
' ! 

P21 WH-B-Floor 5 13.07 

P22 . i WH-B-Floor 5 14.9 · 
I I 

p23 ! WH-B-Floor 5 ! 3.79 
I 

I 
f. 
I·. I 

I 

; 
a 

- 6 I 
· - ~-4 -55.39 ] 
-s9 r-------- 

-58 i -50.11 . · ' 
-so 
-59 

-57 

-47 

-48 

I -44.74 ] 
j -53.00 

-55 -54.77 
-58 -57.90 

-54 
1 ·-,. 

1 
I -49.20 
-I·.. . . j_ -46.22.{ 

-51 

-55 
-57 

-53 I -47.36 ! 

-53 t". · -s1.52 

-55 -56.08 

-49 

-37 

-36 
! . 
I · ~-36 · 

-49 -52.58 
-47 -50.11 

-40 -47.03 . .J 

-40 

-40 

-43.01 

-37.68 

-37 -40 -33.86 

-49 

-42 

-47 

-38.15 

-46.17 

-57 -56 -51.15 

-58 -57 -52.58 

-58 -54.09 

. . d model in fifth to fifth floor. 
Table (4.10): signal strength, simulation, an 

QT 



iog distance 

Fig.(4. 7): 5th to 5th signal strength versus log distance. 

4.7.2 Multiple Floor Comparison: 

The other related tables that compare the measured ,simulated ,and valued and it's related error 

in details are shown in appendix C ,here are the summery of this comparison. 

4.7.2.1 One floor separation comparison 

Floor separation Relative error Relative error 

(ITU-2 model) (Simulation) 

2" to 1 6.39 5.63 

2 to 3 12.08 8.69 

5" to 4 8.31 5.25 

tit comparison. Table (4.11): One floor separation 

....._______,_ _ 
so I 
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Two floor separation comparison qt.2.2 

Floor separation 

2° to 4 

Relative error 

(ITU-3 model) 
Relative error 
(Simulation) 

3.39 
s to 3° 

4.71 
7.46 5.06 

Table (4.12): Two floor separation comparison. 

the plot of comparison between the measured ,simulated ,and modeled values in multiple floor 
case are shown in appendix E 

~-:,11---------------- 
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4_7.z.2 Two floor separation compariso 

Floor separation 

"to4 
s to 3t·d 

Table (4.1" J· f , 

the plot of comparison bet\veen tht 11• • 

case 8.i'e shown in appendix E 

Simulated 

_d 2.4 GHz 
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Chapter 5 - 

5 Measurements and Data A 1 . . nalysis for 900 MHz Frequency 

5.1 Introduction 

5.2 Building Structure and location 

5.3 Measurement Software 

5.4 Measurement Plan 

5.5 Data Collection 

5.6 Model Calculations 

5.7 Comparison Between Measured, Modeled and Simulated 

Values 

5.8 Comparison between 900 MHz and 2.4 GHz 

5.9 Result discussion 
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Chapter Five 

Measurements and Data An 1 . ~ 
a Y515 10r 900 MHz Frequency 

5.1 Introduction 

This chapter presents a site-specific validation of the ITU indoor path loss model at 

900 MHz .Based on measurements acquired in a recent experiment for a GSM indoor 

environment. since it is works between 900MHz to 5 GHz, we are in position to provide values 

for the model's parameters that concern specifically this frequency band. 

5.2 Building Structure and Location 

First of all a study of the building location and structure was done, measurement also 

done at the College of Engineering and Technology (Building C), The building location is at 

Wadi Al-Baria in Hebron. It's a three story-building with ground floor, a sketch of each floor 

is shown in the appendix G. 

The following pictures shows shot for the building including the serving microcell 

location with respect to the building, and the internal space distribution in the offices, 

architectural laboratories, survey laboratories, and service rooms: like w.c., j.c. and 

kitchenettes. That the pictures indicate many of these details. 

. . 
g-pg&pg3rgA itpgsgnt®!! 
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_. > ./ •• • 

- ' 
i 

I 

< Si&uG? 

ca] 



[Measurements and data analysis for 900 MHz frequency l 

rzrzg mg), 
".2 

' ?' .. H' ·.'ti'.; 
F:/ ~~ 

i ; 
l 
l 

: =-· ,·• 



[Measurements and D t 
ata Analysis for 900 r MHz Frequency] 

5.3. 
Measurement Software 

TEMS Investigation 53.1 

Terrestrial Ecosystem Monitoring Site abbreviated by TEMS · ftw . 
1s a sot vare used to predict the 

. door radio signal the Terns tool is used. Terns has many functions such as d t :ti th . 
11 ID e ec mg e servmg ce s 

and display the serving line and showing the sites in map windows,etc In our project we are interested 
in two functions: detecting and measuring the signal strength of the serving cells. 

To obtain the measurements from Terns there are two ways ;(a) by using mini terns installed 

on Sony Ericson k 850i mobile to get the different measurements in fixed locations or while moving 

these measurements stored as a logfiles then moved to the terns to be showed and analyzed and this is ' 
the method used in this analysis, (b) by using the terns installed on the laptop connected to the mobile 

then measuring the signal strength in a certain location or by following specific path we provided it 

and showing the results in different ways (values or contours). 

Terns has many advantages: 

It measures continuously, not affected by parameter settings. 

Great sensitivity (-117 dBm). 

Higher accuracy/calibrated. 

Can detect multi path in radio channels. 

Measure on any ARFCN. 

Type of information that can provide: 

Air interface measurements (GSM and WCDMA). 

Data service measurements. 

Network configuration parameters. 

Cell data. 

Positioning data . 

a»ass s] 
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Measuring The Signal Strength Using TEM: .. S Mobile 

while measuring the signal strength using the ·bi =' ' e mobile TEMS, firstlev the .. 
serving cells, but the desired cell was one of the ', . Y e software was showing all 

m it is the microcell near C Bvildi 
TEMS is locked to recive signal from (12B) onl: the . ui mg (12B), so the 

y, n recording the measurme t h . . 
taken to be saved on logfile. n on eacl point 1s 

5.3.2 IBwave 

As used in the simulation of WLANIB W · , ave was used m simulating GSM in this part. Case 
here includes three story-simulation with transmitted powe f 36 dB . r O- m commg from a 24 m apart 
from microcell that located in the eastern comer outside the building. 

5.4 Measurement plan 

Here, GSM measurement is more complicated than one in the WLAN work, so work was more . 
accurate since it needs more time-spending procedure, it is must be known that the transmitter was 

outside the building proposed. 

Our strategy in measurement based on the technique of grid plan, that is each floor was divided 

into (3*3 m) for each grid unit, which was done by AutoCAD™, and numbering was arranged from 

the nearest points to the microcell and traveling apart. All above is translated by charts and plans in 

appendix G. 

Distance between microcell and grid points were determined using AutoCAD™ software. The 

following figure illustrates a virtual grid plan with the lines of distance measurements. 
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The grid unit area was chosen (3*3m) in order to comply with the building geometry so as to 

have points on all the spaces inside,and that interval is much sufficient to observe the variation of the 

signal, as a gross this number of points will be enough to do the Locate the 

desired calculations. 

