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ABSTRACT

As demand on the CMR (Cellular Mobile Radio) Systems increased, reuse of the allocated channels for that system, which is frequency reuse concept, has been got inevitable. To manage good efficiency in the reuse pattern of the system, cell coverage areas should be well predicted, especially in urban areas where demand is very high. In the beginning of the mobile communication years, prediction methods were based on measurements conducted out in some cities and these measurements were modeled for large coverage area, and called empirical models. As time goes by, since system gets more complex, more accurate models were needed and thereby, semi-empirical and theoretical models, which need more data on city’s structure and buildings’ size information, appeared. These semi- empirical and theoretical models generally based on diffraction phenomena which is most effective factor at propagation in cities. As the number of subscribers has increased, cell sizes get small and new models for small cells are revealed as happened for large sized cells. These proposed models are divided in two subsections by depending on cell size and Transmitter positions. These subsections are called as macro cell and micro cell models. 

1. Introduction 

As people could manage to reach operating in high frequencies, especially in UHF (300MHz ( f ( 3000MHz) band, they have new frequency channels to allocate for some wireless technologies, some of the most known are GSM, IS-95, NTACS, WLAN e.g. Each of these technologies operates in different frequencies. For example, GSM operates around 900 MHz and 1800 MHz, IS-95 around 900 Mhz-1900 MHz, WLAN around 2.5 GHz s. Because the frequency value allocated for the systems is high, number of channels for that service gets increased. However, in today’s highly techno-life style, high demand on the service makes allocated channels insufficient even if service operates in high frequency. This problem causes need of arrangements in the use of frequency channels allocated for that service. 

The design objective of early mobile radio systems was to achieve a large coverage area by using a single, high-powered transmitter with an antenna mounted on a tall tower [1]. In the beginning of communication years, this solution was valid due to less demand on the service, however, as the number of subscribers increased, need for more base stations and more channels are incredibly revealed. Since each service has channel limitation, frequency reuse, which enables to reuse the same channels for the service elsewhere, has got inevitable so as to meet the high demand on the service. For the efficiency of the reuse concept, cells must be designed not to have interference at the boundaries of the cell. This results in a need of good coverage prediction for the cell. 

By depending on increase in number of subscribers, for the frequency reuse purpose, cell sizes are getting small as the time goes, and new concepts related to cell size are arousing. For the representation of the cell sizes following concepts are used: Macro Cell, Mini Cell, Micro Cell and Pico Cell. Each of these concepts represents different cell sizes and as the definition of cell sizes are not unique in the literature, following definitions for the cell types macro cell and micro cell will be used in this document.

	Cell Type
	         Cell Radius
	Position of  TX Antenna

	Macro Cell 
	1 to 30 km
	Outdoor, mounted above rooftop level, heights of surroundings are below TX. 

	Micro Cell
	0.5 km 5km
	Outdoor, mounted below medium rooftop level, heights of surroundings are above TX.


Mini cell refers to cell size between macro and micro cell and not used very frequently. Pico cell refers to cell size at indoor propagation and will not be considered in this document. 

Since CMR services are commonly used in urban area, good prediction models for the built-up areas are required. Until today, lots of prediction techniques are suggested for urban area regarding to each cell size. Some of them, called empirical models, based on measurements in some cities and represented by formulas rely on measurements. The other techniques are generally theoretical models and needs more information about city data and building structure. In this document, for both macro cells and micro cells, empirical and theoretical models will be examined and more detailed information about commonly used models will be given. 

2. Models for Macro Cell
Regarding macro cell size, from 1950’s up to today, lots of measurement in some cities, some of which are Tokyo, London, New York, and Philadelphia etc. are done. A model for each of the measurements is proposed and some of the measurements were tried to be formulated as Hata did for Okumura’s measurement in Tokyo. Some of the other models based on theories, especially on diffraction, and requires information about city buildings and streets. As expected, all of these models have limitations on frequency, distance, height of TX (Transmitter) and mobile antenna height. All models regards to macro cell given below under empirical, semi-empirical and theoretical models subtitles:

Empirical Models 

· Rec 529 (ITU recommendation) (*)

· Hata Model (*)

· Modified Hata (*)

· COST 231 Hata Model (*)

· The Ibrahim and Parsons Model-The London Model

· Young’s Propagation Prediction

· Allsebrook’s Model

· McGeehan and Griffiths Model

· Atefi and Parsons Model

· The Lee Model

Semi- Empirical and Theoretical Models

· Flat Edge Model (*)
·  Walfisch -Bertoni Model (*)

·  COST 231 Walfisch-Ikegami (*)

· Sakagami- Kubai Model 

· MBX Model For Macro Cell (*)

· Ikegami Model 

 Models signed with (*) will be explained in more detail in following paragraphs.

  2.1 Empirical Models

2.1 Rec 529

    2.1.1.1 VHF Curves

        ITU (International Telecommunication Union) recommends methods to provide guidance on the prediction of point-to-area field strength for the land mobile service in the VHF and UHF Bands. Field strength curves for three frequency ranges, centered on 150,450 and 900 MHz, are presented in this recommendation. Field strength values given in this recommendation are for effective antenna heights between 10m-600m. The definition of the effective antenna height is the reference height of TX with respect to average distance in 3-15 km from the base station in the direction of the transmitter. Given curves for some specific effective antenna heights and time percentages in this documentation are below:
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Each curve represents field strength values for different time percentages, 1%, 10%, 50 % and for (h* =50. Also, in all curves location percentages are 50 % and for values of location percentages different from 50 %, correction curve is given as below.

       [image: image4.png]s R T BRI e





                        Fig .2.1.4 Location Percentage Correction Curve

For effective antenna height, which is not equal to given values in curves, linear interpolation is suggested. For mobile antenna heights different from 1.5m, formula below is proposed for correction.
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where c values for different zones are given in table 2.1.1.

	  
	VHF
	UHF

	Suburban
	5 dB
	6 dB

	Urban
	6 dB
	8 dB


                        Table 2.1.1.  c values for receiving antenna height correction

After applying location percentage and receiving antenna height correction to field values taken from curves, field strength values should be reduced by 3 dB for suburban areas and by 5 dB for urban areas.

                                            Limitations of  This Model in VHF Band

	Frequency
	30-250 MHz

	Distance
	10-600 km ( in curves)

	TX antenna Height
	(No limitation)

	Mobile Antenna Height
	( No limitation)

	Terrain information
	Required
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Building Information
	Not Required


                For distances less than 10km, free space loss application is suggested.

   2.1.1.2 Okumura- Hata

       Okumura derived curves from measurements made in and around Tokyo in Japan. Curves are for 450 MHz and 900 MHz at mobile antenna heights of 1.5 m, base station heights between 30m and 1000m, 50 % of the locations, and 50 % of the time and distance up to 100 km. He then generated curves relating the field strength versus distance for a range of fixed base station heights at several frequencies. Since use of curves is impractical, Hata then formulated the measurements with some restrictions. Additional corrections and arrangements are later applied for these particular measurements; and curves are extrapolated and interpolated to 100 MHz to 3000 MHz. Due to completeness of the study, the Okumura Study results are included in ITUR 567-3 report. It is also proposed in ITUR 529 report as coverage area prediction model for frequencies centered around 450 MHz and 900 MHz. There are a few models refers to Okumura’s tests. Detailed information about these models will be given in following paragraphs.