After that, TEMS is hold on the point at level of 20cm for 
the points facing the cell (LOS), whereas other points were hold 

at a level to 120cm because the transmitter is outside the 
' 

building, the points facing the microcell (LOS) with presence of 

windows, it was measured at level of 20 cm to put the outer walls 
on consideration, that was one of the problems we faced because 

the transmitter is outside the building. 

TEMS handset should be adjusted 45 degree upon 
h · . the vertical and horizontal onzon, in order to receive 

.&-. rdin a till the 
Polarization. Then wait for 5 seconds before recot '# 
. 1 file is started. This 

Signal remains stable. then recording the I0g 
' 

' Measurement Point 
(use the meter) 

Hold the TEMS 
inclined 

vertically by 45 
degree 

Wait until the 
signal strength 

stood at a 
specific value 

Y 

I 
Sta rt Log file 
Recording 

Continue 
Record in g for 
15 seconds 

-- Y-- i I Stop The 
i ] tog file 
l_L_f:ecording 

----·Y~-- 
i I Go To Th~ 

\ Poot [] 
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cess lasts for 15 seconds since it takes 5 1 pro va ues per second th . 
Als 75 readings that its average is taken t ' e resulting values for each point 

equ o start calculation then o . 
,- next point.as a result the data needed fo calc +. ' ·logfile is ended and same is done 
for tor calculations will be 

TE
MS ready for use after it is delivered to 

desktop ' 

All data were obtained with respect ton d • 0 pe eStrian flow inside the building. 

Data collection 

Measurements were taken with respect to the si al · 1gn: coming from the outer microcell with 
respect to the three floors inside building as shown in appendix B d 1 fil · th c:,, , an og ein e attached CD. 

The figures below show the relationship between [log (d)] and the signal strength: 

Model calculations 

as result of figuring out models that are used to simulate the indoor environment, whether in 

WLAN 2.4 GHz or GSM 900 MHz, and as mentioned in chapter 3, ITU model is the referred model 

in analyzing results obtained, and as conclusion for chapter 3. ITU model is a simple, applicable 

describer for the results. Supremely it takes in consideration the power decay index ( n) that briefly 

describes the indoor environment. 

Before the application of the model, it is important to determine the unknown terms in the 

model formula, which can be found from the read data, so firstly, (n) was calculated for each floor 

which represents the slope of the relationship between the signal strength to [log ( d)]. The resulting n's 

are indicated in the table (5.1): 

2.08 

2.148 

Table 5.1: n values for each floor 



[Measurements and D 
[i """"°®® ata Analysis for 900 MHz Frequency] 

A 150 it is important to determine the standard d . . ... 1eviation of the reading : 
values are indicated m the table 5.2 gs recorded in each floor, these 

Table 5.2. the value of the standard deviation for each floor 

After that ITU formula was applied in the following form 

Pr (dBm)= 5 - 10n loglO (d). Eq(5.1) 

In the case studied, the loss penetration of the outer-wall must be put into consideration in the ITU 

model, which equals 20 .19 dB [ 1]. So the model form will be as follows : 

Pr (dBm)= 5 . 10nlog10 (d). Eq(5.2) 

The relative error between the measured values and the model values is shown In Table (5.3) 

17 

14.57 

asured ,modeled values 

,
r---~~~~~~~~~~:r ~b~et~w~e:e~n~m::e:::~...:..' _ Table( 5.3): relative erro =, 
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It is obvious that relative error 1 . values are large to co 
«ales, 50 the resulting values of the model dc +>, 9Ipare the model results with th . . on t reflect the 

1 
e measured 

But after dealing with standard deviatio d . . accurate measurem t . . n anc applying it to the ens practically done. 
(hen the relative error was calculated and th model the results app 5 . ' e results are indi ear in appindex B, 
p,ula become Gated in Table (5.4), and fon of th i1 • , 11 rm o t e ITU 

P, (as)= 5 ­ 10n log10 ( d) - cr Eq(5.3) 

14.24 

12.97 

Table (5.4):Relative error with respect to the standard deviation found 

It is clear th t th a e error value decreased apparently after applying the standard deviation in the 

formula, and results become more precise about (3-4)% 

i7comp«· • arison between measured, modeled and simulated values 

For each point in the field a three values of signal strength is gained, which are the measured w y TEMS, the model and from the lb Wave™ simulation, thus there is an a good opportunity to check 

and compare each value with the others but it is must be known that the To Wave™ values is gained by 
' 

a Pte<liction indicated by color-wise scale so there is an uncertainty that reach to a value of (±2.5dBm) 

l!l some charts, and to (±5dBm) in others. Also the microcell located outside the building ,and it is 
expected that th .

11 
b . The figures bellow show the measured, simulated, and 

e error w1 e mcrease , e i:,1.U 

~~ . Values related to the 1.°_3'° floor respectively 5 
' ' 

ior-1--------------------- 
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Fig (5.1):1 floor comparison 

-35 

-40 

-45 

sf %©hes-tfsiyr@@ks, ! :: ·.·.·.·.·.·.·.:•·•········· · .. · · .. ·.·~·•·*J}1J*;?*~•.··· * .•.•. :.··*~*f ~t:,se<e~,m 
§, ········:·····.. . ... ;..... model 
®.70\........4.... ]' 

................... , . .. . .... ;. .. .. .. ·: .. ·.. 
0 

simulation ......... ••··I··· ...... + ······•·:-·· 
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..... , ... -80 .. 
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.75 · · · · · · · · · · · · :· ···'' .. · · · · · ·:· . 

-80 · · · · · :.: ; ········ .; . ··············· 
: ' {# 6,, l.. ! 18 19 

log distance 

··········'.················· 

F. ( ) rd · ig 5.3 :3 floor companson 

After a measurement, modeling and simulating process ,and drawing the relationship between 

each other ,it can be noticed that there is a relative affinity between the values measured and the 

values derived by model, the value of the error in the comparison were greatest in the case of 

simulation ,and has strayed from the rest of the measured and modeled values with error reached 17 

%, this refers to many reasons, the most important that the transmitter is located outside the building , 

As it is the same building surrounded by buildings and this is what causes propagation mechanisms 

such as fl . re ection ,refraction ,scattering .... etc 
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g Comparison between 900 MHz and 2.4 GH, 

As radio waves travel the radio signals gradually 1 ose energy. Th hi h 
. • ·0,' e ugher the frequency of 

. sion, the quicker the radio wave will lose energy d . st · '·8Y 1own to a pomt where it cannot be 
ed by a receiver. Higher frequency waves also lose energy 5 k . 

oetec . y quic er when trying to penetrate 
.• n trees, or other obstructions. If both a 900 MHz radio and 2.4 OH . alls, a..» lz radio had the same 
1n t power and receive sensitivity and were compared side by side th 900 MH . up s e z radio would 

oet a1roost twice the range of the 2.4 GHz radio. 
7 

To demonstrate the basic difference in wave propagation of 900 MHz and 2.4 GHz waves, a 

aick look at path loss is provided. As waves propagate out from the transmitter, some 

attenuation of the signal takes place due to properties of the medium (air in most cases). Path loss 

aescribes this attenuation as a function of the wavelength of the operating frequency and the 

istance between the transmitter and receiver 

hath loss exponent factor was compared between the two frequencies , In 2.4 GHz frequency n 

reached 4 while it 2.14 in 900 MHz, as the frequency increase path loss increase and the penetration 

loss increase ,so n increase, and this is what already proved in our measurements · 

~-9 Result discussion 

tr tion loss added to its equation to fit the 
U model has been modified and the floor penetrat a ·5 e numerical 

llleas d multiple floor throug prec1s 
rements resulting two cases ,same floor anc ,5ed ·t to the measurements 

~ . : ldins C and app ie 1 
lllng ' The same ITU model was adopted in bm g . dded to the model equation 
ordeA 4,6 determined andac .,- 

for each floor .also standard deviation was 5ower distribution inside 
5o ] '. 3tely represent the p 
. ower error was obtained ,and became approxuna d 'ition were determined for 
~e bui . d the standard evia ding after the path loss exponent factor an 
in., . al Or ased on the outer serving microce 
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. t in the field, a three values of signal strength is gained, whic d b 
h pom o , c are measure y 

for"':bler in WLAN or TEMS in GSM, the model is from the lbWave™ simulation. and ets tu 'th h th n result wit eac o er . are these 
amtP 
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anent was calculated for two different indoor environments and different th loss exp . . . 
pa . and comparing it depending on the environment and the frequency. {equenc1&S 

dead spots determined by the simulation and measurements WLAN case 

t dard deviation also determined and it's compared to the local operator alue of the s an The v 

criteria . 
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The ground floor 

scans, ,t 
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The first Floor 
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The second floor 

The third floor 



The fourth floor 

The fifth floor 
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Appendix c 
bl 5 and graphs related to the second floor . ,Talle5 access point: 

3Us s#' '3 gr.5-4j' 
Pot ,[3 ..... ,:.~ ,, 2 ";to 2"7 :: •:- .. f ±, .2. 
}}s; s" J- 45% el"# slope distance ["stirs 

Pl WH-B-Floor 2 18.80 
[ strength! 

P2 WH-B-Floor 2 -55 
14.06 

P3 WH-B-Floor 2 
-57 

8.00 -55 
P4 WH-B-Floor 2 13.70 -60 
PS WH-B-Floor 2 13.37 -57 
p6 WH-B-Floor 2 17.06 -65 
P7 WH-B-Floor 2 5.95 -60 
PS WH-B-Floor 2 3.22 -43 
P9 WH-B-Floor 2 5.69 -42 
P10 WH-B-Floor 2 10.89 -58 
P11 WH-B-Floor 2 17.84 -60 
P12 WH-B-Floor 2 14.22 -52 
P13 WH-B-Floor 2 11.68 -47 
P14 WH-B-Floor 2 9.19 -45 
P15 WH-B-Floor 2 . 6.75 -40 
P16 WH-B-Floor 2 4.46 -37 

P17 WH-B-Floor 2 2.79 -33 

P18 WH-B-Floor 2 2.99 -34 

P19 WH-B-Floor 2 5.47 -47 

P20 WH-B-Floor 2 9.82 -46 

P21 WH-B-Floor 2 10.13 -59 

PZ2 WH-B-Floor 2 11.27 -62 

PZ3 WH-B-Floor 2 7.86 -63 

&a> . % 2t 2" floor: 
3ltionship between log distance and signal strength (dBm in ° 
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2° 0 st 

WH-B-Floor 2 
slope distance Pl 
19.23538666 P2 WH-B-Floor 2 14.63087489 

-85 
-80 P3 WH-B-Floor 2 8.970646576 -78 P4 WH-B-Floor 2 14.2867806 -77 PS WH-B-Floor 2 13.97206499 -69 PG WH-B-Floor 2 17.5329005 -90 P7 WH-B-Floor 2 7.206587264 -68 PS WH-B-Floor 2 5.184920443 -59 P9 WH-B-Floor 2 6.990350492 -64 PlO WH-B-Floor 2 ll.62475376 -74 

Pll WH-B-Floor 2 18.30034153 -86 
P12 WH-B-Floor 2 14. 78404884 -77 
P13 WH-B-Floor 2 12.36343803 -68 
P14 WH-B-Floor 2 10.04353026 -64 
P15 WH-B-Floor 2 7 .875239679 -63 
P16 WH-B-Floor 2 6.031658147 -60 
P17 WH-B-Floor 2 4.925708071 -60 
P18 WH-B-Floor 2 5.045879507 -64 
P19 WH-B-Floor 2 6.816993472 -71 
P20 WH-B-Floor 2 10.62685748 -69 
P21 WH-8-Floor 2 10.91169098 -73 
P22 WH-8-Floor 2 11.9792529 -75 
P23 WH-8-Floor 2 8.847604195 -70 

:. i) 2"to1" floor: ' Relationship between log distance and signal strength (dBm; in 
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!Ny' } 3pf@ pa ""to 3®S7pp7p; 
- point SSID - 

Slope 
distance signal Pl WH-B-Floor 2 18.83242151 -84 P2 WH-B-Floor 2 14.09689682 -81 P3 WH-B-Floor 2 8.070470866 -77 P4 WH-B-Floor 2 13.73943594 -75 PS WH-B-Floor 2 13.41188279 -78 

P6 WH-B-Floor 2 17.08983909 -90 
P7 WH-B-Floor 2 6.049371868 -84 
PS WH-B-Floor 2 3.397557947 -70 
P9 WH-8-Floor 2 5. 79007772. -80 
Pl0 WH-B-Floor 2 10.94508566 -80 
Pll WH-B-Floor 2 17.87631114 -83 
P12 WH-B-Floor 2 14.25580934 -76 
P13 WH-B-Floor 2 11. 72666193 -76 
P14 WH-B-Floor 2 9.2483782.36 -76 
P15 WH-B-Floor 2 6.832232432 -76 
P16 WH-B-Floor 2 4.58703608 -76 
P17 WH-B-Floor 2 2.987072.145 -76 

P18 WH-B-Floor 2 3.181336197 -66 

P19 WH-B-Floor 2 5.579551953 -76 

P20 WH-B-Floor 2 9.878770166 -76 

P21 WH-B-Floor 2 10.18454712 -76 

PZ2 WH-8-Floor 2 11.32088777 .76 

WH-B-Floor 2 7.933479691 -65 P23 



I g distance and signal strength (dBm) in 2nd t 3
rd 

,%tween106 t0 'floor­ s? 
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slope signal 
distance 

Pl WH-B-Floor 2 19.35200506 -90 P2 WH-B-Floor 2 14.78385944 -90 P3 WH-B-Floor 2 9.21805294 -90 P4 WH-B-Floor 2 14.44341026 -90 PS WH-B-Floor 2 14.13218313 -90 p6 WH-B-Floor 2 17.66076442 -90 
P7 WH-B-Floor 2 7.512316554 -90 
P8 WH-B-Floor 2 5.602088896 -87 
P9 WH-B-Floor 2 7.30513518 -89 
PlO WH-B-Floor 2 11.8167212 -90 
Pll WH-B-Floor 2 18.4228798 -90 
P12 WH-B-Floor 2 14.93546451 -89 
P13 WH-B-Floor 2 12.54410619 -90 · 
P14 WH-B-Floor 2 10.26511081 -90 
P15 WH-B-Floor 2 8.155942619 -89 
P16 WH-B-Floor 2 6.393817326 -87 
P17 WH-B-Floor 2 5.363077475 -86 
P18 WH-B-Floor 2 5.473655086 -88 
P19 WH-B-Floor 2 7.139425747 -87 
P20 WH-B-Floor 2 10.83651697 -88 
P21 WH-B-Floor 2 11.11597949 -90 
PZ2 WH-B-Floor Z 12.16562781 -90 
P23 WH-B-Floor 2 9.098356995 -90 

d . 1 t gth (dBm) in z"d to 4th floor: Relationship between log distance ant signal stren 