     2.1.2 Hata Model

In this model, an empirical formula for propagation loss is derived from Okumura’s tests in order to put his prediction method to computational use [2]. This model tries to put Okumura’s observations into a simple form as A+ BlogR, where A and B are frequency and antenna height functions and R is the distance. All formulas derived by Hata are given in terms of Path Loss. The way to convert path loss into electric field is given in Appendix II. Hata’s approach involves dividing the prediction area into a series of clutter and terrain categories, namely open, suburban and urban area. These could be defined as [3]:

Urban Area: Large town with large buildings and houses with two or more floors, or larger villages with close houses.

Suburban Area: Village or highway scattered with trees and houses, some obstacles near the mobile but not very congested.

Open Area: Open space, no tall trees or buildings in path, plot of land cleared for 300-400m ahead, e.g. farmland, open fields.
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      The introduced formula doesn’t cover all conditions proposed in the Okumura’s report. Hata’s approach is valid for restrictions given in Table 2.1.2.1

	Frequency (f)
	100-1500 MHz

	Distance (km)
	1-20 km

	Base Station Effective Antenna Height (hb)
	30-200 m

	Mobile Antenna Height (hm)
	1-10 m


                   Table 2.1.2.1. Limitations in Hata’s formula

By using Wireless Simulator Program( (Appendix III) following study is done to give an idea how Hata approach works.
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Okumura-Hata Path Loss study is done with Open Area and Okumura- Hata Path Loss (1) is done with Urban Area as area type.   
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                                      Figure 2.1.2.1 Hata Study Example
Since Hata model is valid for distances greater than 1 km, Wireless Simulator program applies free space propagation up to distance 1km. Therefore, up to that distance, both study have the same results.

As seen in the figure 2.1.2.1, path loss in urban area has about 28.5 dB differences from path loss in Open Area. Actually, this difference is caused by the formula (2.1.2.6). The parameters
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yield the same value.

For the frequency between 200 MHz and 400 MHz (formula 2.1.2.3 and 2.1.2.4), the model doesn’t recommend anything. However, some sources propose solution to the problem by applying the formulas for f>300 MHz, and f<300 MHz respectively [4].  For the mobile height hm=1.5m, formulas (2.1.2.3) and (2.1.2.4) yield
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These values imply that solution mentioned above will deviate in small differences from Hata’s actual results and could be accepted in practical applications. 

The comparison of Hata’ s approach with measurements in other cities gives an error that exceeds 10-12 dB. Since Okumura’s curves are derived from measurements in Tokyo, application of the model in other cities could cause large error due to different building and city structure and ground cover. In order to correct Okumura’s prediction in other cities, a new ground - cover factor that accounts for the degree of urbanization was introduced by Akeyama et al [5]. An additional factor S, introduced by Akeyama as a deviation from Okumura’s reference median curve at 450 MHz:
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where B is the percentage of the area covered by buildings in the built up area.  

This model works sufficiently for large cell mobile systems, but not for cells with radius in order of 1 km.

2.1.3 Modified Hata Model


Hata’s formula is restricted to a frequency range of 100 to 1500 MHz, distances between 1-20 km and base station effective heights between 30 -200m. Modifications were made to improve accuracy relative to the Okumura curves [6]. Frequency range up to 3000 MHz, and study distance up to 100km are increased by modifications. 

             The parameters and restrictions of the Modified Hata used in this part and restriction of the models are shown in    Table 2.1.3.1

	Parameter
	Definition
	Range of validity

	Lmh
	Modified Hata propagation. Median dB
	-

	hb
	Base antenna Height, m
	30-300

	  hm
	Mobile Antenna Height, m
	1-10

	        U
	0 = small/medium, 1= large city
	0 or 1

	Ur
	0 = open area, 0.5 =suburban, 1= urban
	0-1

	Bl
	Percentage of Buildings
	3-50

	R
	Range, km
	1-100

	f
	Frequency, MHz
	100-3000


Table 2.1.3.1 Parameters and Restrictions of the Modified Hata Model

The other parameters will be used in Modified Hata’s calculations:

Lccir= Lp formula (2.1.2.1) in Hata’s Model

am(Hm)= formula (2.1.2.2) in Hata’s Model

a2(Hm)= formula (2.1.2.3) in Hata’s Model

a4(Hm)= formula (2.1.2.4) in Hata’s Model

Lps= formula (2.1.2.5) in Hata’s Model

Lpo= formula (2.1.2.6) in Hata’s Model
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To validate Hata’s model in higher frequencies, transition values are defined in the model as follow:
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 Correction for the earth’s curvature, but propagation not beyond the horizon is written as
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The suburban/urban correction is represented by Ur urbanization parameter as follow:
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                    So=(1-Ur)[(1-2Ur) Lpo+4UrLps]      

Overall height correction ax is derived combining height corrections used in Hata’s Model with frequency transition functions and a small / large city parameters,   
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                ax=(1-U)am(hm)+U[a2(hm)F1+a4(hm)F2]          

Another term for contribution of percentage of buildings on loss is considered as 
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                         B0=25log(B1)-30

By adding all results (2.1.3.1) to (2.1.3.5), modified Hata formula is written as follow:
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                  L=-(Lccir+S0+ax+Sks+B0)

To give an idea about how modification correlates with Okumura’s measurements, comparison of the Modified Hata model with Okumura is shown in figure 2.1.3.1
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                            Figure 2.1.3.1 [6]. Comparison of Modified Hata with Okumura curves
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In the figure, it is seen that Modified Hata model have about 3 dB deviations from the Okumura curves over the frequency range 100 to 3000 MHz and distance 1-100 km. The Wireless Simulator Program output as seen in Figure 2.1.3.2 could verify this deviation by taking Hata’s approach for Okumura’s curves.

              Figure 2.1.3.2 Comparison of Hata with Modified Hata

As shown in output of the Wireless Simulator Program in the figure, there is about 4dB difference between Modified Hata and Hata results. This is not expected result when compared with figure 2.1.3.1. Reason for difference could be use of different building percentage in both studies and Hata’s small deviation from Okumura’s result. Although there are ripple difference between Modified Hata and Okumura’s curves, by the sight of computation, it is worth to use Modified Hata’s Formulas as representation of Okumura’s measurements since it represents the curves in wide range.

2.1.4 Cost 231 Hata Model


First generation GSM systems operate at 900 MHz band. As the demand on the service increased, allocation of new channels to the service has been provided by assigning 1800 MHz band to the system. Hence, first system can use Hata Model for prediction since Hata Model covers frequency range of 100 to 1500 MHz. However, second system cannot. Cost 231 have addressed this problem and a new model which covers frequency range of 1500 MHz to 2000 MHz has been brought forward by Cost 231 [7]. 
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Cost 231 Hata Model can be written as follow:
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 where a(hm) is defined as in equation (2.1.2.2).
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           0 dB for medium sized city and suburban centers with moderate city centers.

Cm=

           3 dB for metropolitan centers

Restrictions of the model are as in Table 2.4.1.

	Parameters
	Range of Validity

	Frequency f, MHz
	1500-2000

	Base Station Effective Height hb, m
	30-200

	Mobile Antenna Height hm, m
	1-10

	Distance R, km
	1-20


                                Table 2.4.1 Restrictions of the Cost 231 Hata Model   

 Application of this model is limited to cases in which base station antenna is above the rooftops of the adjacent buildings.

Although Modified Hata could be used in the same ranges above, use of this model is more popular as representative of Okumura’s curves in given ranges since model is very simple with respect to Modified Hata Model. A comparison of two models is given in figure 2.4.1 taken by using Wireless Simulator Program. In the figure, it is shown that Cost 231 Hata Model shows similar manner with Modified Hata Model in Urban area. They have 3 dB differences and one reason for this difference could be building percentage correction in Modified Hata Model. If used terrain had different building percentage the difference would be increasing or decreasing depending on the terrain. However, when study is done for open area and Suburban area, Modified Hata model deviates much more from Cost 231 Hata Model. All these results mean that Cost 231 Hata Model agree well with Okumura Curves in Urban Area. 
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Figure 2.4.1 Comparison of Modified Hata and Cost Hata Model

The application of the model is limited to large and small macro cells ,and this model must not be used for micro cell coverage area prediction. 