-95 ; :•--··-:-- '--·---·'--·-·-·· 

= po 
J 

0 5 . log distance ---- 
10 

measurement 
Linear (measurement) 



bles and graphs related to the fifth floor ,Ta! access point: 

P2 WH-B-Floor 5 10.54 
P3 WH-B-Floor 5 -59 

6.61 
P4 WH-B-Floor 5 -so 

13.56 
PS WH-B-Floor 5 -59 

15.81 -57 pG WH-8-Floor S 20.74 -62 P7 WH-8-Floor S 9.74 -54 
PS WH-8-Floor S 7.52 -46 pg WH-8-Floor 5 8.3 -51 
PlO WH-8-Floor 5 11.92 -55 
Pll WH-8-Floor 5 17.71 -57 
P12 WH-B-Floor 5 13.07 -51 
P13 WH-B-Floor 5 10.54 -49 
P14 WH-B-Floor 5 8.07 -37 
PlS WH-B-Floor 5 5.69 -36 
P16 WH-B-Floor 5 3.58 -36 
P17 WH-B-Floor 5 2.57 -37 
P18 WH-B-Floor 5 3.73 -39 
P19 WH-B-Floor 5 7.49 -49 
P20 WH-B-Floor 5 11.54 -57 

P21 WH-8-Floor 5 13.07 -58 

P22 WH-B-Floor 5 14.9 -60 

P23 WH-B-Floor 5 3.79 -56 

.. : i»s" tos floor: ' Relationship between log distance and signal strength (dBm) in 

c:i -so 
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6 measurement 
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{measurement} 



P2 -91 

P3 WH-B-Floor 5 
11.30 -85 

P4 WH-B-Floor 5 
7.76 -80 

PS WH-B-Floor 5 
14.15 -85 

p6 WH-B-Floor 5 
16.32 -86 

P7 WH-B-Floor 5 
21.13 -87 

P8 WH-B-Floor 5 
10.55 -90 

P9 
8.55 -81 

WH-B-Floor S 9.24 -72 
PlO WH-B-Floor 5 18.17 -78 
Pll WH-B-Floor S 12.59 -85 
P12 WH-B-Floor S 13.69 -66 
P13 WH-B-Floor S 11.30 -68 
P14 WH-B-Floor S 9.03 -68 
PlS WH-B-Floor 5 6.99 -70 
P16 WH-B-Floor 5 5.41 -78 
P17 WH-B-Floor 5 4.81 -67 

P18 WH-B-Floor 5 5.51 -75 

P19 WH-B-Floor 5 8.52 -83 

P20 WH-B-Floor 5 12.23 -86 

P21 WH-B-Floor 5 13.69 -87 

P22 WH-B-Floor 5 15.45 -90 

Relationship between log distance and signal strength (dBm) in5' to 4" floor: 
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WH-B-Floor 5 
P2 WH-B-Floor 5 -100 

P3 WH-B-Floor 5 
12.66 -100 

P4 WH-B-Floor 5 
9.63 -100 

PS WH-B-Floor 5 
15.26 -100 

p6 WH-8-Floor S 
17.29 -100 

P7 WH-B-Floor 5 
21.89 -100 

P8 WH-B-Floor 5 
11.99 -100 

P9 
10.28 -100 

WH-8-Floor 5 

PlO 
10.86 -100 

WH-B-Floor 5 
Pll 

13.82 -100 
WH-B-Floor 5 19.05 -100 

P12 WH-8-Floor S 14.83 -100 
P13 WH-8-Floor 5 12.66 -89 
P14 WH-B-Floor 5 10.68 -90 
PlS WH-8-Floor S 9.02 -90 
P16 WH-8-Floor 5 7.86 -86 

P17 WH-8-Floor 5 7.46 -86 

P18 WH-8-Floor 5 7.93 -88 

P19 WH-B-Floor 5 10.25 -100 

P20 WH-B-Floor 5 13.50 -100 

P21 WH-B-Floor 5 14.83 -100 

P22 WH-B-Floor 5 16.46 -100 

• Relationship between log distance and signal strength (dBm) in 5" to 3" floor: 
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Appendix D 

WLAN simulation 

Antenna only in second floor 

a ] 

The following is the simulation, for the 2.4 GHz 
cigrials·thal are radiated frorr; the 3com. • c ; 

accesspoints distributed in Palestine Folytecnn 
Uni,ersity/ Bulding B. Done for the purpose o 

researeh. 

Prooos al 

PalestinePol,tcchnK:Urwenily 

Palestine Polytechnic U niverity 

t/2S/201 0 
d1 p 6 



: ~ sf Indoor editors ken 
p,J: Power I (dBm) 

j '.::" >-40.0010.0 ¼) 

, 
I ·~ >·50.00 {0.0 ¼) 

l •· 

>·55.00{0.0¼) 

>-60.00 (0.0 ¼) 

>-65.00 {3.4 ¼) 

~ 
i 
I 

i 
·1 ,-eo.oo 148.5 %J l : 
, ,., ,.es.oo [73.3 ¼) I 
l ,, I >•95.00 (97.8 %) I 
''300.cots.s ) 

aas, wemi 

>•75.00124.5 ¼) 

Palestine Polytechnic Univenit;v 

1:t Aoo, 

4/25/2010 
o13Pooc8 

llfdooi pediction legend 
PL,' Power { 

, (dBm) /iY 
3-40.00 48.0 %] 

± 3-50.00 (42.5 2] 

>·55.00 [54.5 %) 

I , : >-6U00 [67.2 %) 
I i >•&i.00 [77.5 "I 

>-75.00 {96.1 %) 

)-80.00 [97.6 %) 

' ,-85.00 {98.7 %) 

>·95.00 {99.2 :r.) 

>-100.00 {99.2 :r.) 
System 1 

Palestine Polytechnic u,.;.,,n;;, 

2ndFlool 

4/25/2010 
ol 5 Pa 8 



\lndop r predJdigrrlMend 
PeJ Power b-.. ldBmJ ,- , 

>·40.00 {0.0 ¾) 

>·50.00 10.0 ¾) 

>•55.00 {0.0 4') 

>·60.00{2.5¾) 

>·£5.00 {6.8 %J 

>·T:i.00 {29.0 ¾) 

>-80.00156.1 %] 

>-85.00 IBlO %J 

>·95.oo 199.4 i.J 

3-100.00 {99.8 ) 
System 1 

3rd Floor .. 
4/25/2010 
ol 6Po 8 

g \ $f /. 

Indoor pre diction legend 

Pal 
Power 

~ lcBml 
>-40.00 (0.0 %] ! 

'a 
>-50.00 {0.0 ;:i 

I >-55.00 (0.0 Z) 

I ),£0.00(0.0¾) 

>-~.Oil 10.0 ¾) 

>-75.00 (0.0 ¾) 

>-80.00 (0.0 ¾) 

>-85.00 (0.0 %J 

>-95.00 (9.1 %J 

>-100.00 {34.4 %J : 
Sysiem1 _______ __., 

4thFio<X 

4/25/2010 
o17Paoe 8 

\ 



'door pfcics lid 
Power ~ 
(domJ ! 