2.1.5 The Ibrahim and Parsons Model-The London Model

Using numerous measurements carried out in London by Ibrahim and Parsons at frequencies of 168, 445, and 900 MHz with a base station antenna height of 46 m above the ground, two equations were empirically and semi-empirically obtained with best fitting line to measurement data [8,9,10]. The model considers density of buildings, the heights of the buildings and land use factor that are effective factors in propagation in urban area. 

      The first approach to the measurements was to find the best-fitted line equation for the measurement values using multiple –regression analysis is proposed for path loss. 
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The parameters used in this model are given in Table 2.1.5.1 with range of validity.

	Parameter
	Definition
	Range

	Lip
	Ibrahim and Parsons propagation, median, dB
	-

	hb
	Base antenna Height, m
	30-300

	hm
	Mobile Antenna Height, m
	< 3

	L
	Land Use Factor, percentage of grid covered by buildings
	

	H
	Height Difference between grid containing the fixed site and grid containing the mobile, m 
	3-50

	U
	Urbanization Factor, Percentage of buildings in grid taller than 3 levels : Outside the city center U=63.2
	0-100

	R
	Range not beyond the horizon, km
	< 10

	F
	Frequency, MHz
	150-1000


Table 2.1.5.1. Parameters used in London Model

In this model, the measurement values are kept for 0.5 km squares and parameters L, U and H are found for each square.
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 In order to model the results, a semi-empirical approach is proposed in [9]. Semi-empirical approach includes excess clutter loss, (. A best-fit equation for ( is found by computing this value at each operating frequency, 168, 455 and 900 MHz by relating to the urban environments factors. The following formula is derived for this approach:

Here, K is valid only in dense urban area and 0 otherwise. 

The comparison of two approaches with measurements yields following rms errors.

	Frequency (MHz)
	First Approach
	Second Approach

	168
	2.1 dB
	2.0 dB

	455
	3.2 dB
	3.3 dB

	900
	4.19 dB
	5.8 dB
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                      Table 2.1.5.2 Prediction errors of two approaches with measurements  

The model has limited use in suburban areas since U is defined in highly dense urban areas and will be zero in suburban areas, giving no measure of building height distribution. 

2.1.6 Young’s Propagation Prediction

In 1950’s, Young carried out a series of measurements from 150 – 3700 MHz in New York city [11]. However, Young did not propose any prediction technique. In his experiments, it is observed that path loss has increased with frequency and his measurements have a good correlation with flat-terrain model given in Appendix II. Therefore, dependence of path loss versus range between transmitter and receiver can be explained by Egli’s empirical model given at Appendix II.
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    Where, 

 hb: Base station antenna height,

 hm: Mobile Antenna Height
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 (: Loss due to buildings and could be obtained from lines shown in figure 2.1.6.1below.

             R: distance (km)

                               Figure 2.1.6.1. [11]. Measured Path loss at 150 MHz in Manhattan and the Bronx

 For the 50% line and for 150 MHz, ( is approximately 25 dB. For the other percentage of locations, ( could be found by using figure above.

Young didn’t state any prediction formula for his measurement. He only had conducted experiment on measuring field strength for location percentages 1%, 10%, 50%, 90% and 99%. Since measured data has a good correlation with Egli’s empirical formula, it can be represented as best fitted line to Young’s measurements. 

2.1.7 Allsebrook’s Model


A series of measurements in British cities at frequencies between 75-450 MHz were conducted out to produce a propagation prediction model [12,13]. One of the cities had a hilly terrain other two had a smooth terrain. The path loss formula suggested by Allsebrook relying on his measurements is given in 2.1.7.1:
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Here, LFT is the plane earth path loss, LB is the diffraction losses due to buildings. LFS is free space loss, LD is losses due to diffraction from natural obstructions such as mountains, and hills, and ( is correction factor to make measurements valid in UHF band and indented to use when frequency  f> 200 MHz.. If city is flat, LD=0.              
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Free space path loss LFS is equal to

              LFS=32.44+20log R+20logf   (dB)                                                             

Plane earth path loss LFT is as follow:
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Definition of diffraction loss is the same with diffraction found in Epstein – Peterson method

If terrain is flat LD=0 , for other case,

LD is diffraction loss from a single knife -edge. Calculation of this loss given in Appendix II.  

Diffraction loss due to buildings is proposed by Deslile [14] as follow:
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where a is the real width of the street. Estimation of LB is found by using geometry in figure 2.7.1.1.
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                                       Figure 2.7.1.1  [15]. The Street Geometry for Allsebrook’s model.
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Inclusion of loss accounting building and street information proposed by Delile ignore ( factor in formula (2.1.7.1) for frequency band UHF/L and K =16 in this band. For the frequency <200 MHz, models correlates with measurements without considering any ( correction factor. For the remaining frequency range following formula is suggested for correction factor ( [3]. 
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Also, correction factor ( shouldn’t be used for line of sight cases. The model is first among empirical models, which takes geometry of the study path into account. Only final building diffraction loss makes this model different from empirical models. Moreover, plane earth path loss requires a specular ground reflection, which is difficult to have in a built up area.    

2.1.8 McGeehan and Griffiths Model
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This model modifies plane earth path loss given in section 2.1.7 by considering building and city parameters [16].  The proposed path loss formula is given by 
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 where A is defined as 

 In path loss formula, f in MHz and loss is in dB. There is no comment on this model in the literature. 

2.1.9 Atefi and Parsons Model

This model predicts path loss empirically by the formula given below [17].
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 Where LD is Epstein-Peterson accounts for diffraction loss and calculated by Epstein –Peterson diffraction method given in Appendix II. The model is not supported by any other measurements in the literature.

2.1.10 The Lee Model
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In [18], the field strength of the received signal Pr is expressed as 

 where, R in miles or kilometers and Ro equals 1 mile or 1.6 km depending  on unit of  R.  Pro is power at 1 mile or 1km. (o is an adjustment factor and given in equation 2.1.10.2. The value of ( depends on measured data and defined for suburban, Philadelphia, Newark and Tokyo. ( value is derived from measurements with the following assumptions and empirical data:

Frequency fo=900 MHz,

Base Station Antenna Height (hb) =30.58 m 

Base Station power (Pt): 10 W

Base Station Antenna Gain (Gt): 6dBd.

Mobile Antenna Height (hm):3m

Mobile Antenna Gain: 0 dBd
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Adjustment factor is calculated for different conditions
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 (5= different Antenna-Gain Correction factor at the mobile unit and adjusting all terms yields 
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The found Pro and ( from empirical data are given in table below:

	
	Free Space
	Open Area
	Suburban
	Philadelphia
	Newark
	Tokyo

	Pro(dBm)
	-45
	-49
	-61.7
	-70
	-64
	-84

	((dB/dec)
	20
	43.5
	38.4
	36.8
	43.1
	30.5


Table 2.1.10.1 Obtained Pro and ( values from measurements

The value of n used in main formula 2.1.10.1 is given as follow:

n =  20 dB /dec,        for f<450MHz in Suburban and Open area.

   =  30 dB/dec ,        for f>450 MHz in Urban area
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By using all formulas mentioned above and empirically found parameters, following general formula is proposed by Lee.
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In order to make this model valid in the interested area, Pro and ( values could be specifically determined by taking a few field points at 1km and 10 km distance from transmitter.

2.2 Theoretical Models

      2.2.1 Flat Edge Model


This model proposes a solution to propagation concept in built up areas by assuming all of the buildings to of equal height and spacing [3,19,20]. The values used can be average values for the area under consideration or could be calculated separately when urbanization varies significantly. The geometry for the model is shown in figure 2.2.1.1. In this figure the value of w should be effective one to account for the longer paths between the buildings for oblique incidence. 


The total path loss is defined as 
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                         L = Ln(t)+ LFS+ LE                                              

Where LE represents single edge diffraction over the final building and Ln represents multiple diffraction over the remaining (n-1) buildings and LFS is free space loss.
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Figure 2.2.1.1 [3]. Geometry of Flat Edge Model

Ln is a function of parameter t, which is given by
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where ( is in radians, b and ( are in meters.
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Solution for Ln(t) is the following formula :
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where L0(t)=1 and 
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[image: image92.wmf]             Ln(t) can be calculated from above equations or it may be calculated by following approximate formula
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            where c1=3.29, c2=9.9, c3=0.77, c4=0.26. For 1( n(100 and -1(t<0.

This approximate formula deviates ( 1.5 dB from 2.2.1.3 for ranges of n and t given above.  

Final building diffraction loss is obtained by following formula used in Ikegami model [21].
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Where ( is the angle between the street and the direct line from base to mobile and Lr=0.25 is the reflection loss.

In the model, it is observed that for large number of buildings, the model shows approximately same path loss exponent with measurements. Change of path loss exponent with respect to number of buildings is given in figure 2.2.1.2. 
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                                   Figure 2.2.1.2 [3] Path Loss Exponent for the Flat Edge Model.

For small ( value, and large number of buildings, multiple building diffraction loss is kept up with measurements, which have approximately 4 for path loss exponent. This is also shown by the following study done by using Wireless Simulator Program.
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       Figure 2.2.1.3 Comparison of Flat Edge Model with Modified Hata Model

As seen from the figure 2.2.1.3, as number of buildings is increased flat edge model correlates very much with Modified Hata model for the case when area type is open area. For the other area types suburban and urban area, two models are uncorrelated. Thereby, this result is valid for the equal heights of buildings.                          

In order to show that flat edge model correlates with measurements when ( is small, following study is done by using Wireless Simulator Program. In this study, transmitter height is taken to be 51 m to have small grazing angle ( at far distance.
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Figure 2.2.1.4 Effects of grazing angle for path loss exponent

In figure 2.2.1.3, flat edge model and Modified Hata model starts to correlate very well at distance about 2.5 km when Transmitter height is 31 m. For the figure 2.2.1.4, highly correlation between two models starts to occur at distance about 5km. These two studies prove that flat edge model starts to behave as measurements for small grazing angle values.

Study shown in figure 2.2.1.5 is done to show how flat edge model behaves for non-uniform building heights. Study implies that for non-uniform building heights, flat edge model doesn’t correlate with measurements even at higher number of buildings and smaller grazing angles. This is resulted from diffraction loss approach proposed by the model. Also, behavior of the model for non-uniform building heights is not ordinary. As mobile gets further distance from the transmitter, it is expected to have higher path loss. However, behavior of the model doesn’t keep up with real time.  
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Figure 2.1.2.5 Comparison of two models for non-uniform building heights
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Lots of comparison of Flat Edge model with measurements and other models are given in the literature. Following figures are a few of them. In figure 2.2.1.6 and 2.2.1.7, comparison of Flat Edge model with measurements and Hata urban models are given.

Figure 2.2.1.6 [20] Comparison of Flat Edge Model                          Figure 2.2.1.7[20] Comparison of Flat Edge Model

          with measurements and Hata Urban Model                                       with measurements and Hata Urban Model      

                             at 1845 MHz                                                                                     at 955 MHz.
At 1845 MHz, flat edge model have a mean error of –0.6 dB and rms error of 6.1 dB and corresponding figure for Hata Urban model at the same frequency has a mean error of 12.5 dB and 6.1 dB. For the frequency 955MHz, -0.6dB and 5.6 dB for flat edge, respectively 9.7 dB and 5.5 dB for the Flat Edge model.


All these results summarize that if mean width and mean buildings heights are available Flat Edge Model makes an appropriate prediction.

For the irregular spacing and building heights, Vogler [22,23] proposed a fairly accurate solution to the problem, by calculating diffraction loss at each building edge, which requires multiple integral whose dimension is equal to number of buildings. Detailed explanation of Vogler method is given in appendix II. Since Vogler method is not efficient computationally, some methods, which approximate the problem by skipping a few of the edges, are recommended. One of these methods is proposed by Saunders [20] whose method, called hybrid method, rely on following algorithm: 

· The first step is to ignore the any edges which are considerably lower than their neighbors therefore, since they don’t affect the result very much. This could be done by bm parameter defined in Vogler method. For instance, for edges with less than some threshold bm value are neglected. Overall characteristics of the profile are calculated by flat edge model and a linear regression through the edges are applied to find the effective grazing angle ( and the mean building spacing w. Let’s call resulting electric field of this part call as E1.

· Second step is to calculate the deviations from above case by using diffraction integral applied to most significant edges only. The number of edges used in integral will depend on application since there is trade-off between the number of edges used and the prediction accuracy. For instance, if 10 edges are considered as more significant,  then 10 edges have most important bm parameters are found as follow:

· Find the edge with most negative bm value and remove this edge

· Recalculate the remaining parameters for remaining edges

· If more then 10 edges remained, redo two steps above.

          The resulting field strength is found by using method given IIIB in[20] and call this as E2.

· The third step is to calculate the field strength for 10 edges by using flat edge model with parameters found in first step and resulting electric field called as E3.
    Then, the overall field strength is found as 

                E3=E1E2/E3.
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  A comparison of this method with measurements is given in the following figure 2.2.1.8.                                                                                                                       Figure 2.2.1.8 [20] Comparison of hybrid method with measurements at 933 MHz 

2.2.2 Walfisch- Bertoni Model   


        Walfisch –Bertoni model, called also as diffracting screens model [24], is a semi -deterministic model valid for situations uniform building heights and spacing. The model approach the buildings as absorbing diffracting edges and finds the field strength at low grazing angles at what field is settled to a value. Further simplification is made by assuming an elevated fixed antenna achieved by using the local plane wave approximation to calculate the influence of buildings on field strength on the spherical wave radiation by elevated antenna.
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The model firstly finds the amplitude Q(() of the field at roof tops due to a plane wave of unit amplitude incident at the glancing angle ( on a number of buildings. It is found that for large number of buildings, Q(() settles to a constant value. Then, this value is multiplied by following factor (2.2.2.1) to find the field amplitude at the mobile.
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where ho is the average height of the buildings in meters , d is center to center distance between two successive buildings in meters  and ( is given by following formula 2.2.2.2. and ( and ( are in radians.
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Furthermore, formula 2.2.2.1 is simplified to 1/((-() by assuming that ( is small compared to (.  
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                                       Figure 2.2.2.1 Geometry for Walfisch-Bertoni Model

The geometry for the model is given in figure above. From the figure it is easily found that 
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sin(=H/R where H =hb-ho. For small ( values, this expression gives (=H/R, by the inclusion of earth’s curvature effect yields

where Re is effective earth radius and Re=8.5x103 km.
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Dependence of the field amplitude on parameter (((b/() is found by calculating the settled field amplitude for values of (((b/() from 0.01 to 1.0. The obtained figure is given below 2.2.2.2.
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                                              Figure 2.2.2.2[24] Dependence of the settled field Q on the parameter (((b/() with ( in radians 
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Solid line is used as a fit to the settled field, thus with ( in radians following formula is found for amplitude of field strength:

This is valid for 0.02<(((b/()<0.5.