' IM 11 

••·• 11 

>-60.00 (0.0 7.] 

>-65.00 (0.0 7.] 

>•75.00 (0.0 7.] 

>-80.00 (0.0 7.J 

>-85.00 {0.0 23 

>·95.00 (0.0 ¼J 

>-100.00 (0.0 2) 

L Smet> 



Antenna only in fifth floor 

Hndoof P!ediction-leoend I 

l Power ,sit], 
Pn\ (dBm] t 

[ >-40.0040.0%) ! · 
! ;, >-50.00 {0.0 "1 
l . ,.ss.oo 10.0 "1 

>-6D.OO (0.0 "1 

>·65.00 {0.0 ¾J 

I 
'f' 

>•85.00 (0.0 "1 

>-95.00 (0.0 "1 

>-100.00(0.0") 
System 1 

G1CU"ldfk:,of 

4/25/2010 
o! 2 Page 8 

1doz peclign legend 
Power nq 

Pol, !dBm] 
! H0.00 (0.0 7.l 

Bl 
' • >-50.00 10.0 ::1 

-55.00 (0.0 %) 

>-60.00 10.0 ¼l 

3 -65.00 [0.0 2) 

>-75.0010.0 ::1 

>·60.00 (0.0 Zl 

>-85.0010.0 ::1 

: >-100 00 (0.0 ::1 
i re: 

>-95.00 (0.0 Z} 



'Indoor pitdich ign legend 
I Power .;y 

Pale, 'jewj I; >-40.00(0.0:>:J 

I ,, , >·50.0010.0 %J 

! ' >•55.0010.0 :::J 

> ·60.00 10.0 ¼J 

. >-65.00 (0.0 ¼] 

>-75.0010.0%] 

>·80.0010.0 t) 

>-85.00 (0.0):] 

>·95.00 (0.0 t) 

>·100.0010.0 ¼J 
Sy;tem1 

2ndfloof 

4/2512010 
o15Page8 

sacs aaaa scare 
L pPowct 

PalJ ldBmJ 

.'· > •40.00 10.0 "'I 

> ·50.00 10.0 Z) 

;)• >·55.00 [0.0 >:) 

)-60.00 [0.0 >:) 

>-65.00 [0.7 "I 

>•7S.00 [4.6 Z) 

>·80.00 [12.0 >:J 

>-85.00 [29.6 "l 

>-95.00 (.t7 . .t Xl 

3100.00 [53.2 ) 
Sysleml 



Power 
ldamJ 

>•40.00 (0.0 %] 

>·50.00 (0.0 %] 

>·55.00 (0.0 %] 

>-6l'.l.00 (0.0 %] 

>-685.00 {2.9 2] 

>·75.00 (H.8 %] 

>-80.00 {34.6 %] 

>-85.00 {61.3 %] 

>·95.00 {88.3 %] 

>-100.00 {97.3 ~] 
Sr,lem 1 

4thFloO< 

4/25/2010 
of 7 PageS 

<_ "..-'r, ._;.... . . 

• 

[irdoo resfcio kond 
! Power 77 

Pale {dBm} =it» 

)-10.00 (10.2 Z] 

i . 
g" 
! 

>-50.00 (41.3 %] 

>-55.00 (56.2 :,1 
>-60.00 (61.9 ZJ 

,-65.00 (70.5 "1 

,-75.00 (99.9 ¾] 

> -80.00 {8¢ 9 ] 

>-85.00 (97.0 Z] 

>•95.00 (99.4 ZJ 

>-100.00 (99.7 "I I 
\ systeml _, __ J 

5th Flool 

4/25/2010 
ol 6 Po • 8 
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• measuremem .A 
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Fig.(S): 2"d to 4th signal strength versus log diStance 
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APPENDIX F 
FIRST, SECOND AND THIRD FLOORS 
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Appendix G 

• Measured, modeled, and simulated 1 values related to the 1° floor 

24.57 -51.29 - -50.71 
15.86 

11.41 -51.25 

29.19 -48.00 

is -42.39 - -44.72 27.36 

as2 -45.99 

29.94 -40.38 

[BL.s7 -48.36 

60.10 -60.53 

l62.s1 
I -53.45 I 
I 

65.56 -52.93 
[68.33 -45.32 
30.15 -49.35 

r 31.22 I 

-39.52 I 
I 

; 

32.52 -42.38 
~ 34.04 -45.87 
61.42 -59.39 

l 64.13 ! -48.38 
66.79 I 

I -53.82 
[s.s2 I 

i -45.89 
33.05 -52.49 I 
33.99 -52.45 
3S.19 -48.63 
36.58 -38.68 
57.77 -56.04 
60.29 I -44.35 
62.86 I 

I -54.30 
5.47 

, 

' -55.38 
68.11 I -63.49 I 
70.78 I I 

I -59.66 I 
35.91 I -64.39 I 

I I 
36.99 I -58.53 I 

I I 

~ I -64.21 
I 

I 
39.23 -58.95 

I 
I 
I 

13.90 
14.13 

-48.67 
-49.07 

-40.64 -50.00 
-41.04 -48.00 

14.38. -49.54 41.51 -49.00 
14.65 -50.04 -42.01 -46.00 
14.94 
14.37 
14.55 

-50.55 
-49.52 

.. 
-49.85 C » 

-50.24 
-50.66 
-55.77 
-56.12 
-56.46 
-56.79 
-50.29 
-50.57 
-50.89 
-51.26 
-55.95 
-56.29 
-56.61 
-56.93 
-51.02 
-51.24 
-51.52 
-51.83 
.55.46 
.55.80 
-56.13 
-56.45 
-56.77 
.57.07 
-51.68 
.51.90 
-52.11 I 

i 
.52.38 I 

I 

-42.52 
-41.49 
-41.82 

-40.00 
-43.00 
-44.00 

14.76 -42.21 -40.00 
14.99 -42.63 -45.00 
17.79 -47.74 -40.00 

17.98 · -48.09 -40.00 

18.17 -48.43 -41.00 

.18.35· -48.76 -41.00 

14.79 \ -42.26 -45.00 

14.94 -42.54 -38.00 

15.12 -42.86 -40.00 

15.32 -43.23 I -43.oo 

17.88 -47.92 -40.00 

18.07 -48.26 -39.00 

18.25 -48.58 -41.00 

18.42 -48.90 -44.00 

15.19 -42.99 -SO.OD 

15.31 
-43.21 -51.00 

15.46 
.15.63 

-43.49 
-43.80 

-47.00 
-37.00 

17.62 
17.80 

-47.43 
-47.77 

-54.00 
-41.00 

17.98 
18.16 

.48.10 
-48.42 

-50.00 
-51.00 
-53.00 

18.33 
18.50 

-48.74 
.49.04 .55.00 

15.55 
15.67 I 

.43.65 
43.87 

-61.00 
.55.00 

15.79 
15.94' 

.44.08 

.44.35 
I 
I 
I 

.64.00 

.55.00 

- II!lee , , Ille!e 

Ill]All RAW lfl Ill QQl lQQQllllllQQ Ill0llell JQllJM Al - 
20.77 5.12 
19.06 3.23 
19.01 3.35 
12.49 4.24 I 
0.31 19.25 
7.23 10.73 
9.07 8.39 
4.52 I 24.41 
11.85 4.75 
21.12 7.86 
10.02 .5.00 
8.49 6.68 
7.60 25.32 
14.37 1.91 
7.64 27.96 
1.14 I 20.09 
5.77 11.74 
19.31 5.79 
0.25 16.35 
9.74 5.18 
6.56 24.06 
18.10 2.80 
17.61 2.30 
10.57 5.94 
13.23 33.99 
15.36 1.03 
7.70 25.80 

11.41 3.38 
12.56 I 1.94 

23.24 10.59 
17.79 4.33 

32.21 I 19.74 

25.05 I 11.33 
I 

31.35 I 18.84 i 
I 11.14 

I 

24.76 I 



gr 

\a s 17.74 -55.69 :v A 17.92 -56.01 -47.66 -50.00 
-47.98 9.60 5.63 m 18.09 -56.33. -57.00 19.86 

ye+ -48.30 6.45 

6 
-62.97 18.26 -56.63 -40.00 2.39 

~ 

-48.60 . 19.41 

6 -52.72 18.42 -56.94 
-42.00 22.82 

-48.91 
.. 10.07 

~- -50.00 
6 -56.91 18.58· -57.23 -49.20. 

7.23 8.00 

~ -68.32 16.09 -52.67 
-41.00 13.55 .0.56 

~ 
-44.64 -41.00 

-64.59 16.22 -52.90 34.66 22.91 

~ 
-44.87 -43.00 

-65.12 16.36 -53.16 
30.54 18.10 

's! -45.13 -39.00 
-51.28 16.84 -54.03 

30.70 18.36 

~ 
.. 46.00 -39.00 

-55.00 17.01 -54.35 
10.30 5.36 

27 -46.32 -40.00 
: 

15.77 1.17 
,;...--- -42.34 17.18 -54.67 3s -46.64 .30 ·- 

•,,, 
t,4 -38.00 . 10.i5 29.12 
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9Al 
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:·• . [# 
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,. .... : -39.00 ;:; , 5.46 10.60 
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.. · . 

gs2 -47.59 -40.00 
17.87 -55.92 · • 

2.89 13.50 

6L24 -52.00 ::·.· ....... -47.89 -47.00 7. 90 7.54 

I 
-· 

63.64 -55.49 18.04 -56.23 -48.20 -38.00 13.14 1.34 

-52.87 18.20 ['-56.53 .,. ·; .. ' ,. 

66.08 .4 -48.50 -39.00 " a » 8.27 6.92 

68.08 -52.00 18.33 -56.76 -48.73 -39.00 6.28 9.16 
I 18.36 

.. t 

68.58 i -52.23 ,, . -56.82 .. ·-48.79 -40.00 6.58 8.80 I 
71.10 I -55.32 I 18.52 -57.11 -49.08 -40.00 11.28 I 3.23 I 

' 
I 

I I 
.. I 

41.75 -61.49 16.21 .. -52.88 -44.85 -51.00 27.07 14.01 
4, 

I 

42.52 -64.39 16.29 -53.02 -44.99 -52.00 30.13 I 17.65 

43.44 -55.38 16.38: ; -53.19 -45.16 -50.00 18.45 3.95 

44.60 -66.39 16.49 -53.40 -45.37 -53.00 31.66 19.56 

690 -60.32 
, .. -53.63 -45.60 -51.00 24.40 11.09 

16.62 
; 

J7.40 -63.97 16.76 -53.89 -45.86 -41.00 28.31 15.76 

gs -56.23 -54.15 --46.12 .-\ -43.00 17.98 3:70 
.16.90 :,-, 

~ 
-46.39 -44.00 18.63 4.55 

-57.01 17.05 -54.42 . 

-40.00 12.66 2.37 
S256 

.· .. ,, 54.71 .-46.68 
~ -53.44 17.21 '. 