By multiplying equation simplified version of 2.2.2.1 with 2.2.2.3 yields field strength value at mobile unit with respect to one unit field strength radiated by transmitter. Decibel expression of the multiplication yields excess path loss Lex formula proposed by the model.
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Summation of Lex and free space loss gives the total path loss Lo
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               Lo=Lex+LFS
A comparison of the model with measurements is done in [24]. Figure 2.2.2.3 shows a comparison of the model with measurements carried out at Philadelphia for different H values at 820 MHz. In measurement data although range dependence is about 36.8 dB, model gives 38 dB range dependence, which is a sufficient result.    
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Figure 2.2.2.3[24] Comparison of  sector-averaged signal strength for various transmitter sites, with theoretical predictions (solid lines). Signal level is in dBm, range in miles, H in meters.

[image: image125.wmf]ï

þ

ï

ý

ü

ï

î

ï

í

ì

÷

÷

ø

ö

ç

ç

è

æ

+

-

+

D

ú

û

ù

ê

ë

é

-

-

ú

ú

û

ù

ê

ê

ë

é

÷

ø

ö

ç

è

æ

+

-

-

÷

÷

ø

ö

ç

ç

è

æ

-

=

2

2

2

2

2

2

2

2

1

1

)

(

2

log

10

2

1

1

2

log

10

2

2

log

10

f

p

f

l

p

q

p

q

p

l

p

l

b

h

b

R

b

r

R

L

b

Also, [24] gives a comparison of the model with okumura curves by the sight of (. Plot of excess attenuation as a function of the (  is given figure 2.2.2.4.

Figure 2.2.2.4 [24] Comparison of excess path loss found from theoretical model (solid curve) with measurement of Okumura plotted as a function of the ( at f=922MHz and transmitter heights of 45 m and 140 m.

The plot shows that excess attenuation for both transmitting antenna heights agree with in 3 dB. This agreement means that excess path loss is a function of ( rather than of R and H. 

A comparison of the model with Hata model is given by the following figure taken by using Wireless Simulator output.
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        Figure 2.2.2.5 Comparison of the Walfisch-Bertoni Model

                with Okumura –Hata Model. 

In this study, average building height is taken to be 10.6 m, which is   a height of typical house  with 3 floor and a roof in a suburban. The path loss value at 4.96 km for the model is 120.78 dB whereas that value is 123.88 dB for Hata model. This study implies that propagation takes place over the buildings, with diffraction of the rooftop fields down to the mobile [25]. 

In the literature, comparison of the model with measurements carried out in different cities [26] are done and it is shown that model is not applicable for large values of parameter v= (((b/() greater than 0.5.  In [26], for v=1, error >3 dB and for v=2 error>6dB are observed. Actually, the amplitude of field strength Q(() in 2.2.2.3 is approximated from curve in figure 2.2.2.2  and it is mentioned that the 2.2.2.3 is more accurate for v<0.5.  
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This model can be considered as the limiting case of the flat edge model when the number of buildings is sufficient for the field to settle, i.e. n ( ns [3] where 
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Use of Walfisch –Bertoni model is limited to case that large number of buildings are present and particularly grazing angle ( is small. Also, it should be cared that model is valid for H>0 as seen in formula 2.2.2.4. That means model works when base station antenna height is above the average rooftop level.

2.2.3 COST 231 Walfisch- Ikegami Model 

The parameters, excess path loss from Walfisch-Bertoni model [24] and final building path loss from Ikegami Model [21] are combined in this model with a few empirical correction parameters. This model is statistical and not deterministic because you can only insert a characteristic value, with no considerations of topographical database of buildings. The model is restricted to flat urban terrain [27]. 
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The parameters used in Cost 231 Walfisch- Ikegami [7] are denoted in figure 2.2.3.1.

Figure 2.2.3.1[27]. Geometry of Cost 231 Walfisch- Ikegami

The formulation of the model is given as follow:

If a free LOS exists in a street canyon then, path loss defined as 
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                  Llos=42.6+26logR+20logf for R (20m

[image: image133.png]68.92 Okumura-Hata Path Loss




If a non-LOS exists, path loss defined as follow:
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      LFS represents free space loss, Lrts is rooftop to street diffraction and scatter loss, Lrts is the multiscreen loss.

The rooftop to street diffraction and scatter loss Lrts represents the coupling of wave propagating along the multi –screen path into the street mobile located. 

[image: image136.wmf]0009

.

0

97

.

4

)

5

.

1

*

75

.

11

log(

2

.

3

)

(

0039

.

0

1

.

1

)

5

.

1

*

54

.

1

log(

29

.

8

)

(

2

2

-

=

-

=

-

=

-

=

hm

a

hm

a

[image: image137.wmf]52

.

28

94

.

40

900

log

33

.

18

)

900

(log

78

.

4

10

2

10

=

-

+


[image: image138.png]COST 231 Hata Path Loss

Modified Hata Path Loss
Madified Hata Path Loss(1)
Modified Hata Path Loss(2)

99.44

50
Distancegkm)




[image: image139.wmf]9

.

5

094

.

0

34

.

0

18

.

0

40

20

)

log(

20

log

40

50

-

=

+

-

+

+

=

+

-

=

U

K

K

H

L

f

h

h

R

L

m

b

b

b

where Lori defined as,
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where ( is the angle between incidences coming from base station and road , in degrees shown in following figure.
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                                  Figure 2.2.3.2 Definition of Street Orientation angle (. 

         (hmobile=hroof-hmobile
          (hBase= hbase-hroof

            The multiscreen diffraction loss Lmsd is an integral for which Walfisch-Bertoni model approximate a solution to this for the cases base station antenna height is greater than the average rooftop. COST 231 extended this solution to the cases base station antenna height is lower than the average rooftop by including empirical functions.
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                The term ka denotes the increase of the path loss for base station antennas below the rooftops of adjacent buildings. The terms kd and  kf control the dependence of the multi screen diffraction loss versus distance and radio frequency. 
Restrictions of the model is given as follow:

	Frequency (MHz)
	800-2000 MHz

	Base Station Height (hbase)
	4-50 m

	Mobile Height (hmobile)
	1-3 m

	Distance R,km
	0.02-5 km


                             Table 2.3.3.1 Restrictions of the Cost 231 WI Model

In case of that data on the structure of buildings and roads are not available, following values could be taken as default.

b=20...........50 m

w=b/2

hroof= 3m(number of floors)+roof

roof=3 m for pitched 

         0 m for flat

(=900 


The COST Walfisch-Ikegami Model is included in Report 567-4 by ITU-R. The estimation of the models agrees with measurements well for the antenna heights above roof- top [28,29]. By using Wireless Simulator Program, this model is compared with Okumura’s results in the following figure 2.2.3.3.
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2.2.3.3 Comparison of Cost WI Model with Okumura’s results.
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COST WI Model has mean difference 9.52 dB for Open area, 9.05 dB for Suburban Area, 18.99 dB for Urban area. Actually, average height of buildings and average spacing value implies terrain is more suitable for Suburban area. Comparison should be based on Suburban area result. The same model is compared also with Modified Hata Model for the same terrain and following figure 2.2.3.4 is obtained by using Wireless Simulator Program.
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Figure 2.2.3.4 Comparison of Cost WI model with Modified Hata Results.

As seen from the figure, COST WI Model correlates with Modified Hata Model for Open Area case, for the other cases, the mean differences are 19.08 dB for Suburban and 29.02 dB for urban area. Actually, these differences could be caused by terrain irregularity of Tokyo where Okumura took his measurements.  

This model work for both cases of base station antenna height above and below rooftop levels. However, prediction error becomes larger for base station height is near or below to rooftop level because model works well for the cases propagation is over rooftops. As mentioned in calculations, the model uses rooftop diffraction loss of Walfisch- Bertoni. For base station antenna heights below roof top level, other propagation models, diffraction around building edges and multiple reflections from building walls could be dominant. Therefore, use of model for micro cell prediction could yields large errors. 
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           Since  multiple diffraction loss is approximated for settled field strength,  model agrees with measurements for 1>ds called settled-distance. The settled-distance is given by following formula.

In literature, it is claimed that Cost 231 Walfisch –Ikegami model applies diffraction loss from the last roof-top to the street erroneously [30].  In [30], it is mentioned that COST 231 Walfisch-Ikegami model predicts path loss 8.7 dB more optimistic than it is supposed to be. More detail on this comment could be found in [30].    


2.2.4 Sakagami-Kuboi Model
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 Sakagami and Kuboi propose this model by including more parameters for terrain. This model is valid for base station antennas below local roof height [27]. Since model could work for distances up to-10 km, model could be a prediction tool for macro cells in which propagation is dominated by diffraction from edges of buildings in case of base station height smaller than local rooftop level. Path loss formula for this model can be written as

                       Definition and range of validity used in this model given in table 2.4.1.1. 

	   ParamEters
	Range of Validity

	w  (road width at the receiving point), m
	5-50 m

	( (angle between base station and road direction at the receiver point), degrees
	0-90 degrees

	hs  (height of buildings around the receiving point), m
	5-50 m

	hbo (base station antenna height above ground level)
	Less than roof top level

	<H> (average height of buildings around the receiving point), m
	5-50 m

	hb (base station antenna height relative to the receiving point), m
	20-100 m

	H (average height of buildings around the base station, m 
	H(hbo

	d (distance ), km
	0.5-10 km

	f (Frequency)
	450-2200MHz

	
	


                                Table 2.4.1 Definition and range of validity used in this model. 


Some tests have been done to measure the efficiency of the Sakagami-Kuboi model in Mannheim and Darmstadt. The first of these cities is flat and homogeneous with buildings, second is hilly and inhomogeneous. Test results show that Sakagami-Kuboi model works well for first city and overestimates for second city.     

2.2.5 MBX Model for Macro Cell


This model proposes path loss formula for urban area by considering path loss as a result of signal reduction due to free space wavefront spreading, multiple diffraction past rows of buildings, and building shadowing it [31]. The geometry for this model is given in following figure 2.2.5.1. 
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Figure 2.2.5.1. [31 ], geometry for MBX model

      This model can be applied to cases when base station antenna is above, below and near the average rooftop level. However, in this section, formulas could be applied only case when base station antenna is above the rooftop levels. 
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This model approaches the problem as Walfisch-Bertoni approaches. It finds that plane wave multiple diffraction fields reduces to 
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where, 

n is number of buildings, (hb is base station antenna height with respect to the average rooftop level, and b is the separation between buildings as shown in figure 2.2.5.1. 
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      By using above approximations, and including free space loss and diffraction from the rooftop to street loss following formula is derived:
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In this equation, diffraction loss from rooftop to street Lrts is given by following formula:
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where, 

[image: image177.png]Signal strength, in dBm

— 60 —

— 70

— 80

—90

— 100

— 110

— 120
1

1 L 1 1 1 -
2 5 7

d (distance in miles from the transmitting antenna)



[image: image178.png]ra4d Okumura-Hata Path Loss
WEX Model Path Loss

Terrain
Okurmura-Hata Path Loss(1)
Okurmura-Hata Path Loss(2)

Distance(km)



(=tan-1((hm/x)  in radians

[image: image179.wmf]R

b

n

Q

n

=

=

1

The comparison of the model with measurements is given in [31]. The comparison of the model in [31] is done with measurements carried out by Lee [32]. The obtained figure is given below:

                                Figure 2.2.5.2 [31] Comparison of MBX Model with measurements.

This figure shows that predicted curves for suburban area are lower than the measured value. The predicted signal for urban are (four story houses) is above the measured level.

The comparison of the model is also done with Okumura’s measurements. The obtained plot for comparison is given below by using Wireless Simulator Program given in Figure 2.2.5.3.

In this plot, it is observed that MBX models correlates with Okumura-Hata results for suburban case. Actually, it is expected because it is difficult to have terrain type valid for MBX model in urban and open area. MBX model has 3.3 dB differences for suburban area case, 15 dB for open area and 13.26 dB for urban area case.
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Figure 2.2.5.3 Comparison of MBX model with Okumura Measurements.

   The model is valid for 0.3<R<11 km and frequency 800<f<2000 MHz.

2.2.6 Ikegami Model

This model tries to predict field strengths deterministically at specific points on the ray-theoretical basis when building data is available [21]. Path loss is calculated using a single edge approximation at the building nearest to the mobile and wall reflection loss is assumed to be fixed at a constant value. 
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Geometry for this model is given in figure 2.2.6.1 below,

                                  Figure 2.2.6.1 [21]. Geometry for Ikegami Model

  
Path loss formula for this model can be written as
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 Where ,

f: frequency in Megahertz MHz,

(: angle between the street and the direct line from the base to mobile

Lr: reflection loss and typically Lr=0.25

h0: average height of surrounding buildings , in meters

w: street width, in meters

A comparison of this model given in figure 2.2.6.1 with measurements is done for frequencies 200 MHz, 400 MHz and 800 MHz and results showed that model works successfully. 
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                       Figure 2.2.6.1 [21] Comparison of the model with measurements.

Restrictions for the model is not given in the proposal and comparisons shows that model works well in frequency range 200< f< 900 MHz.   

3. Models For Micro Cells

          As mentioned in the introduction part of the document, cell sizes are getting small due to high demand on service and thus, requirement of frequency reuse is getting inevitable. Therefore, recently prediction models for micro cells are getting importance. As happened in macro cell prediction, some models are also based on measurements. However, empirical models for micro cell are very few and generally measurements are done to compare the theoretical models with results of actual measurements. Since base station antenna is generally below rooftop level in micro cells, propagation is dominated by diffraction from edges of the buildings instead of rooftop propagations. Therefore, approach to propagation prediction in this section is different from previous one.  Models proposed for micro cells are given below:

· Haret Model

· MBX Model For Micro Cells 

· Lee Model 

· Harley Model

· Uni-Lund Model

· COST 231 Walfisch-Ikegami Model

Information about these models will be given in following paragraphs.

   3.1 Haret Model

    
This model is a measurement based prediction model and valid for base station antennas near to or below the heights of the surrounding buildings in low building environments and at street lamp height in high-rise environment [33].


The Sunset and Mission Districts in USA were selected as low-rise environment and as a representation of high environments; measurements were conducted out in downtown San Francisco.


Experiments were done at 0.9-1.9 GHz, base station antenna heights of 3.2, 8.7 and 13.4 m. In all experiments, mobile antenna height was fixed to 1.6m. 


In this model, street is represented in different routes as lateral, transverse and stair case shown in Figure 14. For each route, path loss formula is proposed for LOS and NON-LOS cases. 
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Fig 3.1.1 [33]. Street Geometry for Haret Model

In low - rise environments, since propagation is dominated diffraction over rooftops, a single Non-LOS formula including mobile antenna height correction and mobile do last building distance is derived for all routes.