~ 
-46.96 -40.00 16.16 1.83 

-56.02 17.36 -54.99 20.79 7.33 
56.SS -55.29 .. 47.26 -42.00 

-59.66 17.52 .+ 1.11 15.59 

~ 
-47.55 -40.00 

-48.09 17.68 -55.58 -39.00 8.32 26.50 

~ 
.. '-47.84 

-44.16 17.84 %-55.87 -40.00 44.78 68.93 

~ -33.25 
-48.13 

18.00 -56.16 -50.00 12.78 2.66 

# 'as 16.50 
.. ... -53.41 

45.38 4.03 
-52.00 18.43 

~ 
.45,46 

4G ~ -55.74 16.54 -53.49 -51.00 17.40 2.87 

~ 53.69 
.45.66 26.61 13.75 

.< ·55.28 16.65 -40.00 I 

~ -53.88 
.45.85 22.69 9.20 

48 _-,62.47 16.75 I .41.00 
S5 { .46.05 l 32.79 i 21.13 

49 ' -59.56 16.86 -54.08 .61.00 

~ 
i 46.27 

8.85 16.99 -54.30 



.65.94 17.11 -54.54 

.68.60 17.25 -54.79 
-46.51 -40.00 

.57.35 17.40 
-46.76 -39.00 -55.05 

.64.57 17.54 
-47.02 -39.00 

-55.32 
17.69 

-47.29 -40.00 

ss.7 
-53,44 -55.59 -47.56 
.51.67 17.84 -55.86 

-41.00 

9.78 
-47.83 -42.00 

-63.83 17.99 ·-56.14 -48.11 
.56.57 18.14 -56.41 

-60.00 

5.09 
-48.38 -43.00 

q.56 -64.23 16.77 -53.91 -45.88 -45.00 

8.24 -54.51 16.83 -54.03 -46.00 -47.00 

9.09 .45.43 16.91 -54.17 -46.14 - . : ·I -44.00 

s.11 -43.13 17.00 -54.33 -46.30 -41.00 

51.28 
-59.79 17.10 -54.51 $ -46.48 -51.00 

51.60 -53.32 17.21 -54.71 -46.68 -50.00 

55.62 -62.67 17.45 -55.16 -47.13 -60.00 
'' - 

51.31 -54.69 17.58 -55.40 -47.37 -39.00 

59.11 -66.67 17.72 -55.64 -47.61 -40.00 

60.99 -58.42 17.85 -55.89 -47.86 -40.00 

62.97 -67.32 17:99 -56.14 -48.11 I -41.00 

65.01 -66.33 18.13 -56.40 -48.37 -60.00 

67.15 -70.22 18.27 -56.65 -48.62 -63.00 

50.50 -65.87 17.03 -54.39 -46.36 -61.00 

51.14 -58.97 17.09 -54.49 -46.46 . -55.00 

51.95 -55.96 17.16 -54.61 -46.58 -53.00 

52.90 -54.98 17.23 -54.76 -46.73 -56.00 

54.01 -59.98 17.33 -54.92 -46.89 -57.00 

55.27 -49.37 17.43 -55.11 -47.08 -40.00 

56.65 -57.78 17.53 -55.30 -47.27 -42.00 

5%.13 -57.39 17.64 -55.51 47.48 -40.00 

59.78 -52.33 17.77 -55.73 -47.70 -40.00 

61.49 -58.97 17.89 55.96 -47.93. -41.00 

$3.31 -59.70 -56.19 .48.16 -43.00 
18.01 

65.22 -74.00 -56.42 -48.39 -57.00 
18.14 

-56.66 -48.63 .60.00 
-72.40 18.27 -48.87 -61.00 

18.41 -56.90 ERROR 

29.47 
31.83 
18.00 
26.76 
11.01 
7.42 

17.29 
20.13 
4.00 
14.32 
4.02 

24.63 
14.48 
28.56 
15.61 

8.12 
12.05 
0.29 
16.06 
0.88 

1.54 
7.34 

19.22 
25.95 

22.25 
12.44 

8.82 
2.62 
11.98 

13.39 
28.58 
18.07 

. 28.53 
27.08 
30.75 

1.29 
16.54 
4.33 
16.60 
14.97 
19.32 

29.62 17.43 
21.22 
16.75 
15.01 
21.82 
4.65 

7.60 
2.40 
0.40 
8.43 
11.61 

18.18 4.29 
17.27 3.28 
8.84 6.50 

18.73 
19.33 

5.12 
5.88 

34.60 
32.83 
23.27 

23.75 
21.74 
10.67 



• Relationship between log distance and signal strength (dBm) in the first floor: 
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• Measured, modeled, and simulated 1 va ues related to the 2° r 

[f:i~=·41=•~' ~· ~•'+;jj~~!!·~r~~~~~~;~;;oo:r;: --:-:-~--,------~ ff"At"["y=== ayo aaaa, %3I+f3 7 v-2s·.6 ,n9 -47.65 I 14.10 -51.78 -45 11.11 14.44 -40.99 #E$ 4 # -{ls" "% ' 1 6 -SO 2 54 iE1=E-gs -#l#.2% 1..--:-:-:::- ' 14 92 -47 10.60 2 ii&'EB5ls5-f I~ -43.53 14.34 -52.54 _41_44 
28-35 1.66 

;;_-- I 44 33 14 53 52 89 -42 20.69 4.80 

,~~;

6 ~t~-1~-~~1t~~;· ~-=-t-=--=--=--~1~·-lt-- -_1i---_-_ ~_:_-i
4

~

1

~-~

7

~

7

~-=--=-~~-=--=--i
44

t-::.-::.t-=-~~1t-::.-::.l-::.-::.-::.1~1~~~j 9.79 -39.67 14.74 -53.30 -42.17 -37 19.31 5.76 

3 69 1
. 4 97 34.36 6.29 

3:--~43~~-4~- ~-r--:' ~- -:;;;,--=-~53~·~
75
~--i-'---~=:4::2~.5:-9---'-t--=-~40~--+-~23~.0~2~-1.-~~:.___J 

60.03 -55.88 17.78 -59.18 -47.73 -45 2.52 -=::-t~~;-r--:;-:;-~1-~~;--\-:---:--~~--+-~~+~5~.9~0~_j_ _ _l1~4.~58~_j 
62.74 -47.43 17.98 -59.55 -48.09 -44 25.55 1.38 
65.49 -47.23 18.16 -59.91 -48.43 -45 26.84 2.53 
68.26 -43.58 18.34 -60.25 . . -4.8.76 . -39 38.26 11.88 
30 -47.08 14.77 -53.36 -42.22 -45 13.33 10.32 

I 3108 -37.72 14.92 -53.66 -42.50 -39 42.24 12.67 

32.38 \ -38.00 15.10 -54.00 -42.83 -37 42.11 12.71 

33.91 : -43.90 15.30 i -54.39 -43.19 -40 23.89 1.60 
i 61.35 I -57.52 17.88 -59.36 -47.91 -40 3.20 16.71 

64.06 1 -46.00 18.07 -59.72 -48.25 -39 · 29.83 4.89 
66.n I -50.00 18.24 -60.06 -48.57 -49 20.13 2.85 
69.46 ! -45.90 18.42 -60.40 -48.89 -43 31.59 6.52 
32.91 I -48.oo 15.17 -54.14 -42.96 -45 12.78 10.51 
33.86 -49.72 15.30 . -54.37 -43.18 -46 9.37 13.14 
JS.06 -46.85 15.45 -54.67 -43.46 -40 16.68 7.24 

3 
45 42.18 13.16 

3i46 -38.68 15.62 -55.00 -43.77 O 5 01 15.38 
~69 l -56.o4 11.61 -58.84 -47.42 -

4 
· 

60 
43 33.48 7 .68 

~2 -44.35 17.80 -59.20 -47.75 . - 11.43 
~ -54.30 17.98 -59.55 -48.09 -39 9.68 41 12.46 9.10 
~L -53,26 18,16 -59,90 -48.42 - 12,94 29.56 ii? -#-5-% 3 ~-71 I -57.00 18.50 -60.55 ·49-04 •

44 :/:2 \ 36.22 & i fig-1±#y BJ=#@-EE3 5% S.78 07 -43.84 - 1 29.68 I w $.3-Ei#= = TE aE- g w ~12 ; -58 95 55 59 -4433 
1' 12.08 i 

9
·
62 

Sg :----:-...:.~i•fr±j1~51.9~2j=~-~-~=t=~~=~==1l ==1-5~0==±==~i~==r· ===l~~;:::_::_:J' ~138 I 52.72 17.74 -59.09 -47.65 I -55 I 0.74 I 19.88 I 
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• Measured, modeled, and simulated 
.. . ... ... values related to the 2° floor : 

signal[[_[jog [__] _model iwith'G] ,3,3.Arm iStilnce ·· ... · , .·.·-· ·.·,,111oue11•;with .... :· ~•:•'·"-,,., .. ,,., .. _ .. _ . 47.42 13.87 -52.69'S'«out a [ simulation ] error wihG!Ge--7 ~ - · · - ' -40.58 "° - · -" -- .·. · ., · .. o:cerrorw1 o_ut:<T, . I 
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45 
11.11 14.44 

,,;--:
2
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45 
8,66 13,98 
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2
· 
2 

JQ· -45 5.90 14.58 
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.-- 
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9
.
37 13

-
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~ -54.30 17.98 -59.55 -48.09 -39. 910 -41 12.46 · 
~ -53.26 18.16 -59.90 -48.42 12 94 29.56 [Shi li g;+fr' as %;Cl fig--8g" t" ,o 04 -44 . 1-3---L.. -51.00 18.50 -60.55 -49. -64 19.82 36.22 
~- -68.39 15.54 -54.84 -43.62 -55 0.18 20.24 5.--$5 y <yo -54.9 -55.07 - . O 11.74 29.68 # "+ .%113¢-±$ e, .62. -55.30 -44.06 5 71 24.80 ! 7%..3f-34l s ·12 i 58 95 15_92 -55.59 -443 I I 12.08 
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-
62 

~s
9
l8 -~t•fr±~~j=j~[t=~=¥,~~5 ~-t=1-5~0=tj~~t=~~=~1 ;i 5 -59.09 -47. -55 0.74 19.88 I G-EE%='&w.-= ~9.87 17,91 -59.43 -
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as Es: A #.'a5-5- 5 1:.----:n S -50.00 18.42 -60.41 -43 · 4.59 
6~- 18 58 -48.90 -43 22.84 h153=#--3+%% 4~--66.58 16.08 -55.89 -44.62 -:~ . 17.17 5.07 
r.. 74 -62.10 16.21 -56.13 - 16.06 32.99 41, _ -44.85 53 
~43,16 -61.22 16.35 -56.41 - 9.62 27.79 -45.11 -50 I~! -50.00 16.83 -57.33 ~45_98 7.86 26.31 
...,;--:: 00 17 01 -47 14.66 18_ -52. ' -57.67 -46.31 8.03 • -49 10.91 