In high – rise environments, since diffraction over rooftops is not dominant, path loss for each route defined separately.   

a) Non-Los Path Loss Formula For Low-Rise Environments
In calculation of non-los path loss in low-rise environments, parameter (hbase is used to represent the reference height of the base station with respect to average height of the surrounding buildings:

            (hbase= hb-ho
where,

hb: base station antenna height with respect to ground, meters

ho: Average height of the buildings , meters
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The proposed formula for all non –los routes:
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In derivation of above formula, slope intercept model is used to fit best line to measurements shown in figure 3.1.3. 

	Parameters
	Range of Validity

	f  (Frequency), GHz
	0.9<f<2 GHz

	R (Distance from mobile to base station), km 
	0.05<R<3

	rb (distance to mobile the last rooftop, m
	

	(hm (reference height of the last building to mobile height)
	-8<(hm<6


Table 3.1.1 Parameters and range of validity
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Depiction of (hm and rh are given in following figures respectively.

Fig 3.1.2  [33] depiction of (hm and rh
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                 Figure 3.1.2 [25]. Regression fits to the small- area average received signal at 1937 MHz.

b) Non-Los  Path Loss Formula For High-Rise Environments

As mentioned before, there is no single non-los formula for high-rise environments due to that main propagation is not diffraction over rooftops. 

The proposed formulas for each route can be written as follow:
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Combined ST ( Stair and Transverse) Route:


f  is in GHz, and R in km. hb  base station antenna height.

In all calculations, mobile antenna height is fixed to 1.6m and there is no correction for it.

c)  Los  Path Loss Formula For Both Environments

In LOS measurements, there is a break point, which is a function of carrier frequency and antenna heights, divides LOS propagation path into near-in  and  far-out segments[34].  Path loss formula for cases distance lower than break point and higher than break point is derived by using slope-intercept models to fit to the measurements as follow:


 where,

(: wavelength , in meters and Rbk is in km.

In this equations break point means, circle of the first Fresnel zone is tangential to the ground. After that point, first fresnel zone is blocked by the ground and more loss occurred due to blocking of the first fresnel zone.  

Derivation of formula 3.1.4 is done by fitting best line to measurements is given in following figure 3.1.3.

Figure 3.1.3 [25]. Received Signal Variation measured along a LOS path in the Mission distinct of San Francisco at 1937 MHz. 


For different position of base station, application of the individual path-loss formulas for each type of routes changes.  In figures 3.1.4, below, for base station in the middle of a block and for base station in the back yard, routes are depicted.

  Figure 3.1.3 [33], Application of the individual path-loss for each type of route when the base station is in the middle of a block and in the back yard

      3.2 MBX Model For Micro Cells


 This analytical model explicates the path loss as a result of signal reduction due to free space wave front spreading, multiple diffraction past rows of buildings, and building shadowing [31]. Model has been proposed for base station antennas near and below the average height of buildings surrounding the base station.

Geometrical depiction of parameters is given in section 2.2.5.

a) Path Loss Formula For Base Station Antennas Near The Average Rooftop Buildings


In this section, formula is derived by doing approximation as taking (hb=0 in equation 2.2.5.2.

Then, reduced field strength could be written as


 By including free space loss and diffraction loss from rooftop to street following formula is proposed: 

Where, 

(=tan-1((hm/x)  in radians

d: average separation distance between the rows of buildings as shown in figure X, in meters

R: mobile to base station distance in km.

In the equation above, a factor of two is included in free space loss term to account for the local scattering from obstacles surrounding the base station since base station is inside the clutter of buildings.

Diffraction loss from rooftop to street is the same with loss given in formula 2.2.5.4.

For a typical urban and suburban area terrain type, by using formula 3.2.1.2, it is found that path loss has 1/R4 distance dependence and 1/f3 frequency dependence. 

b) Path Loss Formula For Base Station Antennas Below The Average Rooftop Buildings



For base station antennas below the average rooftop buildings, plane wave multiple diffraction is separated in two simpler cylindrical wave processes. The former, the cylindrical wave excited by a line source below the average roof top level is diffracted by the first row of buildings. The latter is given by Xia and Bertoni [35]. The field reduction combined for the two cases above yields following formula:


where, (=-tan-1((hb/b) in radians denotes incident angle to the first rows of the buildings. By accounting the free space and diffraction loss from rooftop to the street following formula is proposed for base station antennas below rooftop level. 



For typical urban and suburban environments, formula above yields 1/R4 distance and 1/f4 frequency dependence. 


      In [31], there are no restrictions for the maximum and minimum distances and applicable frequencies.  This model is compared with the measurements conducted in some cities and countries, and comparison yields accurate correlation with model and measurements. Since all comparisons are done in 900 MHz and 1800 MHz band, this means model gives accurate results for frequency range 800<f <2000 MHz.

      3.3. Lee’s Model


 The approach of this model [18] in prediction of the received signal is different from others’ approaches. In this model, dimensions of building blocks get more important. Since the ground incident angles of the reflected waves are, in general, small due to the low antenna heights used in micro cells, the exact height of the buildings in the middle of the propagation path is not important [18].  Received signal is calculated as the subtraction of attenuation due to buildings from line of sight case. It is formulated as follow:

                           Pos(non-los) = Plos-(B(B) 

where (B is attenuation due to buildings and has B blockage length.

Model is measurement based model and attenuation value based on measurements. 

       

Calculation of (B from measurements value as follow:

i. Calculate the total blockage length B by adding the individual building blocks as shown in figure 3.3.1. B=a+b+c 

ii. Measure the signal strength Plos 

iii. Measure the  signal strength Pos 

iv. local means value at point A is Pos(A) , distance from the base station to mobile is d=dA, then attenuation is defined as 

(B( B=a+b+c) =  Plos(dA)-Pos(dA) 

Figure 3.3.1 [12]. Building Block Occupancy at location A

By depending on measurements, following formulas are derived for received power for los case and attenuation values (B.

And 


        (B = 0

             = 1+0.5log(B/10)

             =1.2+12.5log(B/25)

             =17.95 + 3log(B/600)

             =20 dB



 where, Pt is the ERP in dBm, d is the total distance in feet, hb is base station height in feet, B is the length of blocking in feet.


In order take effect of hilly terrain into account, antenna height gain term is defined and overall formula becomes 

Pr=Pt-(B +30loh(he/hb) where,

Explanation of he is given in appendix II.

Comparison of the model with measurements carried out in different cities are given in following figures.


Figure 3.3.2 [18]. Comparison of the model with measurements carried out at Main Street , Irvine CA


Figure 3.3.3 [18]. Comparison of the model with measurements carried out at Main Von Carmen, Irvine CA

Moreover, in [36] comparison of the model with measurements for different routes, which are zigzag, Los, staircase, and random, are given. Following figures proves how model give accurate results. 

                   Figure 3.3.4[36], Comparison of the Lee model with measurements for zigzag case


                     Figure 3.3.5[36], Comparison of the Lee model with measurements for Los case


                      Figure 3.3.6[36], Comparison of the Lee model with measurements for Stair case

                    Figure 3.3.7[36], Comparison of the Lee model with measurements for Random case

3.4 Harley Model


This model was limited to the outdoor propagation of the radio waves along a city streets in a direction radial to the antenna and with varying amounts of vehicular traffic [34]. Measurement study, done in Melbourne, in Australia, was taken place in two different road types. The former was used by tramway buses and had overhead power lines, the other was used only by vehicular traffic. The average height of the buildings adjacent to road was between 3 and 30 stories. In all measurements, receiver had a line of sight path to the transmitter.


Regarding to this model, propagation mechanism was road guided which was dominant on the signal level since experiments were done along a line of sight path.