52.21 -39.00 17.18 -58.01 -46.62 -38 10.94 
15439 i -36.66 11.36 -58.35 _46_95 _39 

48
-
73 I 19.55 

--- I 17 53 59,16 28.07 
56.56 . -50.00 . ·:· -58.68 -47.26 -49 . 17.36 
gs -49.00 17.70 -59.01 -47.58 548 
Rn soo izsz so.gs'@is87 '20.43 2.91 .- · 14.11 7.92 

63.57 I -55.49 18.03 -59.66 -48.19 -40 7.52 13.15 
.- 

66.01 -52.87 18.20 -59.97 -48.49 . -42 13.44 8.28 
,_ 

68.01 -52.00 18.33 -60.22 -48.73 -50 15.81 6.30 
- 68.51 -52.23 18.36 .-:. . -60.29 · -48.78 · ·, -49 · .. 15.43 6.59 

71.04 -53.78 18.52 -60.59 -49.07 -51 12.66 8.75 

41.64 1 -59.40 16.20 : -56.11 -44.83 · -55 5.55 24.54 
I 

42.41 l -66.75 : 16.27 -56.26 -44.97 -57 15.71 32.63 

43.34 ! -59.91 16.37 -56.44 -45.15 -59 5.78 24.65 
i 

44.5 I -71.91 16.48 -56.67 -45.35 -53 21.20 36.93 

45.8 j -80.66 
_ 47.3 -64.97 16.75 -51.18 -45.84 -61 11.99 I 29.44 

16.61 _ · -56.91 -45'.58 -55 29.45 43.49 

,_ 48.88 : -53.23 16.89 J -57.45 .-46.10 -50 7 .94 13.39 
J0.62 I -50.01 11.04 -57.75 -46.38 -48 15.46 

7
.
27 

J_2.47 -51.44 17.20 ·' -58.05 -46.66 -49 .12.84 9.29 
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·
5 



g 

~- -57.35 16.74 -57.17 
6 -62.57 16.85 -57.38 

-45.83 -52 

S -46.03 
0.32 20.09 

37 -50.44 16.98 -57.62 -60 8.29 26.43 
49. -46.26 
~ -51.67 17.11 -57.87 -49 14.23 8.29 

~ -63.83 17.25 
-46.50 -so 

s3.05 
-58.14 -46.75 

12.01 10.01 

~ 
-51.57 17.39 -58.42 -53 8.91 26.75 

-47.01 

56.69 
-61.23 17.54 -58.70 

-40 13.27 8.84 
-47.28 • -53.51 17.68 -58.98 

-54 4.14 22.78 
58.66 

I I 
-47.55 -so 10.23 _ 
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11.13 

«0.71 ! I . -47.82 
; -40 36.46 :...-- -42.13 17.98 -59.56 

10.10 
52.84 -48.10 -40 41.36 .., -56.79 18.13 -59.85 

14.15 

em -48.37 -53 5.39 14.82 
s1.29 -53.32 18.28 -60.13 -48.64 -40 12.78 8.77 

,.......---:: -62.67 18.43 -60.42 69.61 2 -48.91 -53 3.59 21.95 
i.-=-:.- -54.69 18.57 -60.70 

.. 
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o 
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Js»» 

48.15 -66.33 16.83 -57.33 -45.98 -58 13.57 30.68 

49 -70.22 16.90 -57.47 -46.12 -61 18.15 34.32 • 
50.02 -65.87 16.99 -57 .65 -46.28 -51 12.49 29.74 I 

51.19 -58.97 i 17.09 -57.84 -46.47 -51 1.92 21.21 ! 

52.51 -55.96 17.20 -58.05 -46.67 -50 3.75 16.59 

55.54 -54.98 
I 17.45 -58.52 -47.12 -47 .6.45 14.30 
I 
i 

57.23 ' -58.78 -47.35 -40 2.01 21.05 
-59.98 17.58 

59.03 -49.37 17.71 -59.04 -47.60 -42 19.57 3.59 

60.92 -57.78 17.85 -59.30 -47.85 -50 2.63 I 17.18 

62.9 -52.39 17.99 -59.57 --48.11 -45 13.70 8.18 

64.94 -45.33 18.13 -59.84 -48.36 -40 32.00 6.68 

~ 67.08 -60.11 -48.62 -53 3.68 16.14 
-57.97 18.27 

_9.2n -48.87 -50 1.14 18.13 
-59.70 18.41 -60.38 

21s2 -49.13 -39 · 18.05 33.61 
-74.00 18.54 -60.65 

282 -49.38 -50 15.87 31.80 

-72.40 18.68 -60.91 4.22 15.45 
76.18 -49.63 -43 

-58.70 18.82 -61.17 

~ 
-49.87 -50 2.80 21.10 

-63.21 18.95 -61.43 -55 2.15 21.42 
50.41 -58.98 17.03 -57.71 -46.35 23.88 

~ 
46.45 -52 5.24 

-61.02 17.08 .57.82 24.97 I 39.70 

as] 46.57 54 I 

-77.23 17.15 
I -57.95 4.04 22.85 

~ 
-46.72 -53 I 

-60.55 I 17.23 -58.10 -53 4.46 i 23.14 
I 393 I .46.88 

-58.28 7.45 ! 25.50 
s}' -61.00 17.32 I -54 : 

t9 ·6s.ts .47.07 2.90 21.79 

S6. 17.42 .58.47 .47.26 i 43 
®8S7 -60.43 17.53 58.68 



-61.21 17.64 -58.90 
-65.00 17.76 

-47.47 -57 -59.13 
-60.48 17.88 

-47.69 -52 -59.37 
-58.67 18.01 

-47.92 -40 -59.61 
-53.23 18.14 

-48.15 -42 -59.86 
18.27 

-48.38 -so 
-55.32 -60.12 -48.62 
-59.43 18.40 -60.37 

-40 
-48.86 

-61.13 18.53 -60.62 
-55 

-49.10 -57 
73.51 

-67.08 18.66 -60.88 -49.34 -40 
75.75 -63.44 18.79 -61.13 -49.58 -43 

-58.98 18.92 -61.37 -49.81 -45 
-60.34 19.05 -61.63 -50.06 -47 
-68.92 18.66 -60.87 -49.33 -40 
-66.42 18.78 -61.11 -49.56 -43 

71.75 -63.36 18.91 -61.35 -49.79 -55 

79.98 -68.65 19.03 -61.58 -50.01 -45 

82.27 -72.66 19.15 -61.82 -50.24 -47 

ST. DEV. % ERROR 

3.79 22.45 
9.03 26.63 
1.83 20.77 

· 1.60 17.94 
12.46 9.11 
8.66 12.11 
1.58 17.78 
0.84 19.68 
9.25 26.44 
3.64 21.84 
4.05 15.54 
2.13 17.04 
11.69 28.42 
8.00 25.38 
3.18 21.42 
.10.29 27.14 
14.91 30.85 

• Relationship between log distance and signal strength (dBm) in the second floor: 
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• Relationship between log distance and signal strength (dBm) in the third floor: 
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