Plot of measured signal level curves is given in the following figure 3.4.1. 

Fig 3.4.1. [34]. Measured values at 870.15MHz.

By regarding these curves following formula is suggested .

       S = -20log{da(1+d/g)b}+c                          

Valid for antenna heights 5-20 m, and distances 200m to 1 km.       

Where,

S: signal level in dB(V

d: distance from the transmitting antenna, in meters

a : basic attenuation rates for short distances (approx. 1)

b : additional attenuation rate coefficient for distances greater than 100 to 200m

g: the turning point of the attenuation curve

c: offset in dB moving the curve up and down

Mobile height is 1.5m.

Limiting cases in the model:

· S =-20logda+c, when distances significantly less than the tuning point g.

· S = -20logd(a+b) +c + constant (where “b” is approx.1)  at the distances greater than the tuning point ( if g is considered as a constant)

   Fitting a line using least squares regression procedure to measurements obtained at 870.15 MHz, the values of parameters suggested is given in following table 3.4.1.

	Antenna Height
	a
	B
	g
	c

	5m
	1.15
	-0.14
	148.6
	94.5

	9m
	0.74
	0.27
	151.8
	79.8

	15m
	0.2
	1.05
	143.9
	55.5

	19m
	-0.48
	2.36
	158.3
	37.3


Table 3.4.1. Parameters for new model obtained by least square regression

 When measurements are fitted to linear model line such as

S = 20 logda+b, It is observed that model works well for high base station antenna heights.

3.5 Uni-Lund  Model


This model [4] is developed at University of Lund in Sweden as a micro cell prediction method. The model is valid for base station height below rooftop level and proposes path loss formulas for Los and non-los cases.

The proposed formula for LOS case:

The values of parameters k, n1 and n2 are fixed from measurements and Rbk is break point distance and given in formula 3.1.5.

Geometry for parameters in Non-Los case is given in figure 3.5.1.

                                              Figure 3.5.1 [4], Geometry for parameters in Non-Los case

The path loss at the receiving point is calculated by summing los path los at point O and path loss given by the following term :


 Where u(x) is unit step function and the other parameters are given in equations 3.5.3.

                                            

Depiction of ( is given in figure 3.5.1. 

3.6 Cost 231 Walfisch-Ikegami Model


Detailed explanation of this model is given in section 2.2.3. The performance of the model is poor for cases base station antenna is lower than the height of average level of  rooftops. Since this model assumes propagation is dominated by diffraction form rooftops, application of this model for antenna heights below rooftop height is not efficient. In micro cell propagation, propagation generally is based on diffraction from edge of buildings for Non-los cases. Therefore, results found by this model couldn’t be accurate.
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* Definition is given in Appendix 1.
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Study Parameters:


Frequency: 900 MHz,


TX Height (hb)=50m


Mobile Height (hm)=1.5m


TX Gain:  13 dBi


City Size: Small/Medium


Area Type : Suburban
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Terrain Parameters:


Average Width: 73.8 m


Average Building Height: 10.63m


Percentage of Buildings: 37%
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Terrain Parameters:


Average Width: 50.19 m


Average Building Height: 16.1m


Percentage of Buildings: 62%
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Study Parameters:


Frequency: 900 MHz,


TX Height (hb)=50m


Mobile Height (hm)=1.5m


TX Gain:  13 dBi


City Size: Small/Medium





  (2.1.3.6)





Terrain Parameters:


Average Width: 73.8 m


Average Building Height: 15.84m


Percentage of Buildings: 37%





Study Parameters:


Frequency: 900 MHz,


TX Height (hb)=200m


Mobile Height (hm)=3m


TX Gain:  13 dBi


City Size: Small/Medium


Area Type: Urban
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Terrain Parameters:


Average Width: 73.8 m


Average Building Height: 17.49m


Percentage of Buildings: 37%





Study Parameters:


Frequency: 1800 MHz,


TX Height (hb)=50m


Mobile Height (hm)=1.5m


TX Gain:  13 dBi


City Size: Large


Area Type: 


Modified Hata Path Loss: Open Area


Modified Hata Path Loss (1): Suburban


Modified Hata Path Loss (2): Urban
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for older cities with narrow, twisting streets





for modern cities with long, straight, wide streets





for suburban areas with some rural areas





for open areas
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(in dBm)
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  where (o is in dB and each (  value is converted to dB before summing them up.
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The value of v is found from empirical data as follow





v = 2                  for hm >10 m


   = 1                   for hm <5m


for 5<hm<10,


(2=2 hmlog(hm/3)   in dB   (Okumura Correction) suggested in the model
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where A and B are Pro and ( in Table 2.1.10.1 and (o is found for v=1.
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Study Parameters:


Frequency: 900 MHz,


TX Height (hb)=31m


Mobile Height (hm)=1.5m


TX Gain:  13 dBi


City Size: Small/Medium


Area Type:


Modified Hata Path Loss :Open Area


Modified Hata Path Loss (1): Suburban Area


Modified Hata Path Loss (2): Urban Area





Terrain Parameters:


Average Width: 73.8 m


Average Building Height: 16m


Percentage of Buildings: 37%





Terrain Parameters:


Average Width: 73.8 m


Average Building Height: 16m


Percentage of Buildings: 37%





Study Parameters:


Frequency: 900 MHz,


TX Height (hb)=51m


Mobile Height (hm)=1.5m


TX Gain:  13 dBi


City Size: Small/Medium


Area Type :


Modified Hata Path Loss :Open Area








Study Parameters:


Frequency: 900 MHz,


TX Height (hb)=51m


Mobile Height (hm)=1.5m


TX Gain:  13 dBi


City Size: Small/Medium


Area Type :


Modified Hata Path Loss :Open Area








Terrain Parameters:


Average Width: 73.8 m


Average Building Height: 16m


Percentage of Buildings: 37%
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for hbase>hroof


                                        for hbase<=hroof   
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                     hbase>hroof





 for R>=0.5 km and  hbase<=hroof





for R<0.5 km and    hbase<=hroof      
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     for hbase>hroof





     for hbase<=hroof
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for              medium sized cities and suburban centers with moderate tree density


 


  for metropolitan centers





Terrain Parameters:


Average Width: 73.8 m


Average Building Height: 11.81m


Percentage of Buildings: 37%





Study Parameters:


Frequency: 900 MHz,


TX Height (hb)=51m


Mobile Height (hm)=1.5m


TX Gain:  13 dBi


City Size: Small/Medium


Area Type :


Okumura-Hata Path Loss :Open Area


Okumura-Hata Path Loss (1) : Suburban Area


Okumura-Hata Path Loss (2) : Urban Area








Terrain Parameters:


Average Width: 73.8 m


Average Building Height: 10.93m


Percentage of Buildings: 37%





Study Parameters:


Frequency: 900 MHz,


TX Height (hb)=51m


Mobile Height (hm)=1.5m


TX Gain:  13 dBi


City Size: Small/Medium


Area Type :


Modified Hata Path Loss :Open Area


Modified Hata Path Loss (1) : Suburban Area


Modified Hata Path Loss (2) : Urban Area
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(2.2.5.4)





Terrain Parameters:


Average Width: 73.8 m


Average Building Height: 11.25m


Percentage of Buildings: 37%





Study Parameters:


Frequency: 900 MHz,


TX Height (hb)=51m


Mobile Height (hm)=1.5m


TX Gain:  13 dBi


City Size: Small/Medium


Area Type :


Okumura-Hata Path Loss :Suburban Area


Okumura-Hata Path Loss (1) : Open Area


Okumura-Hata Path Loss (2) : Urban Area
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